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2015 RENCONTRES DE MORIOND 

The 5oth Rencontres de Moriond were held in La Thuile, Valle d'Aosta, Italy. 

The first meeting took place at Moriond in the French Alps in 1966. There, experimental as 
well as theoretical physicists not only shared their scientific preoccupations, but also the house­
hold chores. The participants in the first meeting were mainly french physicists interested in 
electromagnetic interactions. In subsequent years, a session on high energy strong interactions 
was added. 

The main purpose of these meetings is to discuss recent developments in contemporary physics 
and also to promote effective collaboration between experimentalists and theorists in the field of 
elementary particle physics. By bringing together a relatively small number of participants, the 
meeting helps develop better human relations as well as more thorough and detailed discussion 
of the contributions. 

Our wish to develop and to experiment with new channels of communication and dialogue, which 
was the driving force behind the original Moriond meetings, led us to organize a parallel meet­
ing of biologists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting 
(1981). In the same spirit, we started a new series on Condensed Matter physics in January 
1994. Meetings between biologists, astrophysicists, condensed matter physicists and high energy 
physicists are organized to study how the progress in one field can lead to new developments 
in the others. We trust that these conferences and lively discussions will lead to new analytical 
methods and new mathematical languages. 

The 5oth Rencontres de Moriond in 2014 comprised three physics sessions: 

• March 14 - 21 :  "Electroweak Interactions and Unified Theories" 

• March 21 - 28: "QCD and High Energy Hadronic Interactions" 

• March 21 - 28: "Gravitation: 100 years after GR" 
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We are also grateful to Giorgio Palmucci, Francesco Cante, Ida Liseno, Francesco Quinto and the 
Planibel Hotel staff who contributed through their hospitality and cooperation to the well-being 
of the participants, enabling them to work in a relaxed atmosphere. 

The H.encontrcs "vcrc sponsored by the Centre National de la Recherche ScienLiflque, the Fonds 
de la Recherche Scientifique (FRS-FNRS) and the Belgium Science Policy. We would like to 
express our thanks for their encouraging support. 

It is our sincere hope that a fruitful exchange and an efficient collaboration between the physi­
cists and the astrophysicists will arise from these Rencontres as from previous ones. 

The 5(fh edition of these Rencontres offered us the possibility to cel­
ebrate with dedicated talks by some of the pillars of Moriond, giving 
their personnal recollections or panoramic views of the evolution of 
physics ideas along these 50 Rencontres. We would like to warmly 
thank D. Treille, G. Altarelli, E. Fischbach, M. Krawczyk, D. Gou­
lianos, and B. Klima. Videos of these moments can be viewd on: 
https://webcast . in2p3 . fr/events-moriond_2015, thanks to the we­
bcast services at CC-IN2P3 and LAL, and particularly to 0. Drevon 
and G. Dreneau. The 5(fh Rencontres were also the occasion of renew­
ing some long-standing traditions of Moriond, like the slalom: tens of 
participants of all ages skied down the track in all times and styles to 
eventually win . . .  a glass of mulled wine! And delving into the archives 
we have produced a list of the nearly 10000 participants of these 50 Ren­
contres, which has been put up as wallpaper along the corridor leading 
to the bar, resulting in persistant traffic jams! 

E. Auge, J. Dumarchez and J. Tran Thanh Van 
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Study of Higgs production in fermionic decay channels at the LHC 

Aruna Kumar Nayak 
Deutsches Elektronen-Synchrotron, Hamburg, Germany 

{On behalf of the ATLAS and CMS collaborations) 

The results of the searches for a Higgs boson decaying to down-type fermions are presented 
using the proton-proton collision data collected by the ATLAS and CMS experiments at the 
LHC, at a centre-of-mass energy of 7 & 8 TeV. The results obtained with the available data 
provides a strong evidence for a Higgs boson coupling to fermions. Results are also presented 
for a Higgs boson production in association with a pair of top quarks. 

1 Introduction 

A Higgs boson of mass around 125 GeV has recently been discovered by the ATLAS and CMS 
experiments at LHC 1'2. The discovery was made in channels where the Higgs boson decays 
to a pair of gauge bosons. However, there was no direct observation in fermionic channels. 
Thereafter, the LHC added more data and the analysis strategies for the searches in fermionic 
final states have been greatly improved. In SM, the Higgs boson couples to fermions via Yukawa 
interactions, where the coupling strength is proportional to the fermion mass. Thus, H --+ TT 

and H --+ bb are two major fermionic channels to search for the Higgs boson at LHC. 
Due to the nature of the Yukawa coupling in the SM, the Higgs boson is expected to have 

strong coupling to the top quark relative to the other fermions. The coupling to the top quark 
can be accessed indirectly through the measurements of gluon fusion production mechanism and 
Higgs boson decay to photons, which involves the fermion loop dominated by the top quark 
contribution. The current measurements of top quark Yukawa couplings are consistent with 
that of SM predictions within the experimental uncertainties 3,4. However, the production of the 
Higgs boson in association with a top-quark pair (ttH) allows for a direct probe of top-quark 
Yukawa coupling. A measurement of the ttH production rate will provide a direct test of the 
Higgs boson's coupling to top quark. 

This article summarizes the results of the searches for the SM Higgs boson in the channels 
H --+ bb, H --+ TT, H --+ µµ, and H --+ ee with the data collected by the ATLAS and CMS 
experiments at LHC at a centre-of-mass energy of 7 & 8 TeV, corresponding to an integrated 
luminosity of approximately 5 & 20 fb-1, respectively. The results of a search for ttH production 
in the above experiments are also described. 



2 Searches for VH, H -+ bb 

Since the inclusive production of H -+ bb is overwhelmingly dominated by the QCD multi-jets 
background, the search is performed in the production mode where the Higgs boson is produced 
in association with a vector boson 5,5. The following search channels are considered: W(µv)H, 
W(ev)H, W(Tv)H, Z(µµ)H, Z(ee)H, and Z(vv)H, where H decays to bb. The major backgrounds 
arise from the production of W /Z+jets, tt, dibosons and QCD multi-jet events. The analysis 
strategy is based on the reconstruction of the vector bosons in their leptonic decay modes and 
of the Higgs boson decay into two b-tagged jets. The events are further categorized based 
on the PT of the vector bosons, and b-tagging discriminator values of the jets. The H -+ bb 
decay is reconstructed by selecting a pair of b-tagged jets, for which PT(jj) is highest. Both the 
experiments have developed techniques to improve the b-jet energy calibration, thus improving 
the Higgs boson mass resolution. The sensitivity of the search is improved using a multivariate 
analysis (MVA) approach. Dedicated Boosted Decision Tree (BDT) discriminants are trained 
combining dijet mass with other variables sensitive to kinematic, topological and b-tagging 
properties of the selected events. 

The CLs method 7 is used to obtain 953 confidence level (CL) upper limits on a/asM· 
For a Higgs boson of mass 125 GeV, the observed (expected) limits arc 1 .2 (0.8) and 1 .89 
(0.95), obtained by ATLAS and CMS experiments, respectively. The best fit values of the signal 
strength parameter, µ (a/asM ) ,  for mH = 125 GeV are found to be 0.51±0.31 (stat.)±0.24(syst.) 
by the ATLAS, and 0.84 ± 0.44 by the CMS experiment, respectively. The ATLAS measured an 

observed local significance of l.4a, to be compared to an expectation of 2.6a, for a Higgs boson 
mass of 125 GeV, while the CMS found an observed (expected) significance of 2.0a (2.6a). Note 
that the values of µ and significance obtained by the CMS also includes the production process 
ttH, H -+ bb and gg -+ ZH, H -+ bb 4, while the later production process is included in the 
ATLAS result. All these results are compatible with the presence of the SM Higgs boson of 
mass approximately 125 GeV. 

Both the ATLAS and CMS experiments have searched for the SM Higgs boson decaying to a pair 
of T leptons8'9 . The search strategy for H -+ TT makes use of all leading production mechanisms 
at LHC: gluon-gluon fusion (ggF), vector boson fusion (VBF), and associated production with a 
W or Z boson. The analyses consider all possible decays of T lepton, hadronically or leptonically, 
leading to six different final states: µTh, eTh, Th Th, eµ, µµ, and ee, where Th denotes the hadronic 
decay of T lepton. The major backgrounds arise from the production of Z -+ TT, W +jets, tt+jets 
and QCD multi-jet events. Most of the background yields are estimated, and their distributions 
are modeled, using data. 

To maximize the sensitivity of the analysis, the ATLAS experiment employs a MVA ap­
proach. The events are divided in to two broad categories: VBF and boost category. The VBF 
category targets events produced in the VBF production mechanism, while the boost category 
targets events with a boosted Higgs boson produced in ggF process. Separate BDTs are trained 
for each analysis channel and category, for a Higgs boson mass of 125 GeV, combining the vari­
ables sensitive to the kinematic properties of the leptons and jets, Episs, and the reconstructed 
invariant mass of the T-lepton pair ( mn ) .  In both the experiments, mrr is computed using like­
lihood based techniques from the four-momenta of the individual leptons and the E!fiss vector. 
The CMS experiment adopted a cut-based analysis approach to enhance the sensitivity of the 
analysis. The events are divided in to several categories using the variables such as number of 
jets, dijet mass (mjj), 77 difference between the jets (D.7/jj), visible PT of the T leptons, and PT 
of the reconstructed di-T candidates. The distribution of the BDT discriminant and mrr are 
used as the final discriminator in ATLAS and CMS analyses, respectively. 

An excess of events is observed with respect to the background-only hypothesis, which is 
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Figure 1 - Left: Local p-value and significance as function of SM Higgs boson mass hypothesis from CMS analysis. 
Right: Event yields as a function of log10(S/B), where S (signal yield) and B (background yield) are taken from 
BDT output, assuming µ, = 1.4. 

compatible with the presence of the SM Higgs boson of mass 125 GeV. The excess is quantified 
by the local p-values, which is shown in Fig. l (left) for CMS analysis. For mH = 125 GeV, the 
expected and observed p-values correspond to a significance of 3.7 and 3.2 standard deviations, 
respectively. The corresponding values from ATLAS analysis are 3.4a (expected) and 4.5a 
(observed) at mH = 125.36 GeV. The best fit values of µ are 1 .43:1:8:�� at mH =125.36 GeV and 
0.78 ± 0.27 at mH = 125 GeV from ATLAS and CMS analyses, respectively. The distribution of 
event yield, in bins of log10(S/B) ,  for all signal region bins is shown in Fig. l (right) for ATLAS 
analysis, which is calculated assuming µ = 1 .4. These observations provide a strong evidence 
for the coupling of the Higgs boson to T leptons as expected from the SM. 

The CMS experiment combined the results of the searches for a Higgs boson decaying to b 
quarks and T leptons lO, which results in a strong evidence for the direct coupling of the observed 
125 GeV Higgs boson to down-type fermions. The observed significance for a Higgs boson to 
down-type fermion coupling is 3.8a, to be compared to an expectation of 4.4a. 

The CMS experiment performed a search for a SM-like Higgs boson decaying to a pair of muons 
or a pair of electrons 11, while the ATLAS experiment searched for a Higgs boson decaying to 
a pair of muons 12 . No excess of events are observed, and a 953 CL upper limit is obtained on 
the production cross section times branching fraction using the CLs method. For a SM Higgs 
boson with a mass of 125 GeV (125.5 GeV for ATLAS), the upper limit obtained on branching 
fractions are B(H --+ µ+µ-) < 0.0016 and B(H --+ e+e-) < 0.0019 from CMS analysis, and 
B(H --+ µ+ µ-) < 0.0015 from ATLAS analysis, respectively. These results provide a confirmation 
for the fact that the Higgs boson coupling to leptons are not flavor universal, unlike vector bosons. 

5 Searches for tfH production 

The search for a Higgs boson produced in association with a pair of top quarks at LHC is 
extremely challenging due to its small production cross section, approximately 130 fb at 8 TeV, 
and large background contribution from inclusive tf+jets production process. The searches are 
performed in final states where W bosons from both the top quarks decay to leptons, or W boson 
from one top quark decays to lepton while the other decays to jets. The ATLAS experiment 
performed searches for tfH production where the Higgs boson decays to bb 13, and where the 
Higgs boson decays to leptons via the decay of WW*, TT, and ZZ* 14. The CMS experiment 
performed searches for tfH production where the following signatures of Higgs boson decay are 
considered: H --+ hadrons, H --+ photons, and H --+ leptons 15 . These decays proceed via the 
decay of Higgs boson to bb, TT, WW*, ZZ*, and l'Y-
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The best fit value of the signal strength parameterµ= a/asM for each ttH channel. 

The general strategy is to select tf-like events requiring at least one or more b-tagged jets. 
To enhance the signal over tf background, the events are divided in to several categories based 
on the number of jets and b-tagged jets. Both experiments use MVA approach to separate signal 
from backgrounds. 

The combined CMS results obtained an observed (expected) upper limit of 4.5 (1 .7) on 
a/asM at 953 CL. The upper limits obtained by ATLAS are compatible with the presence of 
a SM Higgs boson. Figure 2 shows measured values of signal strength µ in both the exper­
iments. While the measured µ values in ATLAS are consistent with SM expectations within 
the uncertainty, the combined value of µ obtained in CMS have a roughly 2 standard deviation 
upward fluctuation. The CMS experiment also performed a separate analysis for the search of 
ttH, H -t bb using matrix-element method 16, which improves the sensitivity by approximately 
153 compared to the standard ttH, H -t bb analysis. The ATLAS experiment has also utilized 
matrix-element discriminators in some of the high purity categories of the ttH, H -t bb analysis, 
which were used as input to the multivariate discriminant. 

6 Conclusion 

The results of the searches for the SM Higgs boson decaying to a pair of b quarks or a pair of 
T leptons using the ATLAS and CMS detectors provide a strong evidence for the Higgs boson 
coupling to down-type fermions. The experiments have made strong progress in the direct 
measurement of Higgs boson coupling to top quark. The results obtained with the available 
data are consistent with the SM expectations. The LHC run at 13 TeV, expected to start from 
mid 2015, will provide definitive answers about the Higgs boson coupling to fermions. 
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Combination of Higgs Boson Coupling Measurements from ATLAS and CMS 

Roko Plestina 
for the ATLAS and CMS collaborations 

GAS, Beijing, China 

Properties of the Higgs boson with mass near 125 Ge V are measured in proton-proton collisions 
with integrated luminosities of up to 5.1 fb-1 at ..fS = 7 TeV and 20.3 fb-1 at ..fS = 8 TeV, 
recorded by the ATLAS and CMS detectors in 2011 and 2012. Combining all production 
modes and decay channels, the measured signal yield, normalized to the Standard Model ex­
pectation, is 1.1S4:g:i� (ATLAS), and l.004:g:i� (CMS) . The observed Higgs boson production 
and decay rates are interpreted in a leading order coupling framework, exploring a wide range 
of benchmark coupling models both with and without assumptions on the Higgs boson width 
and the SM particle content in loop processes. The observed data are found to be compatible 
with the SM expectations. 

1 Introduction 

I report selected results of the compatibility tests of the Higgs boson couplings to SM particles and 
of searches for deviations of the couplings from the SM predictions, using a tree-level motivated 
benchmark model from LHC Higgs XS WG 1• For details on detector and analyses, the reader is 
kindly asked to consult the publications from ATLAS 2,? and CMS 4,?. 

These results are derived from a combination of all analyzed decays and production modes of the 
Higgs boson. To achieve the best sensitivity the analyses are categorized according to different signal 
over background and/or production mode and decay compositions. The categorization allows for 
extraction of Higgs couplings to different particles. The actual combinations are done with gluon­
gluon fusion (ggF) , vector boson fusion (V BF) , Higgs strahlung (V H) and tf associated (ttH) 
production categories and"(/, ZZ, WW, TT, bb, Z"(, µµ Higgs decay categories. As a figure of 
merit of complexity, a total of 207 categories are combined in CMS, using 2519 nuisance parameters 
corresponding to sources of uncertainty other than those arising from data statistical uncertainties. 
The invariant mass of the Higgs boson is considered to be a known parameter - 125.36 GeV 
(ATLAS) and 125.02 GeV (CMS) . 

2 Signal Strength 

The signal strength parameter is a measure of potential deviations from the SM prediction under 
the assumption that the Higgs boson production and decay kinematics do not change appreciably 



from the SM expectations. In particular, the transverse momentum and rapidity distributions of 
the Higgs boson are assumed to be those predicted for the SM Higgs boson by state-of-the-art event 
generators and calculations of each production process. 

Assuming a common multiplier to all signal yields, they can be combined to result in a global, 
more precise measurement of the signal strength parameter, providing the simplest consistency 
test with the SM expectation. Combining all measurements using the profile likelihood ratio A(µ) 
results in a global signal strength value of µ =  1 . 18 ± 0.10(stat.)�8:8�(theo.) ± 0.07(syst.) observed 
in ATLAS data, and µ =  1 .00 ± 0.09(stat.)�8:8�(theo.) ± 0.07(syst.) in CMS data. 

Figure la shows the signal strength measurements grouped by decay modes from ATLAS where 
same decay channels are combined together for all the ATLAS analyses. 
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Figure 1 - Signal strengths grouped by decay modes (left) from ATLAS, by production modes (middle) from CMS, 
and the cross-section ratios between vector boson and fermion-mediated processes relative to their SM values (right) 
measured by ATLAS. 

Figure lb shows the signal strength measurements grouped by production modes from CMS 
where SM branching fractions are assumed in order to factor out the signal strengths from production 
modes. All results are found to be consistent with one and the largest deviations is a small excess 
at the level of two sigma observed in t[H channel in both experiments. 

Compatibility of couplings to bosons and fermions with SM expectations can be examined by 
looking at signal strengths of different Higgs production mechanisms. The production mechanisms 
are grouped into two: (ggF, ttH) that scales mostly with fermionic, and (VBF, VH) that scales 
mostly with bosonic Higgs couplings. The ATLAS measurements of the ratio µvBF,vH/µ99F,tfH 
in each decay mode, enabling the branching fractions to cancel out, are combined and shown on 
Fig. le. 

3 Standard Framework for Couplings Measurements 

In the previous section signal strengths for given Higgs boson production or decay modes are dis­
cussed. However, for a measurement of Higgs boson coupling strengths, production and decay 
modes cannot be treated independently, as each observed process involves at least two Higgs boson 
coupling strengths. Therefore, a standardized framework has been provided in Ref. 1. 

Following the leading order tree level motivated framework and benchmark models, measure­
ments of coupling strength multipliers K-j are implemented for the combination of all analyses and 
channels. This is the simplest parametrization of Higgs couplings deviations from SM (denoted by 
K-j = 1)  which assumes kinematics compatible with SM, single and narrow CP-even resonance, and 
validity of zero-width approximation. 



4 Couplings to Vector Bosons and Fermions 

We compare the observation with the expectation for the SM Higgs boson by fitting two parameters, 
Kv and KJ· We assume no contribution from BSM particles (I'BsM = 0). At leading order, all partial 
widths, except for r 11 , scale either as Ki or K} . On the other hand, the partial width r n is induced 
via loops of virtual W bosons or top quarks and scales as a function of Kv and KJ. For that reason, 
the II channel is the channel with the largest sensitivity to the relative sign of KV and KJ· Figure 2a 
shows likelihood fits in Kv - KJ plane for different Higgs boson decay modes measured by ATLAS. 
Individual channels converge in the SM quadrant and agree well with each other and the SM within 
the uncertainties. 
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Figure 2 - The 68% C.L. contours for individual channels (colored swaths) and for the overall combination (thick 
curve) for the (1<v,Kf) parameters (left) from ATLAS. The C.L. contours fit for (1<7, 1<9) parameters assuming unaltered 
partial widths and decay modes (right) from CMS. 

5 Searching for New Physics in Loops � K1 vs Kg 

The presence of BSM physics can considerably modify the Higgs boson phenomenology even if the 
underlying Higgs boson sector in the model remains unaltered. Processes induced by loop diagrams 
(H -+ 11, gg -+ H and H -+  Z1) can be particularly susceptible to the presence of new particles. 
We combine and fit the data for the multipliers K1 and Kg for these processes. The fit results where 
the partial widths associated with the tree-level production processes and decay modes are assumed 
to be unaltered are shown on Fig. 2b. Additional measurements allowing for the new particle 
contribution to the total width (r BSM) are performed by profiling the � and Kg parameters. This 
measurements set upper limits on branching fractions to new invisible and undetected particles to 
be 0.27 (ATLAS) and 0.32 (CMS) at 953 C.L. 

6 Model with SM Particles in Loops and No Invisible Higgs Boson Decay Width 

In the benchmark models that we previously presented, specific aspects of the Higgs sector are tested 
by combining under certain assumptions coupling strength scale factors into a minimum number 
of parameters, thereby maximizing the sensitivity to the scenarios under study. In the case of the 
generic models presented in this and the following section, the coupling strength scale factors Kw, 
Kz, Kt, Kb, Kn and Kµ are treated independently. For the gg -+ H production, H -+ TY decay, 
H -+  Z1 decay and the total width rH the SM particle content is assumed. 

Without loss of generality the W coupling strength scale factor is assumed to be positive. Due 
to the interference terms, the fit is sensitive to the relative sign between the W and t couplings and 
the relative sign between the Z and t coupling, providing indirect sensitivity to the relative sign 
between the W and Z coupling. All measured coupling strengths are found to be compatible with 
the SM expectation within one standard deviation. 



To confirm the scaling of the couplings to Higgs boson with the particle mass, the fit results 
from this generic model are shown on Fig. 3a (CMS) with reduced coupling strength scale factors. 
The scaling factor for vector bosons is YV,i = �� and for fermions YF,i = "'F '::;,�, where mv, 

mF are the masses of vector bosons and fermions, and the vev is vacuum expectation value. A 
Higgs boson mass of 125.02 GeV is used for the fit. 

7 Model without Constrains on Loop Coupling Strengths and Total Width 

In this generic model, the six absolute coupling strengths and three effective loop coupling strengths 
are used, and expressed as ratios of scale factor that can be measured independent of any assump­
tions on the Higgs boson total width. The free parameters (ratios) are: Kgz, >-wz, Az9, Abz, 
A-yz,Atz, and Atg· Additional parameters Aµz and A(Z-y)Z were used only by ATLAS. The results of 
the fits by ATLAS and CMS are shown on Fig. 3b and 3c. 

These fits use only the basic assumptions as stated at the beginning of this section and hence 
represents the most model-independent determination of coupling strength scale factors that is 
currently possible. 
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Figure 3 - The scaling of the reduced coupling strength to Higgs boson as a function of the particle mass from CMS (left) . Results of fits for the generic model: allowing deviations in vertex loop coupling strengths and in the total 
width from ATLAS (center) and CMS (right) . 

8 Conclusions 

This report shows a selection from a palette of measurements performed by ATLAS and CMS. Both 
experiments performed a search for deviations from Higgs couplings to SM particles using tree-level 
motivated benchmark models both with and without assumptions on the Higgs boson width and 
on the SM particle content of loop processes. Indirect measurements set moderate limits (273 at 
95 C.L.) on Higgs boson coupling strength to invisible or undetectable particles and no significant 
deviations from the SM expectations in loop processes are observed. 

The most generic benchmark model uses only the basic assumptions and hence represents the 
most model-independent determination of the coupling strength scale factors currently possible. In 
this model ratios of couplings are constrained with a precision at the below 403 level, depending 
on the ratio considered. 
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Measurement of other Higgs boson properties 
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Recent measurement of the Higgs boson properties: cross section, spin-CP and non-standard 
model couplings (Lepton flavor violation and flavor changing neutral current) , by the ATLAS 
and CMS experiments are reported. The total cross section is 33.0 ± 5.3(stat.) ± l.6(sys.)pb 
at .,/S = 8 Te V. The differential cross sections with respect to several variables show fair 
agreement with theory predictions. Various hypothesis tests for spin 1 ± and 2± scenarios 
have been performed. No indication favoring spin 1 or 2 models has been observed. CP­
mixing scenarios for spin 0 have also been investigated. No significant deviation from the 
Standard Model o+ hypothesis has been observed. Searches are also made for anomalous 
couplings, the lepton flavor violating decay in H --+ µT events and flavor changing neutral 
current in the t --+ qH events. No significant excess of events has been observed in the LHC 
Run-I data. 

1 Introduction 

The ATLAS 1 and CMS 2 experiments reported the discovery of a Higgs boson at the LHC using 
ZZ*, II and WW* decay modes in July 2012 3. Since then, both experiments have measured 
properties of the Higgs boson using the LHC Run-I data ( �25fb-1) , taken at fa = 7 Te V in 
2011 and fa = 8 TeV in 2012. ATLAS and CMS precisely measured the mass of the Higgs 
boson 125.09±0.24 GeV4• The couplings of the Higgs boson to vector bosons and fermions have 
been measured in detail 5. Nevertheless properties of the Higgs boson are not fully understood 
yet. Precise measurement of the Higgs boson may reveal hints of beyond the Standard Model 
(BSM) through the Higgs sector. This proceedings reports recent measurement of the Higgs 
boson properties, in particular cross section, spin-CF, and search for anomalous couplings, using 
the Run-I data of ATLAS and CMS. 

2 Cross Section Measurements 

ATLAS measured total and differential cross sections for Higgs boson production using the H --+ 
II and H --+ Z Z* --+ 4£ events at fa = 8 Te V 6. Both channels provide a clear Higgs mass 
peak which makes identifying the Higgs boson easier. These channels are suitable for defining 



fiducial regions and measuring the cross section inclusively. The measured cross sections account 
for detector efficiency, fiducial acceptances and branching fractions. Figure 1 shows the total 
cross section for each channel and combined value. The measured total cross section is 33.0 ± 
5.3(stat.) ± 1 .6(sys.)pb which is higher than NNLO and N3LO calculations 7, but still consistent 
with the theory predictions. It is found that the cross section for the exclusive 1-jet bin shows 
the largest deviation from the theory predictions. Figure 2 shows the differential cross section as 
a function of the Higgs boson transverse momentum p!f and rapidity. The measured Higgs boson 
PT distribution is harder than the theory prediction. The rapidity distribution agrees well. 

In the H -t 'YY channel leading jet PT (sensitive to QCD modeling) ,  ffijj and AYji (sensitive 
to VBF topology) and I cos(O*)I (sensitive to spin property) 6 are also measured. Overall, the 
event generator predictions are in fair agreement with the observed data within the current 
uncertainties. 
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Figure 1 - Measured total cross section for Higgs boson production compared to two calculations of the gluon-fusion 
cross section 6 (left). The cross sections in exclusive jet binning for inclusive Higgs boson production at vs = 8Te V6 
(right). 
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Figure 2 - Differential cross section for inclusive Higgs boson production with respect to the Higgs boson transverse 
momentum P¥ 6 (left) and its rapidity IYHI 6 (right). 

3 Spin/CP Measurements 

The ATLAS and CMS collaborations have tested spin 1 ± and 2± hypotheses against the SM 
Higgs boson o+. CMS uses an anomalous coupling approach 9, while ATLAS uses an effective 
field theory (EFT) approach 8. In non-universal coupling spin 2 models of EFT the high-p¥ tail 
is enhanced, that is inconsistent with observations (e.g. differential cross section measurements). 
Therefore cut-offs on P¥ (p¥ < 300 GeV or 125 GeV) are applied to test spin 2 models in EFT. 



Figure 3 shows results of the hypothesis tests for various spin 1 ± and 2± scenarios. All of 
the spin 1 and 2 models are excluded at more than 98%(96%) confidence level (C.L.) by the 
CMS(ATLAS) results. For spin 0 models, some GP-mixing scenarios in the Higgs sector have 
been considered using the H --+ WW* --+ CvCv and H --+ Z Z* --+ 4C events. Figure 4 shows 
likelihood scan as a function of BSM CP-odd and CP-even coupling parameters. The observed 
results are consistent with no BSM coupling, and no CP violation in the Higgs sector is observed 
within the current precision. 
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Figure 3 - A  summary distribution of the test statistic -2 ln(.CJP / .C0+ ) for spin-one and spin-two JP models tested 
against the SM Higgs boson hypothesis 9 (left). Test statistic distribution for spin-2 hypothesis in non universal 
couplings (pT cut-off at 125 GeV) 8 (right). 
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Figure 4 - Observed likelihood scan for effective fraction fa3 which is sensitive to the mixing of CP-odd Higgs 
boson in several scenarios 9 (left). Observed and expected likelihood scan as a function of BSM coupling ratios 
i<ttvv/K sM· The horizontal lines show the 683 and 953 C.L. exclusion regions 8 (right). 

4 Lepton Flavor Violating Decay 

Lepton flavor violation is not allowed in the SM, however it is expected to occur in many BSM 
models. CMS searches for lepton flavor violating decay in the H --+ µTe and µ'Thad modes. 
In this process it is expected that the missing transverse momentum aligns to the T direction. 
Therefore, mµr with collinear approximation is used as the final discriminant. The signal regions 
are categorized by number of jets to maximize search sensitivity. Figure 5 shows mµr distribution 
combined with each category weighted by S/(S+B). We observe an excess of events at the 2.4a­
level around 125 GeV, which comes from several categories. The upper limit on B(H --+ µT) is 
1 .51 % at the 95% C.L .. The best fit gives the branching ratio of 0.84:1:8:��% 10. 



5 Flavor Changing Neutral Current 

The ATLAS and CMS collaborations search for flavor changing neutral current (FCNC) in top 
decays (t --+ qH). FCNC is not allowed at tree level in the SM. The existence of FCNC would 
give clear evidence of BSM. The H --+ 'Y'Y is the most sensitive decay mode in this search. ATLAS 
searches for diphoton mass resonance in the tf topology. Figure 5 shows the mTY distribution. An 
upper limit of 0.793 is set on B(t --+ qH) at the 953 C.L., corresponding to a limit on coupling 

J>.;cH + >.;uH < 0.17 11. CMS searches for FCNC using various multilepton final state in addition 
to H --+  ''rY· A 953 C.L. upper limit on B(t --+ qH) is set at 0.563 12 . 
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Figure 5 - Collinear mass M(µT)col distribution for all categories combined with each category weighted by signif­
icance (S/(S+B)). The M onte-Carlo Higgs signal with B(H--+ µT) = 0.843 (best fit value) is shown 10 (left). The 
953 C.L. upper limits by category for the LFV H--+ µT decays 10 (middle). The mn distribution for the selected 
events in the top hadronic channel in the t--+ qH search 11 (right). 

6 Conclusion 

ATLAS and CMS have measured properties of the Higgs boson. No strong indication of BSM is 
observed in the Run-I data. However, results from most analyses are still limited by statistical 
uncertainty. We continue measurement of Higgs boson properties in Run-II in 2015. The precision 
will be improved significantly because of larger amount of data and higher beam energy, bringing 
sensitivity to smaller deviations, which might be observed in Run-II and beyond. 

References 

1. ATLAS Collaboration, JINST 3 (2008) S08003. 
2. CMS Collaboration, JINST 3 (2008) S08004. 
3. ATLAS Collaboration, Phys. Lett. B 716, 1 (2012) ; CMS Collaboration, Phys. Lett. B 716, 30 

(2012) . 
4. ATLAS and CMS Collaborations, arXiv:1503.07589. 
5. ATLAS Collaboration, ATLAS-CONF-2015-007; CMS Collaboration, arXiv:l412.8662. 
6. ATLAS Collaboration, arXiv:1504.05833; ATLAS Collaboration, Phys. Lett. B 738, 234-253 (2014) ; 

ATLAS Collaboration, J. High Energy Physics. 09, 112 (2014) . 
7. LHC Higgs cross section working group, CERN-2011-002 (2011) , arXiv:llOl.0593; C. Anastasiou, 

et al., arXiv:1503.06056 
8. ATLAS Collaboration, arXiv:1503.03643; ATLAS Collaboration ATLAS-CONF-2015-008. 
9. CMS Collaboration, arXiv:1411 .3441. 

10. CMS Collaboration, arXiv:1502.07400. 
11 .  ATLAS Collaboration, J. High Energy Physics. 06, 008 (2014) . 
12. CMS Collaboration, Phys. Rev. D 90, 112013 (2014); CMS Collaboration, CMS-PAS-TOP-13-017. 



Studies of Higgs Boson Properties in Future LHC Runs 
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As the LHC begins its Run 2 period, it will quickly become the first and only Higgs factory 
in the world. The unique nature of the Higgs boson demands careful and precision studies of 
its properties. Future projections for precision measurements of its couplings are discussed, 
as well as prospects for observing and measuring rare decay modes. Future projections of 
studies of the Higgs potential through the Higgs pair production process at the LHC is also 
presented. 

1 Introduction 

The observation of the Higgs boson by the ATLAS and CMS experiments at the LHC1,2 brought 
with it a new era in collider physics. For the first time in history, we can produce fundamental 
scalar particles in the laboratory. Due to its uniqueness, the Higgs boson is anticipated to 
be deeply involved in understanding many of the unresolved questions remaining in particle 
physics. Therefore, a careful, thorough, and systematic approach to determining as many of its 
properties as possible is demanded. The High Luminosity LHC (HL-LHC) project is explicitly 
geared towards this goal. This upgrade, to be implemented in Long Shutdown 3 around 2022, 
will increase the instantaneous luminosity of the LHC to about 5 x 1034 cm-2s-1 allowing to 
reach an integrated luminosity of 3000 fb-1 after about ten years of operation. This dataset of 
unprecedented size will allow measurements of Higgs boson couplings to a high level of precision, 
as well as studies of extremely rare decay modes. 

Since the early days of its discovery, a lot more is now known about the Higgs boson. Its 
decays to ''f'Y, ZZ, and WW, has been established beyond doubt, and its decay to tau leptons 
has also been observed with fairly large certainty 3,4 . The mass of the Higgs boson has been 
established to better than two parts in a thousand 5, and its main couplings have been established 
to the � 203 level. However, an even larger set of very important properties have yet to be 
established: 

• Does the Higgs boson couple to b-quarks, and with what strength? 

• Does the Higgs boson get produced in association with top quark pairs and at what rate? 



• Does the Higgs boson couple to second generation fermions? 

• Does the Higgs boson decay to a Z boson and a photon, and at what rate? 

• Does the Higgs boson decay to particles that escape detection by the LHC experiments? 

• Does the Higgs boson exhibit any anomalous couplings? 

• What can we say about the Higgs self-coupling and the shape of the Higgs potential? 

All of these questions require a significantly larger dataset to provide an answer. I will 
discuss measurement projections that attempt to answer many of these important questions. 

2 Higgs Coupling Projections 

With 3000 fb-1 of integrated luminosity, the decay channels to 11, ZZ, WW, and TT, that 
have been well studied already in Run 1 of the LHC, can be studied very thoroughly and with 
great precision. Their rates can be measured to 5 - 103, depending on how well systematic 
and theoretical uncertainties can be improved, and they can also be measured separately in the 
sub-leading vector boson fusion, and WH and ZH associated production modes 6•12 . 

The decay mode to bb can be established to a large significance 9•12 , well above five standard 
deviations, and the decay rates can be measured to better than 14%. The production mode where 
the Higgs boson is produced in association with a pair of top quarks can also be established to 
a significance well above 50", and can be measured separately in various decay modes8•12• These 
measurements allow a direct determination of the top Yukawa coupling to the Higgs boson to 
better than about 10%. 

3 Rare Higgs Decays 

In the Standard Model, the Higgs boson couples to particles according to their mass. Therefore, 
it can be very revealing to study Higgs boson decays to second generation fermions as their 
masses are typically much smaller than the third generation fermions, and a large enhancement 
in the coupling would indicate physics beyond the Standard Model. With 3000 fb-1 of integrated 
luminosity, the Higgs decay channel to µµ can be established with a significance well beyond 
50" 10•12 , and the Higgs to muon coupling strength can be measured to about 8%. 

The very rare Higgs decay mode to Z1 can also be very revealing because the existence of yet 
unknown particles can significantly enhance the rate through enhancements in the loop diagrams 
which yields this decay. This decay channel can be observed to about 40" per experiment, and the 
effective coupling can be measured to better than 14% 11•12 . Finally, searches for Higgs decaying 
to particles escaping detection in the ZH associated production channel can yield 95% confidence 
level upper limits on the branching ratio to such particles at the level of about 15% 10•12 . 

4 Higgs Self-Coupling 

The shape of the Higgs potential and the nature of the electroweak phase transition is one of 
the most important questions in particle physics, with far-reaching implications. Studies of the 
Higgs self-coupling is a critical step to understanding this question. At the LHC, the only process 
that can be used to study the Higgs self-coupling is the Higgs pair production process. Two 
destructively interfering diagrams contribute to this process, making it particularly challenging 
to extract the self-coupling. Furthermore, the production cross section is very low, which requires 
an extremely large dataset to proceed with this study. 

Of the decay channels studied so far, the most sensitive decay channel is the one where 
one Higgs boson decays to bb and the other Higgs boson decays to II· The presence of two 



resonant decays allows to sufficiently reduce the background to extract the signal out of the 
large QCD background. In Figure 1 ,  the distributions of the diphoton mass and the dijet mass 
are shown with signal and background processes stacked. With 3000 fb-1, the cross section 
for the Higgs pair production process can be measured to the level of about 60 - 803 per 
experiment, and to better than 503 when combined 13•7• The projection for CMS is shown in 
Figure 2. The precision of this measurement depends critically on the detector performance 
under HL-LHC detector aging and pileup conditions. On the right of Figure 2, we see that a 
modest improvement in object selection efficiency can yield a significant improvement to the 
precision of the measurement. 
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Figure 1 - Stacked histograms for the Higgs pair production signal and all of the background processes show 
the expected distributions for the diphoton mass (left) and the dijet mass (right) for 3000 fb-1 of integrated 
luminosity 7. 
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Figure 2 - The expected uncertainty on the Higgs pair production cross section measurement is shown as a 
function of the integrated luminosity (left) and the hypothetical improvement to the photon selection efficiency 
(right). 

5 Summary of Projections 

All of the HL-LHC projections for the Higgs boson measurements can be summarized through 
a leading-order coupling fit framework employed by both ATLAS and CMS collaborations. In 
Table 1 1  we summarize the precision to which the Higgs couplings can be determined using an 



integrated luminosity of 3000 fb-1 in this framework. The majority of the measurements are 
limited by the systematic uncertainty. As a guide for potential future improvements on theoret­
ical systematic uncertainties, ATLAS has determined that in order for the theory uncertainties 
to contribute less than 103 to the total uncertainty, one has to reduce the PDF uncertainty 
and the uncertainty from missing higher order corrections for the gluon fusion Higgs production 
cross section to less than 1.3% and 1 . 13 respectively 6. Furthermore, one can get an idea of the 
impact of systematic uncertainties from Table 2, where I show what the Higgs coupling uncer­
tainties would be for the CMS experiment if the theory uncertainties are reduced by 503 and if 
the experimental systematic uncertainties are scaled down according to 1/ y'Luminosity 12 . 

Table 1: Projected Uncertainties for Higgs couplings measurements with 3000 fb-1• 
Experiment "'' "'W "'Z K,g K,b "'t "'' "'Z'Y K,µ BRinvis 

ATLAS 53 53 43 93 123 113 103 143 83 143 
CMS 53 53 43 53 73 103 53 123 83 173 

Table 2: The projected Higgs coupling measurement uncertainties from the CMS experiment assuming current 
systematic uncertainties are compared against those obtained when the theoretical uncertainties are reduced by 
50% and the experimental systematic uncertainties are scaled down according to 1/y'Luminosity. 

Experiment "'' K,W "'Z K,g K,b "'t "'' K,z"( K,µ BRinvis 
Current Systematics 53 53 43 53 73 103 53 123 83 173 
Reduced Systematics 23 23 23 33 43 73 23 103 83 63 

In summary, a comprehensive Higgs physics program lies ahead for the HL-LHC project. 
Precise and systematic measurements of all Higgs boson properties will be one of the keys to 
understanding the yet unresolved questions in particle physics. 
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RECENT TOP QUARK PRODUCTION RESULTS FROM THE TEVATRON 
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69120 Heidelberg, Germany 

In this article, I review recent measurements of the production of the top quark in pj5 collisions 
at a centre-of-mass energy of fa = 1.96 TeV in Run II of the Fermilab Tevatron Collider, 
recorded by the CDF and DO Collaborations. I will present the Tevatron combination of 
measurements of the tf production cross section and its differential measurement, the first 
evidence for and observation of the production of single top quarks in the s-channel, as well 
the final Tevatron combination of the production of single top quarks the s- and t-channels. 
Furthermore, I will review the measurements of the forward-backward asymmetry in tf events, 
which can be experimentally uniquely accessed in the GP-invariant pj5 initial state at the 
Tevatron, and conclude with the measurements of this asymmetry in the bb system. 

The pair-production of the top quark was discovered in 1995 by the CDF and DO experiments1 
at the Fermilab Tevatron proton-antiproton collider. Observation of the electroweak production 
of single top quarks was presented only six years ago 2. The large top quark mass 3 indicates that 
the top quark could play a crucial role in electroweak symmetry breaking. Precise measurements 
of the production of the top quark and of its properties provide a crucial test of the consistency 
of the SM and could hint at physics beyond the standard model (BSM). This article discusses 
recent precision measurements of the top production at the Tevatron, while recent measurements 
of the intrinsic properties of the top quark, including the world's most precise single measurement 
of the top quark mass mt 6, are covered in Ref. 7. All Tevatron results in the top sector can be 
found in Refs. 4,5. The corresponding measurements by the LHC experiments are discussed in 
Refs. 8. 

Top quarks are mostly produced in pairs via the strong interaction. At the Tevatron, the pro­
duction process qij --t tt dominates with a contribution of � 853 over the gg --t tt reaction, while 
at the LHC their respective fractions are approximately reversed. Another striking difference 
between the two colliders is that the pf! initial state at the Tevatron is an eigenstate of the C P 
transformation. The relative contribution of the s-channel to the total production cross section of 
single top quarks at is � 303 at the Tevatron, making it experimentally easier to access than at 
the LHC, where it contributes only � 53. In the SM, the top quark decays to a W boson and a b  
quark nearly 1003 of the time. Thus, tt events decay to a w+w-bb final state, which is further 
classified according to the W boson decays into "dileptonic" , "£+jets" , or "all-jets" channels. 
Accordingly, single top production in the s-channel proceeds dominantly through qij --t tb, while 
the qg --t q'tb process dominates in the t-channel. 

1 Production of tt pairs 

The CDF and DO Collaborations combined their most precise measurements of the tt production 
cross section atf in Run II of the Tevatron 9, summarised in Fig. 1 (a) . The combination is 

,., ,  
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Figure 1 - (a) The combination of <7tt from CDF and DO in pfi collisions at y8 = 1.96 TeV compared to the 
SM prediction at NNLO+NNLL. (b) The distribution of du,,/dmtf after background subtraction and regularised 
unfolding measured by DO in the R+jets channel using 9.7 fb-1 of data, compared with theory predictions. (c) 
Same as (b), but for dutf/dp�P. Both t and f contribute in each event in (c). 

performed using the best linear unbiased estimator (BLUE) technique, considering all sources of 
systematic uncertainties and their correlations. The combined value of G"tf = 7.60 ± 0.41 pb is in 
good agreement with the SM prediction of G"tf = 7.35:1:g:�� pb 10, which is calculated at next-to­
next-to-leading order (NNLO) with next-to-next-to-leading logarithmic (NNLL) corrections. 

DO recently measured G"tf differentially in various kinematic distributions in the l'+jets chanel 
using 9.7 fb-1 of data 11. After subtraction of backgrounds, the distributions are corrected for 
detector effects through a regularised matrix unfolding. A representative selection of results is 
shown in Fig. 1 (b) for dattfdmtt and in (c) for datr/dp�P. The SM MC simulations considered 
are able to describe the differential dependence up to an overall normalisation factor. 

2 Production of single top quarks 

The production of single top quarks in the s-channel is difficult to observe at the LHC given its 
small cross section of as-ch. = 5.5 ± 0.2 pb 12. The experimental situation is less challenging at 
the Tevatron given that as-ch. = 1 .05 ± 0.06 pb contributes about 1/3 of the total at. 
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· �  
D FCNC 
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Figure 2 - (a) The combination of measured cross sections for the production of single top quarks in the s- and 
t-channel compared to SM expectation and BSM predictions. (b) The overview of the measurements of single top 
quark production in the s- and t-channels. 

The first evidence for single top production was provided by DO 13 in the l' +jets channel 
using 9.7 fb-1 of data. The sensitivity of the analysis was enhanced by categorising events into 
signal-enriched and signal-depleted categories according to the jet and b-tag multiplicity.Two dis­
criminants sensitive to the s- and t-channel were used to extract as-ch. and at-ch. simultaneously. 
Without any assumption on at-ch. , DO measures as-ch. = 1 . 10 ± 0.33 pb, which corresponds to a 
significance of 3.7 standard deviations (SD). Recently, CDF also reported an evidence for single 
top production in the s-channel at the level of 4.2 SDs14 using 9.5 fb-1 of data. They combined 
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the analyses in two channels, £+jets 14 and $r+jets (where the lepton is missed) 15 ,  both using a 
discriminant optimised to the s-channel only. By combining these three measurements, CDF and 
DO discovered single top production in the s-channel with an observed (expected) significance of 
6.3 (5.1) SDs 16 . 

CDF and DO performed the final combination of their best measurements in the s- and t 
channels by constructing a joint discriminant and considering all uncertainties and their corre­
lations 17 . The simultaneously extracted O"s-ch. = 1 .29 ± 0.25 pb and O"t-ch. = 2.25 ± 0.30 pb, 
shown in Fig. 2 (a), agree with the SM expectation and, combined, can exclude a number of BSM 
scenarios. The overview of single top measurements at the Tevatron is given in Fig. 2 (b). 

3 Forward-backward asymmetry in tf events 

In the SM, the pair production of top quarks in pfi collisions exhibits a forward-backward asym-
Atf N"-Y>0-N"-Y<D at . . . - 18 metry FB = Nliv>" +N".Y>D of "" 1010 at NNLO with NNLL corrections m the tt rest frame , 

where /::;.y = Yt - Yf and Yt = -2
1 ln E

Et+Pz,t is the rapidity of the t quark. 
t -Pz,t 

DO measured AifB = 10.6 ± 3.03 in the £+jets channel using events with at least one b--tagged 
jet in 9.7 fb-1 of data 19, as shown in Fig. 3 (a). The kinematic fitter used for the reconstruction 
was extended to cover events with only three jets. A similar measurement was performed by CDF 
in the £+jets channel 20 using 9.4 fb-1 of data. Their result of AifB = 16.4 ± 4.73 is :::; 1 .5 SD 
away from the SM expectation. Both Collaborations also investigated the dependence of AifB on 
the invariant mass of the tl system mtf which is compared to SM expectation 18 in Fig. 3 (b), and 
on 11::;.Y I · 
-E 200 
� 1 50 

m.o -0 . 6  NNLO ­
CDF ­' oo -0 . 4 r ; 0 .2 b.i-..Jiiiii.9'•·-�� 

Figure 3 - (a) The distribution in �y in data compared to simulations in the £+jets channel using 9.7 fb-1 of DO 
data. The data prefers a larger asymmetry than MC@NLO that is used to simulate tt events. (b) The distribution 
in AlfB in the tf rest frame versus Mtt, after background subtraction and corrected for experimental effects from 
the CDF and DO experiments, is compared to NNLO+NNLL calculations. (c) The distribution in QT/e in data 
compared with sumulations in the dilepton channel using 9.1 fb-1 of CDF data. 

d AR - Nq">O _Nq"<O . . . Atf h h The lepton-base asymmetry FB = Nq">"+Nq">O 1s sens1t1ve to FB t rough the c arge-
signed pseudorapidity q'T/ of charged leptons in t --+ £vb decays. CDF measured A�B = 7.2±6.03 in 
the dilepton channel using 9.1 fb-1 of data, as shown in Fig. 3 (c) , while DO found A�B = 4.4±3.93 
using 9.7 fb-1. Both results are consistent with SM expectation. 

DO applied the matrix element method, which calculates the probability of each event to come 
from tl production as a function of /::;.y, to reconstruct AifB in kinematically underconstrained 
dilepton events 24 ,  and found AifB = 18.0 ± 8.63. The distribution in /::;.y is shown in Fig. 4 (a) . 

An overview of all measurements of the forward-backward asymmetry is given in Fig. 4 (b) . 
Both Collaborations have investigated AFB in the bb system at high Mbb' where qij --+ bb domi­
nates 25 .  These results are discussed in detail in Ref. 26 . 
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Measurement of the top mass at the LHC 

Fabrice Balli, on behalf of the ATLAS and CMS Collaborations 
Manchester University, United Kingdom 

The top quark is the most massive fundamental particle ever observed. As such, it plays a 
particular role in the theories of elementary constituents of matter. The motivation for a 
precise measurement of the top quark mass ensues from this role. The ATLAS and CMS 
experiments at the LHC have taken part in this effort and achieve precisions below one GeV, 
using data collected during the years 2011 and 2012, at a centre-of-mass energy ,/S of 7 TeV 
and 8 TeV respectively. This document reviews the measurements performed by the two 
collaborations at the time of writing. 

1 Introduction 

Since the discovery of the top quark at Tevatron in 1995, physicists have developed an increasing 
number of methods in order to reduce uncertainties on the measurement of its mass, and have 
provided these in numerous topologies. These efforts are part of the LHC program, in particular 
for the ATLAS 1 and CMS 2 experiments. This document classifies the analysis techniques in 
three categories : 

• direct kinematic measurements : these measurements make use of observables recon­
structed from the decay products of the top or antitop quark in top-antitop ( tt) final state 
events to estimate its mass, mtop· Among all existing measurements, they can achieve the 
best precision on mtop ; the main disadvantage of these techniques is that the measured 
parameter is the mtop injected in the simulation, which is not unambiguously mapped to 
the top quark pole mass. The LHC results coming from these techniques are described in 
section 2. 

• alternative measurements : these measurements also use observables reconstructed from 
the decay of the top quark, but in unusual topologies, or make use of specific techniques, 
sensitive to different effects than the standard ones. Although they reach a lower level of 
precision at the time this document is written, these techniques have usually orthogonal 
uncertainties to the direct kinematic measurements. The most recent measurements from 
the LHC are discussed in section 3. 

• measurements from the cross-section, given in section 4 : these measurements, although 
usually limited by theoretical predictions accuracy, as well as experimental systematic un­
certainties, offer the advantage of providing values of mtop with in a well-defined theoretical 
scheme. 

Some conclusions on the existing measurements, as well as outlooks on future measurements at 
the LHC are given in section 5. 

All CMS results from direct kinematic measurements and all ATLAS results made public by 
March 2015 are given in fig. 1 .  
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Figure 1 - Summary figure of recent mtop measurements from ATLAS 3 (left) and CMS 4 (right). 

2 Direct kinematic measurements 

The direct kinematic measurements make use of an observable sensitive to the top quark mass. 
In the fully hadronic channel and in the semi-leptonic (£+jets) channel, it is possible to fully 
reconstruct at least one top or antitop quark invariant mass (m���0) from the hadronically 
decaying top(s) or antitop(s). In these two channels, the potentially dominant uncertainty arises 
from the knowledge of the jet energy scale (JES). It has become a widespreaded technique to 
use the reconstructed invariant mass( es) of the hadronically decaying W(s), m'i:J,?0 ,  to constrain 
it. The dileptonic channel is kinematically underconstrained and cannot make use of a similar 
technique. CMS results are all referenced in the combination of the measurements 4. ATLAS 
results are included in two papers 5•6. 

2. 1 Fully hadronic channel 

The ATLAS measurement uses the R3;2 observable, defined as the ratio of m���0 to mwco in each 
event. Templates are built at various values of mt

0
p, and an binned likelihood fit to the data 

at 7 TeV is performed. This measurement should benefit from increased statistics; besides this, 
the dominant uncertainties come from JES, relative JES from b-jets (bJES) and hadronisation. 

The CMS experiment uses an ideogram method to reconstruct the estimator for two mea­
surements (7 and 8 TeV data). The reconstructed top quark mass, m���0, is used to estimate 
mt

o
p, and mwco is used to constrain the JES. A simultaneous fit of the two observables (2D fit) 

to the data is performed. For both these measurements, the dominant uncertainties come from 
JES and statistical uncertainties. 

2. 2 Dileptonic channel 

The ATLAS measurement uses a ID template fit to the 7 TeV data, with the m£i,"0 observable as 
estimator. This observable is defined as the average invariant mass of the two lepton-jet pairs, 
choosing the permutation with lowest value for m£tco. This measurement should benefit from 8 
Te V increased statistics. 

The CMS experiment has performed several measurements of mt
o
p in the dileptonic channel. 

Two of them (7 and 8 TeV) use the AMWT observable. This observable has values close to the 
top quark mass and is reconstructed using all the event kinematics. One preliminary result from 
CMS in this channel uses the md,co observable to measure mt

o
p and builds a folding matrix 



with simulated events. This allows to fold any theoretical calculation for the m£\,co observable 
and thus measure mtop in a well-defined scheme. The obtained result is 7 : mtop ( ,fS = 8 TeV) 
=172.3 ± 1 .3 GeV (preliminary result) .  

2.3 Semi-leptonic channel 

In the CMS experiment, m���o and mVf,?° are reconstructed with an ideogram method and a 
2D template fit to the data is performed (in both 7 and 8 TeV measurements) . The 8 TeV 
measurement is the most precise result for a single mtop measurement in the LHC. It is also in 
tension with the latest DO measurement 8. 

The ATLAS experiment uses a novel technique, which is a 3D template analysis, with 
7 TeV data. In this improved method, an additional observable, Rl",�0, is used to constrain 
the potentially highest systematic uncertainty, that is the one related to bJES. A simultaneous 
unbinned likelihood fit of the three observables is performed, and the bJES uncertainty is reduced 
to an insignificant value, at a cost of an increased statistical uncertainty. This should be reduced 
using a bigger amount of data, e.g. 8 TeV statistics. 

2.4 Combinations of the direct measurements 

The CMS experiment has performed a preliminary combination including most of the measure­
ments described above 4 . The result is mtop =172.4 ± 0 .1  (stat) ± 0.7 (syst) GeV (preliminary 
result) .  The ATLAS experiment combined the dileptonic and £+jets channels 5. The result is 
m10p =173.0 ± 0.5 (stat) ± 0.8 (syst) GeV. Both measurement reach precisions similar to the 
one of the preliminary world combination, as can be observed in fig. 1 .  

3 Alternative measurements 

3.1 Measurement with single top events in the t-channel 

The ATLAS experiment used single top events to measure mtop 9 with 8 TeV data. This channel is 
orthogonal to the other channels and as such, offers possibilities of improvement when combined. 
The final result, dominated by the JES uncertainty in the forward region of the detector, was 
obtained with a lD template analysis using the m£bco observable. 

3.2 Kinematic end-points and B-hadron decay lifetime 

The CMS experiment has performed two alternative measurements, that are also sensitive to 
different effects with respect to the standard measurements. The kinematic end-points analysis 
makes a minimal use of the simulation and relies mostly on analytical formulas. The result 10 is 
mtop (,/S = 7 TeV) =173.9 ± 0.9 (stat) ± 2.3 (syst) GeV. Though being dominated by the JES 
uncertainty, it has very small sensitivity to modeling effects. 

The measurement based on the B-hadron decay lifetime(mtop (,/S = 8 TeV) =173.5 ± 
1.5 (stat) ± 2.9 (syst) GeV, preliminary 11) uses only tracker variables, and is therefore also 
sensitive to different effects. It is dominated by top quark transverse momentum modeling. 

4 Measurements of the pole mass from the cross-section 

4 .1  Measurement from the inclusive cross-section 

Measurements of mtop from the tt cross-section were performed by both the ATLAS and CMS 
experiments in the dileptonic channel 12,13 . Both measurements use PDF4LHC prescriptions 
and full NNLO+NNLL predictions. The results are dominated by theoretical uncertainty for 



ATLAS and by the systematic uncertainty for CMS. The results are the following : 

mtop ( Vs =  7 + 8 TeV) = 172.9:!°�:� GeV (ATLAS), 
mtop (Vs = 7 TeV) = 176.7:!°� �  GeV (CMS). 

4.2 Measurement with ti+l jet events 

(1) 

The ATLAS experiment measured mtop with the differential ti+ 1 jet cross section as a function 
of a quantity, p8, proportional to the inverse of the invariant mass of the ti+l jet system 14. 
Theoretical calculations of the differential distribution were made at the parton level (NLO+PS) .  
Unfolding the data then allows to  measure the top quark pole mass. This measurement, which 
uses 7 TeV data, should benefit from increased statistics at 8 TeV. 

5 Summary and outlooks 

It was shown that the LHC experiments reach high precision on the mtop measurement, with 
potential improvements since final results from Runl are not public yet. It is also expected that 
combining techniques sensitive to different effects will provide more information on the value of 
mtop ·  Finally, efforts are required to have a better harmonization of the treatment of systematic 
uncertainties across the LHC experiments, in particular for the hadronisation uncertainty. This 
will be a key ingredient to final LHC and world combinations. 
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MEASUREMENT OF TOP QUARK PROPERTIES AT THE LHC 

Y. CHAO 
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We present the recent measurements of top-quark properties conducted by the LHC experi­
ments. The data collected in proton-proton collisions at centre-of-mass energies of 7 and 8 TeV 
in the years 2011 and 2012 are used. The results include the measurements of the W-boson 
helicity in top-quark decays, the top-quark charge asymmetry, and the tt spin correlations 
and polarization. Furthermore several searches for flavor-changing neutral currents in decays 
and production of top quarks are performed. So far the results are found to agree with the 
predictions from the standard model within the corresponding uncertainties. 

1 Introduction 

The top quark, discovered in 1995 at the Tevatron l,2 , is the heaviest elementary particle known 
to-date. The lifetime of top quark is so short such that it decays before hadronization. By mea­
suring the decay product of a top quark, one can study its properties, such as spin, polarization 
and mass can be determined. 

Top quarks can be used to probe for new physics. The top quark pair and single top produc­
tion processes are also major background to physics beyond standard model (BSM) searches. 
The Large Hadron Collider (LHC) is a energy frontier machine. The data collected LHC during 
the first years operation allow us to perform unprecedented tests and precision measurements 
on different top-quark properties. Detailed description of the general purpose detectors of LHC, 
can be found in the reports of ATLAS 3 and CMS 4. 

2 Top Quark Properties 

Various properties of the top quark production or decays are being studied at LHC. Those are 
to test the standard model (SM) predictions and good candles for new physics searches. 

2.1 W-boson Helicity in Top Quark Decays 

The W-boson helicity fractions in top quark decays are very sensitive to the tWb vertex cou­
plings. Anomalous tWb couplings, which do not arise from the SM, would alter the value of one 
or more helicity fractions. The W-boson helicity fractions (FR, FL, and F0) can be measured us­
ing the helicity angle ()*, which is defined as the angle angle between the direction of the charged 
lepton in W rest frame and W direction in the top quark rest frame. Their relations can be writ­
ten as: � dc�r . = � ( 1 - cos ()*)2FL + � ( l+cos ()*)2FR+ � (sin ()*)2Fo, assuming FR+FL + Fo = 1, 
where Fx = *-· The latest result 7 is a combination of recent measurements by the ATLAS and 
CMS Collaborations using their data corresponding to integrated luminosities ranging from 35 
pb-1 to 2.2 fb-1 collected at a center-of-mass energy of 7 TeV. The measured helicity fractions 
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are Fo = 0.626 ± 0.034(stat.) ± 0.048(syst.) and FL = 0.359 ± 0.021(stat.) ± 0.028(syst.), which 
are in agreement with predictions from NNLO QCD. 

CMS has published their latest 8 TeV result 8 done with a single top production topology 
using lepton plus two jets events. The measured helicity fractions are Fo = 0.720±0.039(stat.)± 
0.037(syst.) and FL = 0.298 ± 0.028(stat.) ± 0.032(syst.) . By assuming unitarity, one can get 
FR = -0.018 ± 0.019(stat.) ± O.Oll (syst.) . The differences between the measurements and the 
SM predictions are within one sigma significance. 

2.2 Top Quark Charge Asymmetry 

The top quark charge asymmetry comes from the difference on the produced top-quark pair 
respect to their pseudo-rapidity (TJ) direction. For Tevatron experiments, protons are colliding 
on anti-protons. Any preferences on the produce top quark charge sign to the original colliding 
particle will cause an asymmetry, so-called forward-backward asymmetry. At LHC, protons 
are colliding on protons, only the interferences on the tree and box diagram as well as initial 
and final state interactions can cause the asymmetry under SM. Experimentally, one can see 
small differences on the distribution of differential cross section verses 7). Some new physics, like 
axiguon, Z' or KK-gluon, can contribute and enhance the asymmetry. 

An effort has been done by ATLAS and CMS to combine the tt charge asymmetry results 9 
with lepton plus jets events collected at y's = 7 TeV. The asymmetry is measured as Ac = 
0.005 ± 0.007(stat.) ± 0.006(syst.) ,  which is in agreement with the prediction from the SM. Both 
ATLAS 10 and CMS also have their results using di-lepton events collected at y's = 7 TeV 
by looking at the asymmetry on the produced top quarks and the charge sign of leptons from 
top-quarks decay. No significant deviation from SM is seen. 

2.3 Top Quark Polarization and Spin Correlation 

In the SM, top quarks are produced almost un-polarized. However, the spins are correlated 
due to its short lifetime. The small amount of polarization can be attributed to electroweak 
corrections to the QCD-dominated production process. New physics could affect both the spin 
correlation and polarization properties. 

Both ATLAS and CMS have measured the tt pair polarization with events taking at y's = 7 
TeV. The ATLAS result 12 is based on template fit on single lepton and di-lepton events. CMS 
uses lepton plus jet events to provide a background subtracted measurement 13, whicli unfolds 
the results back to parton level. The measurements are found to be agreed with SM predictions. 
On the spin correlation study, ATLAS and CMS have published results using 7 TeV data. 
ATLAS has a study 14 using their full 8 TeV data. The measured degree of correlation is 
Ahelicity = 0.38±0.04, which agrees the SM prediction. This study also excludes super-symmetry 
top squarks with masses between the SM top quark mass and 191 GeV at the 953 confidence 
level (CL). 

2.4 Top Quark FCNC Searches 

The flavor-changing neutral current (FCNC) process is described by the penguin diagram. Com­
paring with the top-quark charged current process with tree diagram, FCNC with top is highly 
suppressed under SM at order of 0(10-15) .  Several models extend SM predict enhancements on 
the FCNC processes up to order of 0(10-3) .  Any detection of top quark decays or productions 
through the FCNC diagram would be a direct hint of physics beyond standard model (BSM). 

FCNC Top Quark Decays and Productions 

Searching for top-quarks decay into Zq has been performed since the LEP and Tevatron ex­
periments. The current most stringent limit is given by the CMS study 15 .  By looking at 
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tt --+ WbZq --+ bjf+J1,-J1,' trilepton events combining 7 TeV and 8 TeV data, the limit on 
B(t --+ Zq) is set to be < 0.05% at 95% CL. 

The search for FCNC can also be done through the single top-quark production processes. 
CMS has limits 16 on B(t --+ Zu) < 0.51% and B(t --+ Ze) < 1 1 .40% as a complementary to 
the search with tt decays. ATLAS has the current best limits 17 on B(t --+ gu) < 0.0031% and 
B(t --+ ge) < 0.016% using a data corresponding to 14.2 fb-1 collected at 8 TeV. CMS also 
provides limits 18 on B(t --+ "'fU) < 0.0161% and B(t --+ 'Ye) < 0.182%. Currently no excess to 
the SM predictions is seen. 

Search for t --+ H q Decays 

The Higgs particle was discovered with its mass measured as �  125.5 GeV, which is lighter than 
the mass of the top quark. Theoretically t --+ H q decay is also an FCNC process and suppressed 
by GIM mechanism. The branching fraction of t --+ He is also predicted at order of 0(10-15) 
in SM. Some models, extending SM predicts, enhancement of this process up to detectable level 
for LHC. 

ATLAS currently has the best limit 19 on the branching fraction of t --+ H c with a direct 
search approach using H --+ 'Y'Y events combining 7 Te V and 8 Te V data. The limit is give 
to as B(t --+ He) < 0.79% at 95% CL with < 0.51% expected. Meanwhile, a re-interpretation 
of CMS SUSY multi-lepton searches 20 provides a limit as B(t --+ He) < 0.56% by combining 
studies on H --+ WW*, TT, Z Z* and 'Y'Y channels. The latest CMS result 21 with direct search 
approach on H decays into multi-lepton channels gives B(t --+ He) < 0.93% at 95% CL with 
< 0.89% expected. This corresponds to a bound on the top-charm flavor violating Higgs Yukawa 
couplings of Ji>-7c l2 + l>-� 12 < 0.18. The observables used in the searches are shown in Fig. 1 .  
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Figure 1 - Distribution of m77 for the selected events in the hadronic channel of the ATLAS t --+ H c search (left). 
Hr distributions in the trilepton (middle) and same-sign dilepton (right) channels in the CMS t --+  He search. 

3 Summary and Prospects 

Top-quark mass measurements at the LHC by ATLAS and CMS have already reached the 
precision of the Tevatron results. Studies on various top quark properties, including W-boson 
helicity, charge asymmetries, spin correlation and polarization, as well as FCNC couplings, have 
been carried out and so far no significant deviations from SM predictions are seen. Therefore, 
precision measurements are needed for the search of possible new physics contributions. 

ATLAS and CMS experiments are finishing up their studies with 7 and 8 Te V data and 
heading for the LHC restarts in summer of 2015 with increased energy and luminosity. This is 
a new milestone ahead and we are expecting more exciting results. 
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A review of the recent results on measurements of cross-sections and top quark properties in 
single top quark processes, performed at the LHC by ATLAS and CMS is presented. The 
measurements are in good agreement with predictions and no deviations from Standard Model 
expectations have been seen so far. 

1 Introduction 

The top quark is the heaviest known Standard Model (SM) elementary particle. Its large mass 
means that it decays quickly without forming hadrons therefore offering the unique opportunity 
to study the properties of a "bare" quark. Because of this, top quark is fundamental for under­
standing physics in the SM and beyond. At the LHC 1 , top quarks are produced predominantly 
in pairs via the flavour-conserving strong interaction, while an alternative process produces sin­
gle top quarks through the weak interaction. Single top quark production is mediated through 
three channels: exchange of a virtual W boson in the t-channel or s-channel, and production of 
an on-shell W boson and a top quark in the Wt-channel. 

This review focuses on the latest results on single top quark analyses performed by ATLAS 2 
and CMS3 in pp collisions at the LHC. This includes cross-section measurements at 8 TeV and 
measurements of properties in single top quark processes at 7 and 8 TeV. 

2 Single top production cross-section measurement 

At the LHC, in pp collisions at 8 TeV, the single top quark production cross-sections are calcu­
lated at next-to-leading order (NLO) in QCD with re-summed next-to-next-to-leading logarith­
mic (NNLL) accuracy. They are found to be 87.76:'.:{:�f pb for the t-channel 4, 22.37±1.52 pb 
for the Wt-channel 5 and 5.61±0.22 pb for the s-channel 6, where the uncertainties correspond 
to the sum in quadrature of the scale and the parton distribution function (PDF) uncertainties. 

2.1 Measurement of the t-channel production cross-section 

The event signature of the t-channel in the lepton+jets final state contains a charged lepton (e 
or µ), missing transverse momentum CWT) and two jets where one originates from a b-quark (b­
tagged jet) and the other from the spectator quark. At 8 TeV, CMS has performed an analysis 
using 19.7 fh-1 of the LHC data 7, exploiting the discriminating feature of the pseudorapidity 
of the non b-tagged jet ( l7Jj l )  to measure the t-channel cross-section. Two signal (lepton charge 
dependent) regions and two control regions (m(Cvb) < 130 GeV and m(Cvb) > 220 GeV) are 
considered. Sources of systematic uncertainties are evaluated with pseudo-experiments. The 
cross-sections for top quark and top antiquark production extracted from a template fit are 



53.8 ± 1.5 (stat.) ± 4.4 (syst.) pb and 27.6 ± 1.3 (stat.) ± 3.7 (syst.) pb, respectively. Accounting 
for correlations, the top-antitop cross-section ratio is measured to be Rt = 1.95 ± 0.10 (stat.) ± 
0.19 (syst. ) .  The jet energy scale (JES) is the dominant source of systematic uncertainty for the 
cross-sections while for Rt, the PDF uncertainty is the largest one. 

A fiducial t-channel cross-section measurement is provided by an ATLAS analysis using 
20.3 fb-1 of the 8 TeV data 8. A binned maximum likelihood fit is performed to the neural 
network (NN) output in the signal region where backgrounds are treated as nuisance parameters. 
The modelling of tt and W +jets is validated in dedicated control regions. The fiducial phase 
space is defined close to that of the reconstructed and selected data set. The particle-level 
objects are constructed from stable particles in the final state, with a very similar definition to 
the reconstructed objects. The fiducial cross-section within the detector acceptance is measured 
to be 3.37 ± 0.05 (stat.) ± 0.48 (syst.) pb. Source of systematic uncertainties are obtained from 
pseudo-experiments with dominant contributions coming from the JES and the signal generator. 
The fiducial measurement is extrapolated to the full phase space using different Monte Carlo 
generators. The inclusive cross-section is determined to be 82.6 ± 1.2 (stat.) ± 12.0 (syst.) pb, 
using aMC@NLO+Herwig 9•10• 

2.2 Observation of the Wt-channel production 

The Wt-channel event signature in the dilepton final state contains two high PT leptons, large J!:T 
and one b-tagged jet. The Wt-channel production has been observed in CMS in this dilepton final 
state, using 12.2 fb-1 of the 8 TeV data 11 . A maximum likelihood fit is performed on a boosted 
decision tree (BDT) output over all lepton flavour combinations (ee, eµ or µµ) and in different 
signal regions. The shapes for signal and backgrounds are taken from simulation. Sources of 
systematic uncertainties are treated as constrained nuisance parameters in the fit except for the 
luminosity and theory uncertainties which are unconstrained. The scale and the tt modelling 
are the dominant source of systematic uncertainties. A significance of 6.l<T (5.4<T) is observed 
(expected) for the signal. The cross-section is measured to be 23.4 ± 5.4 (stat. + syst. )  pb. 

A similar measurement is carried out in ATLAS, in the eµ final state, using 20.3 fb-1 of the 
8 Te V data 12 .  A fit to the BDT output is simultaneously performed in two regions. Templates 
for signal and backgrounds are taken from simulation and sources of systematic uncertainties 
evaluated by means of pseudo-experiments with the main contribution coming from the Wt­
channel and tt modelling. The measurement has reached an observed (expected) significance of 
4.2<T (4.0<T). The cross-section is determined to be 27.2 ± 2.8 (stat.) ± 5.4 (syst. )  pb. 

The results of the two experiments are combined 13 with the BLUE method. The theory 
modelling systematic uncertainties are considered fully correlated between CMS and ATLAS, 
while a 31 % correlation is assigned to the luminosity and a 50% correlation is taken into account 
for the b-tagging uncertainty. The stability of the combination with these choices is verified by 
examining different correlation values. The combination leads to 25.0±1.4 (stat.)±4.5 (syst.) pb. 

2.3 Search for the s-channel production 

The s-channel signal is characterised by one high PT isolated charged lepton (e or µ), $T and 
two b-tagged jets. Using 20.3 fb-1 and 19.3 fb-1 of the 8 TeV data, ATLAS 14 and CMS 15 
have set upper limits of < 14.6 pb and < 11 .5 pb with 95% CL on the s-channel cross-section, 
respectively. The observed (expected) significance is found to be l.3<T (1.4<T) for ATLAS and 
0.7<T (0.9<T) for CMS. Both analyses use a BDT discriminant constructed in the signal region 
and in the tt control region (requiring three jets, two of them being b-jets) .  The signal strength 
is extracted using a likelihood fit to the BDT outputs where the tt and W +jets backgrounds 
are constrained in the fit. The multijet background is determined using data-driven techniques. 
Sources of systematic uncertainties are evaluated using pseudo-experiments. The scale and JES 
uncertainties are the dominant contributions to the total uncertainty. 



2.4 IVihl determination 

Single top quark production allows a direct probe of the SM Wtb coupling at the production 
vertex. In particular, the production cross-section is proportional to the square of the CKM ma­
trix element IVih l ·  The extraction of IVihl from the single top quark cross-section measurements 
does not require assumptions about the number of quark generations or unitarity of the CKM 
matrix but assumes I Vih l  » IVict l ,  IVis l (i.e. BR(t --+ Wb) � 1) and that the Wtb interaction 
is a SM-like left-handed weak coupling. Deviations from the SM may be indications of new 
physics that modifies the Wtb vertex coupling. The available measurements of single top quark 
production in the t-channel 7•8•16•17 and Wt-channel 11•12•13•18 allow determinations of IVihl with 
different levels of precision. The most precise measurement up to date is performed by CMS in 
the combination 7 of the I Vib I measurements using the two t-channel cross-section measurements 
at 7 and 8 TeV, which achieves: IVihl = 0.998 ± 0.041 (4.1%) .  

3 Top quark properties in production and decay 

3. 1 Limits on anomalous couplings in Wtb vertex 

Deviations from the SM in the Wtb vertex can be expressed in terms of the anomalous couplings, 
VL,R and gL,R, presented in this effective Lagrangian 19•2a : 

g - g -iaµvqv .Cwtb = - 1nlrrµ (VLPL + VRPR) tw; - 1nb-- (mil + gRPR) tw; + h.c. (1) 
v 2 v2 mw 

A direct search for the anomalous couplings is done in an analysis 21 carried out in CMS using 
5.0 fb-1 of 7 TeV data. Two Bayesian NN (BNN) are used to discriminate between the SM 
t-channel and SM backgrounds and between anomalous hypothetic scenarios against all SM 
processes. The anomalous scenarios are simulated for (VL, VR) and (VL, gL) combinations where 
those couplings that are not present in the combination are set to zero. For each combination the 
two BNN discriminants are used as inputs in the statistical analysis. The observed (expected) 
limits at 95% CL are I VL I  > 0.92 (0.88) and lgL I  < 0.09 (0.06) for (VL, m), and IVL I  > 0.90 (0.88) 
and IVR I  < 0.34 (0.39) for (VL, VR)· 

In addition, an indirect measurement in a cut-and-count analysis 22 is carried out in AT­
LAS using 4.7 fb-1 of 7 TeV data. A forward-backward asymmetry with respect the nor­
mal to the plane defined by the W boson momentum and the top quark polarization is used 
to probe the CP-violating complex phase of ga. The measured value of the asymmetry is 
0.031 ± 0.065 (stat.):�g:g�i (syst. ) .  Taking this measurement together with the theoretical pre­
diction of the top quark polarisation of 0.9, the experimental limits on Im(gR) are determined 
to be [-0.20, 0.30] at 95% CL. 

3.2 Measurement of the W boson helicity fractions 

Taking into account the differential decay rate of the decaying top quark, considering the angle 
0£ between the W boson momentum in the top quark rest frame and the momentum of the 
down-type decay fermion in the rest frame of the W boson, the contributions of right-handed 
(FR), left-handed (FL) and longitudinal (Fa) helicity fractions of the W boson are measured by 
CMS 23. The 8 TeV data sample corresponds to an integrated luminosity of 19.7 fb-1 and all 
events containing a t --+ R.bv interaction, including tf and single top processes, are considered 
as signal. The resulting cos 0£ distribution is fitted to the data to extract, simultaneously, 
the W boson helicity fractions and the W +jets background contamination. The combination 
of the electron and muon channels yields FL = 0.298 ± 0.028 (stat.) ± 0.032 (syst.), Fa = 

0.720 ± 0.039 (stat.) ±  0.037 (syst.) and FR = 0.018 ± 0.019 (stat.) ± 0.011 (syst. ) .  These results 
are used to set exclusion limits on the real part of the Wtb anomalous couplings, 9L and 9R, 
assuming VL = 1 and VR = 0. 



3.3 Top quark polarization 

In the SM, the top quark is highly polarised in the direction of the spectator quark in the t­
channel process. Its spin is also correlated with the angular properties of the decay products. 
The angle between the charged lepton and non b-tagged jet (i.e. spectator jet) in the top quark 
rest frame (fJ*) is used in CMS to measure the top quark polarization 24 .  The collected data 
sample at 8 TeV corresponds to 19.7 fb-1 and a BDT is used to purify the signal sample. 
The background-subtracted distribution of cos fJ* is then unfolded to parton-level. A fit to the 
unfolded distribution leads to a top quark spin asymmetry of 0.41 ± 0.06 (stat.) ± 0.16 (syst.) 
extracted from the combination of measurements in the electron and muon channels using the 
BLUE method. A top quark polarization of 0.82 ± 0.12 (stat.) ± 0.32 (syst.) is then obtained 
under the assumption that the spin analysing power of a charged lepton is 1003. 

4 Conclusions 

The ATLAS and CMS collaborations have produced high precision cross-section, including fidu­
cial, measurements and detailed studies of top quark properties using the delivered 7 and 8 TeV 
LHC data. The measurements are in good agreement with predictions and no hint for physics 
beyond the SM was observed so far in the top quark sector. 
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We present a short review of heavy flavours and the main challenges given the recent experi­
mental developments. 

1 Introduction 

Many fundamental questions in particle physics are related to flavour. Among the most impor­
tant open issues one can mention the hierarchy of quark masses, the absence of flavour changing 
neutral currents, the pattern of mixing angles of quarks, the origin of the baryon asymmetry in 
the Universe and the number of flavours and quarks. While there have been several attempts 
to provide answers to these questions, by considering for example continuous or discrete flavour 
symmetries, extra-dimension models or compositeness, no definite picture is yet attained. The 
quark sector is nevertheless well described through the Cabibbo-Kobayashi-Maskawa (CKM) 
formalism. 

In this review, we will first briefly address the CKM mechanism and in particular the deter­
mination of Vub for which there are discrepancies in the measurements. We will then move to 
indirect search for New Physics (NP) with the two main actors, which are tests of CP violation 
and studies of rare decays. 

2 CKM formalism 

In the Standard Model (SM) , the mixing within the three generations of quarks is described by 
the CKM matrix. In the Wolfenstein parametrisation, it can be written as 

1 - >..2/2 
->­

A>-3(1 - p - i7J) 

>-
1 - >-2/2 

-A>-2 
(1) 

which contains three CP conserving parameters and one CP violating phase, and is unitary. 
The results of two decades of Babar, Belle and LHCb in measuring the CKM parameters is 
summarised in Fig. 1 ,  which confirms the unitarity of the CKM matrix, and shows that the 
CKM paradigm is fully consistent with the data. 

One of the least known parameters of the CKM matrix is Vub· Measurement of IVub l is very 
challenging, but the precision is reduced to � 103 at B factories. The two main ways to measure 
IVub l are based on inclusive semi-leptonic decays (B -+ XuCv) and exclusive semi-leptonic decays 



I>='" 

Figure 1 - Unitarity triangle in the p = p(l - >.2 /2) vs. fl =  ry(l - >.2 /2) parameter plane 1 .  

(B -+ 7rl!v). Both approaches provide independent measurements of fVub f · There is currently a 
discrepancy in the central values of about 3a, but they have roughly the same precision. Both 
methods can be employed at a high luminosity B factory, and the experimental error in the 
determination of fVub [  will decrease with increasing integrated luminosity and improved analysis 
techniques. The inclusive and exclusive determinations of fVub [  have independent theoretical 
errors 2 . Concurrent reduction of this theoretical error is however more challenging. A summary 
of the current measurements is provided in Fig. 2. 

LJ ICh-prP!iminnr.1· 
lnclusi' e 

LHCb 

0.0025 0.003 0.0035 0.004 0.0045 0.005 
IVubl 

Figure 2 - Summary of the different measurements of IVubl at B factories 3 (left panel), and comparison with the 
LHCb result 4 (right panel). 

The current combination of fVub [ from inclusive decays using nine independent measurements 
of B -+ Xul!v gives 5 : 

fVub [  = (4.41 ± 0.15 (exp):'.:8:i�(theory)) x 10-3 , (2) 

where the experimental error is of the same order as the theoretical error. Conversely, the world 
average measurement of [Vub [ from exclusive decays is 5 :  

fVub [  = (3.28 ± 0.29) X 10-3 . (3) 

Very recently, LHCb has also measured fVub [  using baryonic decays 6 . This is an important 
breakthrough, as it was thought for long that the measurement of fVub f is impossible at hadron 

J.n 



colliders. The most promising channels at LHCb are Ab -+ p µv and Bs -+ K+ µv. Ab -+ p µv 
is more favourable due to smaller background with protons. Both decays have branching ratios 
of about 10-5 - 10-4, and precise lattice calculations of Ab -+ p, A(c) form factors are now 
available 7. Experimentally, such decays are challenging because of neutrino reconstruction. The 
main background comes from decays involving Vcb. The determination of IVub l from Ab -+ p µv 
gives: 

IVub l = (3.27 ± 0 .15(exp) ± 0.17(theory) ± 0.06( IVcb l) )  x 10-3 , (4) 

which is 3.50" below the inclusive measurement but agrees well with current exclusive world 
average, as can be seen in the right panel of Fig. 2. 

Vub is a particularly important CKM parameter since it is also related to the question of CP 
violation. 

3 CP violation 

CP violation is a key concept to explain the baryon asymmetry in the Universe. Since the 
CKM matrix is the only source of CP violation in the SM, any sign of extra CP violation would 
point to New Physics. As can be seen from Eq. (1) ,  Vub and Vid are the only CP violating CKM 
parameters in the SM. Vub is probed directly in b -+ u transitions. Vid on the other hand involves 
a top quark and therefore is probed indirectly, for example in Bd mixings. 

3.1 GP violation in B(s) mixings 

The study of the B(s) - B(s) oscillations allows for indirect probe of CP violation in Vid (Vis) ·  B 
and B have different properties which come from the difference in the heavy and light eigenstates. 
Two important observables are the mass difference and the decay rate difference between the 
two eigenstates, which can be written as 

(5) 

where M12 and r12 are respectively sensitive to the heavy (i.e. top quarks and New Physics) 
and light internal particles. The deviation from the SM is parametrised by l:;,.q (q = d, s) in a 
generic way: 

(6) 

A complex l:;,.q implies new source of CP violation, and </>q = arg(!;,.q) is the CP violating weak 
phase. 

B(s) mixings are particularly studied using the semi-leptonic asymmetries (for example 
B(s) -+ D(s)fv), which allows us to measure the quantity a8i, related to the imaginary part 
of the ratio of r12 over M12, or </>q and l:;,.q: 

(7) 

The measurements of a�1 and a�1 by LHCb 8•9 and a�1 by the B factories lO are well in agreement 
with the SM predictions 11 , while the measurement of these two quantities in combination with 
the dimuon charge asymmetry by the DO experiment shows a deviation of more than 30" from 
the SM prediction 12 . 

3.2 GP violation in B(s) decays 

One way to probe more directly CP violation is to consider decays into neutral mesons. For 
example by comparing s- -+ D° K- and s- -+ JjO K- one can directly probe the difference 
between the D0 and the JjO. These decays correspond to different diagrams which are either 



sensitive to the CP conserving CKM parameters Vcb and Vus, or to Vub and Vcs· Other channels 
can also be studied such as B -+ ef>K(•), K7r, B8 -+ KK, 7r7r, K 7r, ¢>¢>, J/'¢ ¢>. 

The way to derive a CP asymmetry is different when the initial meson is charged or neutral, 
because of the oscillations. For the charged mesons, the measurement consists of studying 
directly the decay with a positive charge and the decay with a negative charge, and computing 
a CP asymmetry, leading to a direct determination of this asymmetry: 

A = 
r(M+ -+ 1+) - r(M- -+ 1-) 

GP - r(M+ -+ 1+) + r(M- -+ 1-)  . 
(8) 

For neutral mesons, because of the oscillations, the determination is more complicated and is 
mostly indirect. The CP asymmetry is defined similarly to the case of charged mesons but it is 
time dependent because of the oscillations: 

-1 

·2 

·2 

A (t) = 
r(M0 -+ I; t) - r(M0 -+ I; t) 

GP - r(MO -+ I; t) + r(M0 -+ I; t) 
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Figure 3 - Experimental determination of t.d from Bd mixings (left panel) and ti., from B, mixings (right panel) 
by the CKMfitter collaboration 1. The SM corresponds to t.d,., = 1. 
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Figure 4 - Decay rate difference t.r s as a function of the new CP phase ¢, from analyses of the b -t ccs decays 10 .  



To summarise CP violation in the b sector, Fig. 3 shows the results of the CKMfitter collabo­
ration for Bd and Bs mixings in Summer 2014. They correspond to a deviation by slightly more 
than 10' in Bd mixings, and less than 10' in B8 mixings. A combination of the results related to 
the decays of b -+  ccs has also been performed by HFAG. Their results are presented in Fig. 4, 
which shows a good agreement with the SM, and that <Ps is compatible with the absence of new 
source of CP violation. 

3.3 GP violation in charm physics 

CP violation in charm physics is also very important, especially because it involves CKM matrix 
elements without CP violation. Hence, CP violation in the charm sector is expected to be very 
small. The idea is similar to CP violation in the b sector, where the B(s) mesons are replaced 
by D(s) mesons. CP violation in charm physics can be probed in both D(s) mixings and D(s) 
decays. For the decays, the typical channels are D0 -+ K+ K- and JJ0 -+ K+ K- , which probe 
Vcs and Vus and involve the D0 - 15° oscillation (so time-dependent). There are many other 
channels with 2, 3 or 4 light mesons (pions or kaons) .  Another interesting observable that 
can be considered for Do decays is the difference of CP violation between D0 -+ K+ K- and 
n° -+ 11'+ 11'- , defined as: 

(10) 

which is expected to be small. 
Fig. 5 presents .6.Acp as a function of Acp using the combination of all the measurements 

from CDF, Babar, Belle and LHCb. The figure shows that Acp is compatible with 0, while 
.6.Acp is slightly smaller than expected. 

4 Rare decays 
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Figure 5 - 6AcP as a function of AcP in the charm sector 10. 

Another way to search indirectly for New Physics is through rare decays, which occur at loop 
level in the SM and are therefore very sensitive to NP effects. The theoretical framework for 
the calculation of rare decays is based on the effective field theory approach where the short 
distance (Wilson coefficients) and long distance (local operators) contributions are separated 
using Operator Product Expansion 13 . 



There have been several breakthroughs during the past few years, in particular with the 
first measurement of the B8 --+ µ+ µ- branching ratio, and the measurement of clean angular 
observables in the B --+ K* µ+ µ- decay. 

The branching ratio of B8 --+ µ+ µ- can be calculated using 

4m2 
1 - --µ 

m2 B, 
(11)  

{ ( 4m�) / 2 I / / mµ 12} 
x 1 -

m�, 
ICs - Csl  + (Cp - Cp) + 2 (C10 - C10)

ms, 
, 

where C10 embeds the SM contribution, and Cs and Gp are scalar and pseudoscalar coefficients 
which can receive large contributions from NP. The Cf denote the chirality flipped Wilson 
coefficients. fs, is the Bs decay constant which constitutes the largest source of uncertainty. 
The SM prediction for this branching ratio is (3.54 ± 0.27) x 10-9, based on 14•15•16 , which is 
in agreement with the combined CMS and LHCb measured value of (2 .8:1:8:�) x 10-9 presented 
in 17 .  The compatibility between the SM values and the experimental measurement sets strong 
constraints on New Physics models, in particular on supersymmetry 18 ,  where the scalar and 
pseudoscalar contributions are enhanced approximately as tan6 fJ /Mi. 

The B --+ K* µ+ µ- decay also provides a multitude of observables sensitive to different 
helicity structures in the decay amplitude. Unfortunately, the theoretical predictions for the 
usual observables inherit large uncertainties from the hadronic form factors. This has led to the 
construction of a number of optimised observables as appropriate ratios of angular coefficients 
where the form factor uncertainties cancel at leading order, while having high sensitivity to NP 
effects 19. LHCb has found a 2.90" discrepancy with the SM predictions in two of the q2 bins for 
one of these clean angular observables 20, namely in the bins q2 E [4.0, 6.0] and [6.0, 8.0] GeV2 
of the observable P�, as can be seen in Fig. 6. 
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Figure 6 - LHCb experimental measurements of the P� observable 20 with 3 fb-1 of data (in black), compared to 
the 1 fb - l results (in blue) and the theoretical predictions 21 ,  as a function of q2 . 

Another recent discrepancy measured by LHCb is the ratio RK of the branching ratio of 
B --+  Kµ+µ- over the one of B --+  Ke+e- for q2 E [1 , 6] GeV2, which is a probe of lepton 
universality. This ratio is expected to be close to 1 in the SM 22 , with uncertainties lower than 
1%. The LHCb result is 0.745:'.:8:8��(stat. )  ±0.036(syst.) 23, showing a deficit of about 25%. This 
result is compared to the ones from Belle and Babar in Fig. 7. 

Discrepancies in both B --+  K*µ+µ- and B --+  Kfi.+fi.- may be related to New Physics but 
a global fit of all the b --+ sfi.fi. observables shows that the discrepancy is smaller than 20" if four 
Wilson coefficients or more are allowed to vary24 . This is examplified in Fig. 8, where in the left 
panel a global fit to the Wilson coefficients Cg, C10, Cg, Cf0 is compared to the results obtained 
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Figure 7 - LHCb, Bahar and Belle experimental measurements of the RK ratio, as a function of q2 23. 
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Figure 8 - Global fits to the b -t sRR observables 24. oC, corresponds to the NP contribution to the Wilson 
coefficient C;. The light (dark) blue zone shows the 68% (95%) C.L. region. In the left panel, the result of a 
global fit to C9, C10 ,  C� , c;0 is compared to the result obtained if only C9, C10 are varied (red and black contours) . 
In the right panel, the result of a global fit to Ct, C9, c::, c�e is compared to the result obtained if only Ct, C/i 
are varied (red and black contours) . 

if only Cg, C10 are varied. Similarly, in the right panel, a global fit to the Wilson coefficients 
Ct, C§, C{j, c�e is shown and compared to the fit to Ct, C§. 

While the current discrepancies are for the moment not significant enough to claim for any 
discovery, it is interesting to notice that a modification of the Wilson coefficient ct seems to 
provide a coherent answer favoured by the current results (see for example Refs. 25,26) . 

5 Conclusions 

Heavy flavour physics plays a major role in our understanding of the fundamental questions 
in particle physics. Several decades of B factory measurements and recently also the LHC 
experiments have provided impressive tests of the SM paradigms and parameters. More recent 
challenges of flavour physics are focused on finding indirect paths to New Physics, mainly through 
CP violating and rare decay observables. At the moment, the current experimental data do not 
point to new source of CP violation. On the other hand, there exist a few deviations with the 
SM predictions in the semi-leptonic rare decays, although not significant enough to be conclusive 
yet. The impressive progress in the theoretical calculations and lattice results in the recent years 
have been crucial in this context. The next runs of the LHC and a future high luminosity B 
factory are likely to provide more insight to settle the current discrepancies or point to New 
Physics phenomena. 
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Recent Heavy Flavor Physics Results from the Tevatron 
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The CDF and DO experiments are continuing to analyze data collected at the Tevatron col­
lider until 2011 with results on heavy flavor physics that exceed expectations. The study of 
CP violation in the charm system and the newest determinations of the forward-backward 
asymmetry in the b-hadron production are presented. 

1 Introduction 

Hadrons with b and c quarks were copiously produced at the /(s) = 1.96 TeV proton anti­
proton Tevatron collider at Fermilab but since the inelastic cross section is a factor 103 - 104 
larger, detectors and online selections had to be optimized in order to identify and to reconstruct 
them. Detectors had to have a very good tracking and vertex resolution, a wide acceptance and 
good particle identification for electrons and muons, with in addition a highly selective trigger. 
The complete description of the CDF and DO detectors can be found elsewhere 1 . 

2 CP Violation in Charm decay 

To date, CP violation has been established in transitions of strange and bottom hadrons, studies 
in the interactions of charm quarks have shown no experimental evidence. Charm transitions 
are complementary to the processes involving K and B mesons, therefore measurements of CP 
violation in charm probe non Standard Model (SM) physics through charged-current couplings 2 . 

2.1 Direct GP violation in v+ --+ K-7r+7r+ decay 

The direct CP violation parameter in the Cabibbo-favored decay v+ --+ K-7r+7r+ and charge 
conjugate, is defined as 

Experimentally, the Acp is determined by measuring a raw charge asymmetry and by applying 
corrections to account for differences in the detection of the final state particles and in the 
production rates of v+ and v- mesons. DO reconstructs D candidates in a sample of single 
muon and dimuon triggered events from all possible three-track combinations consistent with 
coming from a common vertex, significantly displaced respect to the primary vertex. The signal 
is separated from the background by using a log-likelihood ratio method that combines twelve 
individual variables into a single multivariate discriminant. The signal distributions are modeled 



using Monte Carlo simulation while the background shapes are taken from data using 1 % of them 
chosen by randomly sampling the D candidates. The final result is 3 

AGp(D+ -r K-7r+7r+) = [0.16 ± 0.15(stat.) ± 0.09(syst.)]%. 

2.2 Indirect GP violation in v0 -r K-K+ and v0 -r 7r-7r+ decay 

Decay-time-dependent rate asymmetries, AGp(t) , of Cabibbo suppressed decays into CP eigen­
states, such as D0 -r K+ K- and D0 -r 7r+7r- process for D0 and 15° mesons, are among the 
most sensitive probes for CP violation in the charm sector 4 .  The asymmetry receives contri­
butions from any difference between v0 and J5° decay amplitudes (direct CP violation) and 
from the oscillation probabilities between charm and anticharm mesons or interference between 
decays that follow, or not, an oscillation (indirect CP violation) . Because of the slow D0 mixing 
rate, Acp(t) ca be approximated to the first order as 5 

A (t) Adir (t) A GP � GP - - r T (1) 

where (t) is the mean of the decay time and T the CP averaged D0 lifetime. A�? is the direct 
CP violation contribution that depends on the decay mode, while Ar is mostly due to indirect 
CP violation. D0 candidates are reconstructed in the full dataset collected by CDF with the 
trigger on the hadronic decay of heavy flavor hadrons. D0 arc requested to come from the strong 
decay v•+ -r D07r+ and v•- -r J5o7r- in order to identify the the initial D flavor through the 
charge of the low-momentum 7r meson. Data are divided in samples according to the initial 
flavor and the decay time, determined from the decay length of the D meson. In each sample 
the number of v0 and J5° is obtained by fitting the invariant mass distribution and then used 
to construct the asymmetry. The equation 1 is finally used to measure 6: 

Ar(7r+7r-) = (-0. 1 ± 1.S(stat.) ± 0.3(syst.)) x 10-3, 

Ar(K+ K-) = (-1.9 ± 1 .5(stat.) ± 0.4(syst.)) x 10-3 

that combined give: Ar = (-1 .2 ± 1 .2) x 10-3. 

3 b-hadron Forward-Backward asymmetry 

The study of forward-backward asymmetry, AFB, in quark pair production has become very 
important since CDF has shown a discrepancy of the order of 3iT between the Standard Model 
expectations and the measured tl quark pair production 7. The study of AFB in bb quark 
pair production can help in understanding the origin of the asymmetry. In the SM bb quark 
production proceeds through the strong interactions qij -r bb and gg -r bb neither of which 
contribute to AFB in the leading-order but high order corrections can result in an asymmetry 
through the interference of initial-state and final-state radiative gluon diagrams, box diagram 
with the Born one and different amplitudes in flavor excitation of q + g processes; there is 
also some contribution from the electro-weak production processes qij -r Zf'y* -r bb. At the 
Tevatron bb production is dominated by the gluon fusion process which does not contribute to 
AFB, therefore, when the full cross section is considered, the integrated asymmetry predicted 
by the SM is small. 

3.1 Forward-backward asymmetry in Ag baryon production 

DO studies the forward-backward production asymmetry of Ag and Ag barions using the fully 
reconstructed decay chain Ag -r J/7f;A, J/7/J -r µ+µ- , A -r p7r- and its charge conjugate. The 
positive z-axis is chosen to be in the direction of the proton beam and therefore the forward 



direction corresponds to a Ag particle emitted with y > 0 or a ig particle emitted at y < 0 
where the rapidity y = ln((E + Pz)/(E - Pz))/2. Candidate events are collected via the muon 
trigger by requiring a pair of oppositely charged muons with an invariant mass compatible with 
coming from a J/'lj;. To form Ag and Ag the J/'lj; is combined with a A and A baryon candidate. 
The forward and backward production cross sections, O"(F) and O"(B), are extracted from fits 
to the invariant mass distributions of forward and backward candidates in four rapidity bins in 
the range 0.1 < IY I  < 2, rejecting the region IY I < 0.1 where the asymmetry may be diluted by 
forward-backward migration due to the finite y resolution. The rates are then used to calculate 
the asymmetry A =  (O"(F) - O"(B))/(O"(F) + O"(B)) and the ratio, R = O"(B)/O"(F) as function 
of the rapidity. The results are shown in figure 1 together with those from LHC. Data show 
a tendency of forward particles to be emitted at larger values of rapidity than their backward 
counterparts. 
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Figure 1 - Left: Measured AFB versus rapidity IYI compared to predictions obtained with two different models8 . 
Right: Measured ratio of the backward to forward production cross section versus rapidity loss compared to those 
obtained by CMS and LHCb. 

3.2 Forward-backward asymmetry in bb quark prnduction 

CDF has measured the forward-backward asymmetry in bb quark production in the high and 
low bb quark invariant mass. Several theorists have computed the SM prediction for AFB (bb) 
with different results, the most comprehensive calculations 9 have been tuned to match CDF 
analysis cuts. 

Data collected with an inclusive jet trigger with energy thresholds at Er > 50, 70, and 
100GeV/c2 have been used to measure the asymmetry for Mbb > 150GeV/c2. Jets with b quark 
are identified by requiring a secondary vertex. The flavor of the b is determined by evaluating 
the charge of the jet calculated as the sum of the charge of the jet tracks averaged over the 
momentum. The sample composition in terms of b, c, and light quarks is obtained by fitting 
the tag mass, defined as the invariant mass of the tracks belonging to the secondary vertex 
using templates for the shape of each component obtained from Monte Carlo simulation and 
from data for light quarks. The measurement is corrected for the detector acceptance and 
mismeasurements, of which the most important is the jet energy that affects the dijet mass. To 
estimate the asymmetry at the hadron-jet level a Bayesian calculation is performed by using a 
model which includes, among the others, background distributions, the invariant mass resolution 
and the jet charge ambiguity. In figure 2 (left) is shown the the highest-probability-density 
credible intervals at 683 and 953 credibility for AFB in each hadron-jet-level mass bin. The 
results are consistent with zero and with the predictions 9. Axigluons with a mass of 200GeV/c2 
are excluded but not the heavier one at 345Ge V / c2. 

The low bb-jets invariant mass measurement is performed on the muon triggered data sample. 
The muon track has to be inside one of the two jets with Er > 20Ge V / c with the second jet back 
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Figure 2 - Left: Measured AFB as function of high bb-jcts invariant mass, the error bars represent the 68% credible 
intervals. Right: Measured AFB as a function of particle-level low Mbb· 

to back to muon one. In addition to that both jets have to be identified as b jets by requiring a 
secondary vertex. The flavor of the b-jets is evaluated by using the charge of the muon after the 
correction for the B0 

- fjo mixing and the cascade decay b -+ c -+ µ. The fraction of b quark 
on the muon jets is obtained by fitting the Pr,rel' the distribution of muon momentum with 
respect to the jct axis, while on the other jet the tag invariant mass is used. The bb fraction in 
each di-jets bin is evaluated by computing the average b fraction between its lowest and highest 
value. In order to extract AFB at particle level the background is subtracted from the measured 
distributions and the acceptance of the CDF detector is taken into account using Monte Carlo 
simulation. The measured particle-level distribution, figure 2 (right) , shows a tendency of the 
AFB to increase with Mbb with a spike around Z pole mass similar to the theoretical prediction. 
The measured integrated asymmetry of (1 .2 ± 0.7)% is consistent with the prediction. 

4 Conclusions 

CDF and DO have demonstrated unique capabilities for studying heavy flavor physics. No CP 
violation in the charm sector has been revealed. The study of AFB(bb) has ruled out an axigluon 
of mass 200 GeV/c2 and shows a good agreement between theory and data. 
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Measurements of Heavy Flavour Production at ATLAS and CMS 
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Moscow 119991, Russian Federation 

Results of the ATLAS and CMS experiments on heavy flavour production at LHC, released 
or updated after the previous Moriond conference, are reviewed. 

1 Introduction 

Measurements of the non-prompt (from b-hadron decays) production of charmonium states probe 
production and hadronisation of b quarks, and decays of b-hadrons. Measurements of the bottomo­
nium and prompt charmonium production probe a heavy quark pair production and its subsequent 
evolution into a bound state. The latter includes non-perturbative effects and can be described 
with colour-singlet (CS) and colour-octet (CO) contributions in the framework of non-relativistic 
QCD (NRQCD) . In this framework, the non-perturbative evolution is described with long-distance 
matrix elements (LDME) tuned to experimental results. Associated production of a quarkonium 
and, e.g., another quarkonium or a gauge boson is potentially sensitive to the double parton scat­
tering (DPS) contribution. Recent results on heavy quarkonium production obtained with the 
ATLAS 1 and CMS 2 detectors at the LHC are described in this note. 

2 Recent results 

The double-differential cross sections of the J /1/J ---+ µ+ µ- and 1f;(2S) ---+ µ+ µ- mesons promptly 
produced in pp collisions at y's = 7 Te V have been presented by CMS 3 as a function of transverse 
momentum, PT, up to or beyond PT = 100 GeV in four rapidity, y, bins, as well as integrated over 
the IYI < 1 .2. Figure 1 (left) compares the 1f;(2S) cross sections with the NRQCD calculation 4 
with LDMEs tuned to lower-pT LHC data. The prompt and non-prompt production cross-sections 
of the 1f;(2S) ---+ J/1f;7r+7r- production have been measured by ATLAS 5 in the rapidity range 
IY I < 2.0 for transverse momenta between 10 and 100 GeV. Figure 1 (right) compares the prompt 
1f;(2S) production cross sections for three rapidity intervals with theoretical predictions. The 
next-to-leading-order (NLO) NRQCD predictions 6 describe the data satisfactorily across the full 
range of transverse momentum studied. Predictions from the colour evaporation model 7 are 
able to describe all but the the highest PT region, where the production rates are significantly 
overestimated. The partial next-to-next-to-leading-order (NNLO*) colour-singlet calculations8, in 
contrast, undershoot the data by an order of magnitude at the highest PT studied. Predictions of 
the kT-factorisation model 9 exhibit a softer PT spectrum than observed and clearly undershoot 
the data in overall rate. 

Figure 2 compares the non-prompt 1f;(2S) and Xcl/2 10 production cross sections with theoreti­
cal predictions. In non-prompt 1f;(2S) production, both NLO general-mass variable-flavour-number 
scheme (GM-VFNS) calculations 11 and fixed-order next-to-leading-logarithm (FONLL) calcula­
tions 12 describe the data well, but a tendency is observed for the theory to predict a slightly harder 
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pT spectrum than is measured in data. The measurements of non-prompt Xe production generally 
agree well with predictions based upon the FONLL approach. 

Measurements of the differential production cross sections as a function of PT for the Y(lS), 
1(2S) , and 1(3S) states in pp collisions at y's = 7TeV have been presented by CMS 13. Fig­
ure 3 (left) compares the Y production cross sections with the NLO NRQCD predictions 14. The 
calculations describe the trends of the data for all three Y(nS) states, including the feature that 
the 1(3S) PT spectrum is harder than those of the two lower-mass states. The production cross 
section ratio a-(xb2 (IP))/a-(xb1 (IP)) has been measured by CMS 15 by detecting the radiative 
decays to an Y(lS) and a photon. Figure 3 (right) compares the measured cross section ratio, 
as a function of pf, with a theoretical calculation based on the experimental a-(xc2)/a-(xcl) cross 
section ratio extrapolated using NRQCD scaling rules 16. The prediction is not fully consistent 
with the measurements. 

A signal yield of 446 ± 23 events for the production of prompt J /1/J meson pairs has been 
observed by CMS 17 in pp collisions at y's = 7 Te V using an integrated luminosity of about 4. 7 fu-1 . 
Differential cross sections have been obtained in bins of the J / 1/J pair invariant mass (Fig. 4 (left)), 
the absolute rapidity difference between the two J /1/J mesons (Fig. 4 (right)), and the J /1/J pair 
transverse momentum. There is no evidence for the T/b resonance in the J /1/J pair invariant-
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mass distribution above the background expectations derived from the T/b sideband regions. The 
differential cross section decreases rapidly as a function of l�Y I · However, a non-zero value is 
measured in the l�YI bin between 2.6 and 4.4, where the DPS contribution is expected to dominate. 

The first observation and measurement of both associated Z + prompt J /'lj; and Z + non­
prompt J/'lj; production has been performed by ATLAS 18 using 20.3fb-l of data collected in pp 
collisions at -JS = 8 TeV. Production of a J/'lj; -+ µ+µ- meson in association with a Z boson 
occurs approximately twice per million Z bosons. Measurements of the azimuthal angle between 
the Z boson and J/'lj; meson (Fig. 5 (left)) suggest that both single-parton scattering and DPS 
contributions may be present in the data. The measured Z + prompt J /'1/J production rates are 
compared (Fig. 5 (right)) to the leading order (LO) CS predictions 19 and to the NLO NRQCD 
predictions 20 for CS and CO prompt production processes. A higher production rate is predicted 
through colour-octet transitions than through colour-singlet processes, but the expected production 
rate from the sum of singlet and octet contributions falls approximately an order of magnitude 
short of the data. 
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A selection of recent LHCb results pertaining to measurements of the CKM unitarity triangle 
are presented. In these proceedings, I summarise a measurement of sin(2,B), the most precise 
time-dependent GP violation measurement made at a hadron collider yet, as well as the latest 
LHCb r combination, a measurement of greater precision than the B factories. Newly studied 
decays of the form B± -+ [hh7r0]vh± that offer additional sensitivity to r are also presented. 

1 Introduction 

The LHCb experiment has been instrumental in the study of GP violation. In the Standard 
Model, GP violation may manifest itself in three ways: in decays, in mixing and in the in­
terference between mixing and decay. At LHCb, all three have been studied in B hadrons, 
emphasising the importance of B decays in measurements of GP violation. 

In the CKM unitarity triangle, the angle (3 is defined as arg( -V,,d V,,i,/v;d Vi'b) and '/ as 
arg( -Vud v;b/V cd VJ,). Recent measurements of sin(2(3) 1 are in disagreement with the average of 
direct measurements. Thus, further experimental study is required to understand these tensions. 
With regards to '/, it is the only angle of the CKM triangle that can be measured directly using 
tree-level decays. Hence, complementary measurements between tree and loop level processes 
can be used as tests for new physics. For such tests to be meaningful, though, experimental 
precision on direct '/ measurements needs to be improved. 

These proceedings will discuss some new results from LHCb pertaining to sin(2(3), '/ and 
their associated GP observables. 

2 Measurement of GP violation in B0 -+ J/'lf; K� 

Both a B0 and a 13° can decay to the J/'lf; K� final state. The interference between these decay 
amplitudes from direct decay and from decay after 13°-B0 mixing result in a time-dependent 
asymmetry that can be expressed as 

A(t) = S sin(L'.lmt) - G cos(Llmt) 
. 

cosh( L>ft) + A,r,.r sinh( L>ft) 
(1) 

In this expression, Llm and L'.lr are the mass and decay width differences between the mass 
eigenstates of the 13°-B0 system, while S, G and A,r,.r are GP observables. For this system, L'.lr 
is negligible and thus the expression simplifies to only the numerator. In the dominant transition 
b -+ cs, GP violation in decay is expected to be negligible. This allows a measurement of S 
which is related to (3 via the relation S = sin(2(3). 



This measurement of GP violation using the B0 ---+ J/if; K� decay channel 2 uses 3 fb-1 of pp 
collision data from LHCb. This is an update to a 1 fb-1 analysis 3 ,  however in addition to using 
the larger available data set, there is also use of an improved tagging procedure for distinguishing 
between B0 and 13° candidates, in particular by exploiting an additional tagging algorithm. This 
same-side pion tagger (SS7r) determines the flavour content of the B meson by examining the 
charge of the pions produced in the fragmentation associated to the signal candidate production 
or in decays of excited B mesons to signal B mesons. The SS7r tagger supplements the opposite-­
side tagger (OS) used previously, where the B meson quark content is determined by using the 
charge of an electron or muon produced from semileptonic B decays, the charge of the kaon from 
the decay chain b ---+ c ---+ s, and the charge of the particles associated to the secondary vertex 
of the non-signal B meson decay. The improvement to tagging methods leads to an increased 
tagging power of greater than 253 compared to the previous LHCb measurement. 
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Figure 1 - The time-dependent l3°-B0 asymmetry. The binned signal yield asymmetry is shown in black and the 
curve is the fit projection of the PDF. 

A multidimensional probability density function (PDF) is constructed using, among other 
variables, the reconstructed B meson mass, the decay time and tagging related observables. An 
unbinned fit to data is performed with this PDF (binned asymmetries are presented in Fig. 1 )  
and the GP observables S and G are extracted and measured to be 

S = 0.731 ± 0.035 (stat) ± 0.020 (syst), G = -0.038 ± 0.032 (stat) ± 0.005 (syst) .  (2) 

When G is fixed to 0, the measurement of sin(2/3) yields 0.746 ± 0.030 (stat). This result is the 
most precise time-dependent GP violation measurement made at a hadron collider to date. 

3 LHCb / Combination 

The LHCb experiment has studied a variety of B decay channels with sensitivity to the CKM 
angle /· A more precise measurement of / can be achieved through the combination of these 
results. The decay channels considered in this combination 4 are: B± ---+ [hh]vh± 5, B± ---+ 
[K7rn]vh± 6, B± ---+ [K�hh]vK± 7, B± ---+ [K�K7r]vK± 8, B0 ---+ [hh]vK*0 9 and B� ---+ 

n; K± 10, where h is either a kaon or a pion. 
The combination is performed for the B ---+ DK decay modes using a frequentist approach. 

In addition to the effects of n°-l5° mixing, possible contributions from GP violation in the D0 
system (at first order) are considered as well. The results of the combination are presented in 
Fig. 2. The best-fit value of r is found to be 72.9° and at the 683 confidence level (CL), r is 
measured to be 

( +9 )0 I = 73_10 . (3) 

This measurement is of greater precision than comparable legacy measurements made by 
the B factories. 
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4 GP Violation in B± --? [hh7r0]vh± Decays 

One of the ways in which LHCb is looking to improve its 1 combination measurement is through 
the inclusion of new B decay modes. This analysis 11 is the first time the ADS 12,13 decays of 
the form B± --? [K7r7r0]vh± and the quasi-GLW decays B± --? [7r7r1I'0]vh±, B± --? [KK7r0]vh± 
have been studied at LHCb. The B± --? [KK1l'0]vh± final state has not previously been studied 
elsewhere. 

In order to extract the GP observables, the D --? K+1l'-1l'o coherence factor and average 
strong-phase difference measured at CLEO-c 16 are taken as external inputs. Similarly, the 
D --?  1!'+1l'-1l'o and D --? K+ K-1!'0 GP fractions 17 are also used. 

The GP observables Rf£s(K) and Rfns(,,) are measured to be 0.0140 ± 0.0047 ± 0.0021 
and 0.00235 ± 0.00049 ± 0.00006, respectively, where the first uncertainty is statistical and the 
second is systematic a. This analysis also marks the first observation of the suppressed decay 
B± --? [7r± K'f7r0]v7r± (Fig. 3) and B± --? [K+ K-7r0]v7r± (Fig. 4) at the 5.3o- and greater than 
lOo- significance levels, respectively. First evidence of the B± --? [K+ K-7r0]vK± decay is also 
seen at 4.50-. Likelihood scans of / with the parameters of interest rB and OB , as seen in Fig. 5, 
place a bound of rB = 0.11 ± 0.03 at lo-. These results will contribute to the overall precision 
of I when combined with other measurements. 
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Figure 3 - Invariant mass distributions of B± --+ [,,.± K'f,,.0]nh± candidates, separated by B hadron charge. 
B± --+ DK± ( B± --+ v,,.±) signal events are in the upper (lower) plots. The solid red curve represents B± --+ DK± 
events and the green curve represents B± --+ v,,.± events. The grey shape indicates partially reconstructed B± 
decays and the heavy dotted red curve indicates wrongly reconstructed D decays. The lightly dotted blue line 
represents the combinatorial component and the magenta line indicates contributions from partially reconstructed 
B� --+ DK'f,,.± decays where the pion is not reconstructed. The solid blue line represents the total PDF. 

"These values have been updated since their original presentation at Moriond QCD. 



5600 5800 

LHCb 

5600 5800 
m(Dh±) [MeV/c2] 

Figure 4 - Invariant mass distributions of B ± -+ [K+ K-,,.0)vh±. The PDF descriptions are the same as in Fig. 3. 
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Figure 5 - The l<T band is in light blue, the 2<T band is in dark blue and the 3<T band in white. The marker shows 
the results of the latest LHCb "I combination. 
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In the framework of perturbative QCD approach, the polarization and other observables of 
B(,) -+ VV decays (V denoting vector meson) are reexamined. In order to resolve the po­
larization anomaly and the decay rate deficit problems, we adopt the updated distribution 
amplitudes of vector final states and keep the terms proportional to the ri = mi /m2,, (mv 
and mB denote the masses of vector meson and B meson, respectively), especially in the 
denominators of penguin decay amplitudes. For most of the observables, the updated PQCD 
predictions are not only better than the former PQCD predictions but also in good agreement 
with the experimental data. The chiral enhanced penguin annihilation contribution and the 
hard-scattering emission contribution are the keys to interpret the polarization anomaly, such 
as B -+ ¢K* and B, -+ ¢¢ decay modes. 

1 INTRODUCTION 

Exclusive Bq (q=u;d;s) meson decays to vector final states have aroused a great interest for both 
theorists and in experiments1,z,3,4 . These decays differ greatly from those modes involving scalar 
or pseudoscalar states, because the vector mesons can be produced in three polarization states. 
The polarization study is also interesting and important, apart from the study about branching 
ratios. Although, the underlying dynamics for B decays is extremely complicated, based on the 
naive factorization approach, a number of two-body hadronic B decays had been studied. Due 
to the shortcoming of this approach, for those penguin-dominant, color-suppressed decays, the 
predictions of branching ratios are below the current data. On the other hand, this approach can 
not account for the direct CP asymmetries, nor the transverse polarization fraction in penguin 
dominant Bq -t VV decays. The perturbative QCD (PQCD) approach,5,6 QCD factorization 
approach 7 and soft-collinear effective theory 8 overcome this shortcoming by including more QCD 
contributions in the heavy quark mass expansion. 

In this letter, we reexamine the Bq -+ VV decays in the PQCD approach, although many 
of the Bq -t VV decays were studied in the literature.3'4 In the previous studies, the terms 
proportional to ri = mi/m�q have been omitted in the amplitudes, especially in the denominator 
of the propagators of virtual quarks and gluons, and transverse polarized amplitudes, which are 
suppressed by "ri" .  In experimental side, more data for Bq -+ VV decays become available now, 
such as the branching fraction and the polarization fractions of B8 -+ </></>, which also call the new 
and updated PQCD study. After using the updated distribution amplitudes of the vector meson 
and keep these ri dependent terms, we bring the earlier PQCD predictions in better accord in 
terms of the measured observables in some problematic cases, such as the B -+ </>K* and Bs -+ </></> 
decays. In the PQCD framework, penguin annihilation contribution is the key to understanding 
the polarization anomaly. Especially, the chirally enhanced (S-P) (S+P) penguin annihilation gives 
rise to large transverse polarizations. Together with the hard spectator-scattering contributions, 
this could help solve the transverse polarization puzzle in the penguin dominant Bq -+ VV decays. 



2 FORMALISM 

We shall revisit the B(s) --+ VV decays in the PQCD approach, which is based on the kr factoriza­
tion 5,5,9 . The basic idea of PQCD approach is taking into account the transverse momentum kr of 
valence quarks in the hadrons, and as a result, the end-point singularity in collinear factorization 
can be avoided. On the other hand, the transverse momentum can introduce additional energy 
scale which is the cause of the double logarithms in QCD correction. Fortunately, the double loga­
rithms can be resummed through the renormalization group equation that results in the Sudakov 
form factor. This form factor effectively suppresses the end-point contribution of distribution am­
plitude of mesons in the small transverse momentum region, which makes the calculation in the 
PQCD approach reliable and consistent. 

In hadronic B(s) decays, there are several typical scales, and expansions with respect to the 
ratios of the scales to be carried out. We can perturbativcly calculate the electroweak physics higher 
than W boson mass scale. Using the renormalization group equation, we include the dynamics 
from mw scale to mb scale in the so-called Wilson coefficients. The physics between MB scale and 
the factorization scale can be calculated perturbatively and included in the so-called Hard Kernel 
in the PQCD approach. The soft dynamics below the factorization scale is nonperturbative and 
described by the hadronic wave functions of mesons, which is universal for all decay modes. Finally, 
based on the factorization, the decay amplitude can be described as the following convolution of the 
the Wilson coefficients C(t) , the hard scattering kernel and the light-cone wave functions il>M,,(B) 
of mesons 10, 

j dx1 dx2dx3bi db1 b2db2b3db3 

xTr [ C(t)i!>B(x1 ,  bi )<l>M2 (x2 ,  b2)<PM3 (x3, b3)H(x;, b; , t)St(x;)e-S(t)] , (1 ) 

where Tr denotes the trace over Dirac and colour indices, b; is the conjugate variable of quark's 
transverse momentum k;r, x; is the momentum fractions of valence quarks and t is the largest 
energy scale in the hard part H(x;, b; , t) . The jet function S1(x;) from the threshold resummation 
of the double logarithms ln2 x; smears the end-point singularities on x;.11 The Sudakov form factor 
e-S(t) from the resummation of the double logarithms suppresses the soft dynamics effectively i.e. 
the long distance contributions in the large b region 12 . 

3 RESULTS AND DISCUSSION 

We update the PQCD computations in this work by including the improvements, such as (i) the 
values of the Gegenbauer moments in distribution amplitudes and the decay constants of initial and 
final states and (ii) the treatment of the terms which are proportional to the ratio "ri = mt/m�" , 
especially those in the quark and gluon propagator and the transverse amplitudes. Comparing with 
the former PQCD computations, we find that the omitted the ri terms can change the real and 
imaginary parts of amplitudes to enhance the transverse contributions, which is the key to explain 
the polarization anomaly in B --+ K*</> and Bs --+ </></> decays. The numerical results of these 
considered Bq --+ VV decays branching ratios, polarization fractions and other observables are 
displayed in ref. 13 . Here, we only list these well detected channels with our theoretical results and 
the experimental data in the Table 1 .13 One can notice that these decays are all penguin dominant 
and with large fraction of transverse polarization of order 0.5 or even bigger. In the PQCD 
approach, the annihilation type diagrams can be perturbatively calculated without introducing 
any new non-perturbative parameters, which is the key to predict the direct GP asymmetry14 and 
the large transverse polarization. We find that the large transverse polarization fraction can be 
interpreted by the chirally enhanced annihilation transverse contributions, especially (S-P) (S+P) 
penguin annihilation contribution introduced by the QCD penguin operator 05, which is not the 
usual current. For the (S-P)(S+P) penguin annihilation diagram, the polarization fraction satisfy 

(2) 



Table 1: The updated branching ratio, percentage of longitudinal polarization fL and transverse polarizations f 1- ,  
relative phase,¢11 (rad), </>1-(rad), Li¢11 (10-2rad), Li</>1- (10-2rad) and the G P  asymmetry parameters Aijp and Ai;p 
in B(s) _., K* </>,B, _., </></> and B, _., K*° K*0 decays calculated in the PQCD approach. 

Modes Br(lO ) h(%) 
Bo(K*o<P) 9.8:'.t� 56.5'1'�:� 
Exp 9.8 ± 0.6 48 ± 3 
s+(K*+<P) 10.3:�t� 51.o:+:g:� 
Exp 10.0 ± 2.0 50 ± 5 
Bs(</l</l) 16.7:1:�:i 34.7:1:�:i 
Exp 19 ± 5 34.8 ± 4.6 
Bs(K*o</J) 0.39:1:8:i� 5o.o:+:n 
Exp 1 .10 ± 0.29 51 ± 15 ± 7 
Bs(K*Oj(•O) 5.4:1:�:� 38.3:1:i6:§ 
Exp 28.1 ± 4.6 ± 5.6 31 ± 12 ± 4 

AJJ, (%) Acp(%) 
Bo(K*o<P) 0.0 0.0 
Exp 4 ± 6  
s+(K*+¢) -L0:1:8:�� -o.6o:1:8:U 
Exp - 1 ± 8  17 ± 11 ± 2  
Bs(<P</l) 0.0 0.0 
Bs(K*o</J) 0.0 0.0 
Bs(K*Oj(•O) 0.0 0.0 

h (%) 
21.3=t't� 
24 ± 5  

21.0:1:t8 
20 ± 5 

31.6:1:�:� 
36.5 ± 4.4 ± 2.7 

24.2:+:U 
28 ± 1 1 ± 2  

30.0:1:�:f 
38 ± 11 ± 4  

Acp(%) 
0.0 

-11 ± 12 
0.75:1:8:if 

22 ± 24 ± 8 
0.0 
0.0 
0.0 

2 1t!o.22 . -0.19 
2.40 ± 0 .13 
2.18:1:8:i� 

2.34 ± 0.18 
2.01:+:8:�� 

2.71:1:8:�� ± 0.22 
1.95=rn 

1 .75 ± 0.58 ± 0.3 
2.12:1:8:�§ 

ll¢11 
0.0 

1 1 ± 22 
-5:1:g 

7 ±  20 ± 5  
0.0 
0.0 
0.0 

<P J_ 
2. 14=t'8:i� 

2.39 ± 0.13 
2.19:1:8:�6 

2.58 ± 0.17 
2.00:1:8:�t 

1 .95:1:8:�� 

2.15:1:8:�� 

ll<P J_ 

0.0 
8 ±  22 

- 1  
19 ± 20 ± 7 

0.0 
0.0 
0.0 

As a result, in PQCD approach, together with the hard-scattering emission diagrams, the penguin 
annihilation can explain the polarization anomaly measured in experiments. 

Since the initial and the final state meson distribution amplitudes are the most important input 
parameters in the PQCD approach, our predictions of branching fractions for Bs --+ VV decays 
are similar as the predictions in ref�, as the distribution amplitudes we adopted here are similar 
to those used in ref.4 , except for the decays with <P meson in final states. For Bs --+ <P<P decay, the 
former predictions of branching ratio and polarization fraction do not agree with the data. After 
adopting the new distribution amplitudes and keeping the ri terms, the current predictions of all 
observables are in good agreement with the experimental data. Compared with other light vector 
mesons, the impact of ri terms is more pronounced, because the mass of <P is larger than other 
light vector mesons. 

In order to quantify the ri-dependent terms' influence, especially in the annihilation diagrams 
of penguin-dominant decay modes, we have listed the emission and annihilation type amplitudes, 
branching ratios, and transverse polarization fractions of the penguin-dominant B0 --+ K*0¢, 
Bs --+ <P<P decays and the tree-dominant decay s+ --+ p+ p0 with and without the ri terms in Table 
2 .13 One can find that for those penguin-dominant decays, the impact of the ri -dependent terms in 
the amplitudes of the annihilation part, as well as in the imaginary part of the emission diagrams, 
is numerically significant. we emphasize that the large penguin-annihilation type amplitude is 
the key to interpret the large transverse polarization fraction measured in experiments. When the 
x3 --+ 1 or x2 --+ 0, the ri -dependent term contributes a non-negligible imaginary part. As a result, 
for example Bs --+ <P<P decay, the branching ratios are reduced, while the transverse polarization 
fraction rise. On the contrary, for tree-dominant s+ --+ p+ p0 decay, the impact of the ri terms 
on the traditional emission diagrams is tiny, as expected. 



Table 2: Amplitudes (10-3),  branching ratios (10-6) and the polarization fractions (3) with (and without) the 
rZ,-dependent terms in the B0 --+ K*0 ¢, B, --+ ¢¢ and B0 --+ p+ p0 decays. 

Modes A A A Br h 
Bo --+ K*O<P(ri) emission -3.3+0.67i -0.66+0.06i 0.64-0.05i 9.8 56 

annihilation 0.32-1.6i -0.43+0.84i 0.42-0.83i 
Bo --+ K*o<P emission -3.0-0.09i -0. 71-0.012i 0.69+0.03i 15 70 

annihilation -0.42-1 .95i 0.05+1.28i -O. l l-1 .38i 
Bs --+ ¢¢(ri) emission -2.8+0.37i -0.60+0.lOi 0.60-0.08i 16.7 34.7 

annihilation 0.68-1.2i -0.53+1.0i 0.53-1 .0i 
Bs --+ ¢¢ emission -2.6-0.02i -0.64+0.03i 0.63-0.005i 26.6 45 

annihilation -0.04-1 .8i 0.18+1.8i -0.15-1.7i 
B+ --+ p+ po(ri) emission 3.0+5.9i 0.28+0.33i 0.27-0.29i 13.5 98 

annihilation � o  � o  � o  
B+ --+ p+po emission 2.8+5.8i 0.12+0.33i -0. 11-0.29i 13.3 99 

annihilation � o  � o  � o  

4 SUMMARY 

In this work, we have improved the PQCD predictions about B(s) --; VV decays, including the 
branching ratios, GP-asymmetries, and other observables, especially the polarization fractions. 
By adopting the new distribution amplitudes of vector mesons and keeping the ri-dependent 
terms in the decay amplitudes especially in the transverse amplitudes, we note that, for those 
penguin dominant decays with polarization puzzle, our updated longitudinal polarization fractions 
agree well with the data, for example B --+ <PK* and Bs --+ ¢¢ decays. We emphasize that the 
(S-P) (S+P) penguin annihilation diagram is the key to interpret the polarization anomaly. 
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Using 2.25 x 108 J/>f; and 1.06 x 108 1/1(3686) data samples with BESIII detactor at BEPCII, 
upper limits of some charmonium rare decays are obtained at 903 confidence level. i.e., 
Br(J/>f; -+ T'I) < 2.0 x 10-7; Br(Jj>f; -+ 1¢) < 1.4 x 10-6; Br(J/>f; -+ D:;e+ve + c.c) < 
1.3 x 10-6; Br(J/>f; -+ v;-e+ve + c.c) < 1.8 x 10-6; Br(J/>f; -+ D:; p+ + c.c) < 1.3 x 10-5 ;  
Br(  J />f;  -+  iJ0 k'0 + c.c) < 2.5 X 10-6. The radiative transitions 1/1(3770) -+  /1)c and /7)c(2S) 
are also searched for 2.92 pb-11/1(3770) data sets. 

1 Introduction 

The Charmonium in Quantum chromodynamics(QCD) is an analogy with positronium in Quan­
tum electrodynamics. For charmonium above charm threshold, there are many missing states, 
and a large number of charmonium-like states are observed in final states with charmonium and 
light hadrons. A number of observed states do not fit into cc picture, and have some strange 
properties. Fot this part, one could find more detail in Kai Zhu's talk1 . For charmonium below 
charm threshold, all states have been observed, and charm anti-charm potential model describes 
spectrum well. In this talk, I present recent results on rare and radiative decay of charmonium 
states below charm threshold by BESUI Collaboration. 

2 Charmonium rare decays 

Standard model(SM) has surved decades of experimental tests, but there are still room for 
physics beyond standard model. We could search for it at energy frontier , e.g. LHC; or at low 
energy collision with high luminosity. In this talk, I present results on searching for C-parity 
violation in J/'lj; -+ n and 'Y¢ decays via 1/1(3686) -+ 7f+7f-J/'lj;. 

Because charmonium decays are dominated by electromagnetic and strong interaction, weak 
decays are rare. we could search for some highly suppressed process at SM, an observation of 
these process maybe due to new physics. I show results on semileptonic weak decay and two 
body hadronic weak decay J/'lf! -+ D;e+ve + c.c and J/'lf! -+ vi•)-e+ve + c.c; two-body hadronic 
weak decays J/'lf! -+ D;p+ + c.c and J/'lf! -+ [JO k•0 + c.c. 



2. 1 JN -+ II and 1¢; 

The charge conjugation (C) operation transforms a particle into its antiparticle and vice versa. 
The C invariance is held in strong and electromagnetic interactions in SM. Evidence for C 
violation in the EM sector would immediately indicate physics beyond SM. Tests of C invariance 
in EM interactions have been carried out by many experiments. Until! now, no C-violating 
processes have been observed in electromagnetic interaction&2. 

To search for C-parity violation process Jj'ljJ -+ 113 via '1f;(3686) -+ 7r+7r-Jj'lj; events are se­
lected with topology Tf7r+7r- . The invariant mass recoiling against 7r+7r- , M;ic"_ of candidate 
signal events is shown in Fig.l (a) . A J /¢ signal is clearly observed, and is dominated by back­
grounds. The main peaking backgrounds come from ¢(3686) -+ 7r+7r-J /'1/J, J /'1/J -+ 17ro, 17/, 17/c 
and 31 (7r0 /1J/7Jc -+ 11) The solid curve shows the fitting results and the dashed line indicates 
the nonpeaking backgrounds in Fig. l (a) . According to fitted number of signal events, a upper 
limit on branching fraction Br( J /¢ -+ II) is determined to be 2 x 10-7 at 90% confidence level, 
which is one order of magnitude more stringent than previous upper limit. 

The C-parity violation process JN -+ 1¢3 via ¢(3686) -+ 7r+7r-Jj'ljJ events are studied with 
topology 1K+ K-7r+7r- . The invariant mass of K+ K- of selected events is displayed in Fig.l (b). 
The region between arrows contains about 90% of signal according to Monte Carlo(MC) simu­
lation. An MC study shows that there are no peaking background contributions. In the Fig. I, 
the solid line shows the global fit results and the dashed line shows the background, a upper 
limit of Br(Jj'ljJ -+ 1</>) < 1.4 x 10-0 is obtained at 90% confidence level in the first time. 

Figure 1 - M;�"n_ spectrum for J/'lj; -+ II (left), The invariant mass of K+ K- for J/'lj; -+ 1¢ (right). 

2. 2 Semileptonic weak decays of JN 

Because mass of J /¢ is below open charm threshold, J /'1/J can not decay into a pair of charmed 
mesons. However, Jj'ljJ can decay into a single charmed meson via weak interaction4, and are rare 
processes. Theoretical calculations predict Br(Jj'ljJ -+ D;Zv)(l = e ,µ) to be 10-10 by using QCD 
sum rules and employing covariant light-front quark model 5. However, The top-color models, 
the minimal supersymmetric SM with R-parity violation, or the two-Higgsdoublet model could 
enhance Br(Jj'ljJ -+ D(D)X) (with X denoting any hadrons) with new interaction couplings 6. 

For J / 'ljJ -+ D; e+ Ve + c.c candidate 7, the D s meson is reconstructed via four decay modes, 
D; -+ K+K-7r- , D; -+ K+K-7r-7ro, D; -+ K�K- and D; -+ K�K+7r-Jr- . The undetected 
neutrino leads to missing energy Emiss = EJN - ED-; - Ee+ and missing momentum Pmiss = 
PJ/¢ - PD-; - Pe+ · The number of Jj'ljJ -+ D;e+ve + c.c event could be extracted with variable 
Umiss = Emiss - IPmiss l ·  If signal events are correctly identified, Umiss is expected to peak 
around zero. Fig.2(a) shows Umiss distribution for four D8 decay modes in Jj'ljJ -+ D;e+ve + c.c 
candidates. The signal shapes obtained from MC simulations are shown with dashed curves. 
No significant excess of signal above background is observed in either mode. A simultaneous 
unbinned maximum likelihood fit is performed to determine event yields of four Ds decay modes, 
and a upper limit of Br(J /'1/J -+ D; e+ve + c.c) < 1 .3 x 10-6 at 90% confidence level. 



For Jj'lj; -+ n;-e+ve + c.c candidate 7, Ds and an additional photon are combined to 
reconstruct n;- . With similar method for Jj'lj; -+ D;e+ve + c.c analysis, a upper limit of 
Br(Jj'lj; -+ n;-e+ve + c.c) < 1.8 x 10-6 at 90% confidence level, which is set for the first time. 
The Umiss distributions for this decay chain are also shown in Fig.2(b) . 

\ :I (b) D; -> ;.K�:•• : '\ ·� �; -> K•K • :� •• • 

i l�J,µ".;JL,,L,�1. l 1+J8-L�;lj 
"�, '""''! ll,, ,,-,., _., 

Figure 2 - Umi" distribution for Jj,P -+ D; e+ve + c.c (left) , Umi" distribution for Jj,P -+ D;- e+ve + c.c (right) 

2.3 Two-body hadronic weak decays of J /'lj; 

Branching fractions of rare processes J / 'ljJ -+ D; p+ + c.c and J / 'ljJ -+ JJ0 R•0 + c.c are to be 
10-8 - 10-9 in a factorization model 8. However, some models 9 with new physics could allow 
these processes to occur with branching fractions around 10-5 , which may be measurable in 
experiments. 

For J / 'ljJ -+ D; p+ + c.c process 10 , in order to avoid large background contamination from 
J / 'ljJ hadronic decays, D s is identified with D; -+ </Je-ve and </> -+ K+ K- . Because neutrinos are 
undetectable, the D; is identified in distribution of mass recoiling against p+ (p+ -+ 7r+7ro -+ 
7r+'Y'Y)· Fig.3(a) presents invariant mass of 7r+7ro, where dots with error bars are experimental 
data, histograms represent distribution of signal MC events; vertical arrows show selection 
window for p. Mass distributions recoiling against of p prove that no excess of events above 
background is observed, and a upper limit of Br(Jj'lj; -+ D; p+ + c.c) < 1 .3 x 10-5 is obtained 
at 90% confidence level. 

For Jj'lj; -+ J)Oj(•O + c.c process 10, The JJ0 is reconstructed with JJO -+ K+e-ve. The 
invariant mass of K-7r+ for R•0 and recoiling mass against of R•0 are shown in Fig.3(b). a upper 
limit of Br( J / 'ljJ -+ J)O R•0 + c.c) < 2.5 x 10-6 is obtained at 90% confidence level for the first 
time. These upper limits exclude new physics predictions which allow flavor-changing processes 
to occur with branching fractions around 10-5 but are still consistent with SM predictions. 

Figure 3 - Invariant mass of 7r+7ro and Mass distributions recoiling against of p for Jj,P -+ D; p+ + c.c process 
(left), Invariant mass of K-11'+ for k*0 and recoiling mass against of k*0 for Jj,P -+ 15° k*0 + c.c process (right) 



3 Search for ?/;(3770) --+ 'YT/c and /T/c(2S) 

The radiative transitions ?/;(3770) --+ /T/c and /T/c(2S) are supposed to be highly suppressed by 
selection rules, considering ?/;(3770) is predominantly the 13 Di state. Because of non-vanishing 
photon energy, higher multipoles beyond leading one could contribute. Based on a 2.92pb-1 
data set for ?/;(3770) study collected with BESIII detector at BEPCII, The radiative decay 
?/;(3770) --+ /T/c and /T/c(2S) with T/c/TJc(2S) --+ K2 K±Jr±, are searched 11, and compared with 
that of theory calculation with contributions from intermediate meson(IML) loop 12 and Lattice 
QCD prediction 13 .  Fig.4 shows invariant-mass spectrum of K2 K±Jr± for selected experimental 
events, together with estimated background events. In T/c and T/c(2S) mass region, the estimated 
backgrounds can describe data well. Upper limits for Br(?/;(3770) --+ /TJc) < 6.8 x 10-4 and 
Br(?/;(3770) --+ /T/c(2S)) < 2.0 x 10-3 at 90% confidence level. In Xcj mass region, a clear Xcl 
signal are observed with Br(?/;(3770) --+ /Xci ) = (2.33 ± 0.65 ± 0.43) x 10-3. The measured 
I'(?/;(3770) --+ /T/c) < 19KeV is consistent with I'1ML = 17.14!��:6�KeV 12 and I'LQCD = 10 ± 
llKeV 13; I'(?/;(3770) --+ /T/c(2S)) < 55KeV is consistent with I'1ML = l.82!�:i�KeV 12. 
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Figure 4 - Invariant-mass spectrum for K2 K±7r± from experimental data with estimated backgrounds and best-fit 
results superimposed in the (a) 'f}c and (b) Xcl - 'f/c(2S) mass regions. 
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EXOTIC CHARMONIUM-LIKE STATES AT BESIII 
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Institute of High Energy Physics, Beijing, 1 00049, China 

The recent measurement results of exotic charmonium-like states, the so called XYZ particles, 
at BESIII have been presented. I mainly discussed the charged Zc(3900) state, its neutral 
partner, and possible excited states. 

1 Introduction 

Charmonium states are charm quark pair meson cc, its spectrum can be calculated by potential 
model and the theoretical predictions are consistent with experimental results well. However, 
at the charmonium states region, recently some new states have been observed, and these so 
called XYZ particles cannot be assigned in the charmonium frame easily. On the other hand, 
the quantum chromodynamics (QCD) predicts that there are maybe exotic states rather than 
the usual baryon (qqq) and meson (qq) states. They could be bound gluons (glueball), qi'j-pair 
mixed with excited gluons (hybrids) ,  multi-quark color singlet states such as: qqqq (tetra-quark 
or molecular) ,  qqqqq (penta-quark) ,  qqqqqq (six-quark or baryonium) and et al.. These newly 
found XYZ states are candidates of the exotic states. 

BESIII detector is a magnetic spectrometer 1 located at BEPCII, which is a double-ring 
e+e- collider working at the center-of-mass energy from 2.0 to 4.6 GeV. Rich physics potential 
is at BESIII, that includes light hadron, charmonium, charm, and R & QCD physics. The 
cylindrical core of the BESIII detector consists of a helium-based main drift chamber (MDC), 
a plastic scintillator time-of-flight system (TOF), and a Csl(Tl) electromagnetic calorimeter 
(EMC), which are all enclosed in a superconducting solenoidal magnet providing a 1 .0  T magnetic 
field . The solenoid is supported by an octagonal flux-return yoke with resistive plate counter 
muon identifier modules interleaved with steel. The acceptance of charged particles and photons 
is 93% over 47r solid angle. The momentum resolution of the charged particle at 1 GeV /c2 is 
0.5%, and the dE/dx resolution is 6%. The EMC measures photon energies with a resolution of 
2.5% (5%) at 1 GeV in the barrel (endcaps). The time resolution of TOF is 80 ps in the barrel 
and 110 ps in the end caps. Till now, BESIII has collected about 0.6 B 'lj;' events, 1 .3 B Jj'lj; 
events, 2.9 fb-1 '1j;(3770), and others including scan and continuum data, et al . .  Above 4 GeV, 
it has collected about 5 fb-1 data mainly for the studies of XYZ states. 

2 XYZ particles 

A charged Z state named Zc(3900) is observed by BESIIl 2 and Belle 3 via process 7r±(7rJ/'1j;)'f, 
and confirmed with CLEO-e's data 4. The measured mass and width of the three experiments 
are shown in Table. 1. Analysis shows Zc(3900) is strongly coupled to cc as well as has electric 
charge, that indicates it is at least a 4-quarks state. Many interpretations are proposed, such 



as DD* module, tetra-quark state, Cusp, and threshold effect, et al., but none of them is a 
satisfied explanation yet. 

Table 1: Masses and widths of the Zc(3900) and its neutral partner or excited states. The results are default 
from BESIII without explicit specification. For preliminary results from BESIII, only statistical uncertainties are 
shown here. 

states M((MeV) r(MeV) 
Zc(3900) (BESIII) 3899.0 ± 3.6 ± 4.9 46 ± 10 ±  20 
Zc(3900) (Belle) 3894.5 ± 6.6 ± 4.5 63 ± 24 ± 26 
Zc(3900) (CLEO-c data) 3885 ± 5 ± 1 34 ± 12 ± 4  
Z2(3900) 3894.8 ± 2.3 29.6 ± 8.2 
Zc(3885) [single tag] 3883.9 ± 1 .5 ± 4.2 24.8 ± 3.3 ± 11 .0 
Zc(3885) [double tag] 3884.3 ± 1 .2 23.8 ± 2.1 
Zc(4020) 4022.9 ± 0.8 ± 2.7 7.9 ± 2.7 ± 2.6 
Z2(4020) 4023.9 ± 2.2 ± 3.8 fixed to r(Zc(4020)) 
Zc(4025) 4026.3 ± 2.6 ± 3.7 24.8 ± 5.6 ± 7.7 

In order to reveal the nature of the Zc state, BESIII systematically searched its other decay 
modes, its charge conjugated partner, and its excited states. Its neutral partner Z2(3900) 
has been found via 7fo J /if; spectrum. When BESIII searched another Zc production mode via 
1f±(DD*)+ 5 with a single D-tag method, the so called Zc(3885) is found. It's mass and width 
are consistent to the Zc(3900). This particle and its decay mode has been confirmed by BESIII 
with a double D-tag method. At higher mass region, a charged Zc(4020) is found via process 
7r±(7rhc)+ 6, as well as its neutral partner via 7r0(7rhc)0. Close to Zc(4020) ,  a charged Zc(4025) 
is found via process 1f±(D* D*)+ 7. The masses and widths of these states are listed in Table 1 
too for comparison. BESIII also searched Zc -+ w1f, however no significant signal has been 
observed, the upper limits of production cross sections are O"(e+e- -+ Zc1f, Zc -+ w7r) < 0.27 pb 
and < 0.18 pb at 903 credible level for the center-of-mass energies of 4.23 GeV and 4.26 GeV, 
respectively. 

Due to their similar masses and widths, we may assume Zc(3900) and Zc(3885) are the 
same state Zc, while Zc(4020) and Zc(4025) are same as an excited state Z�. For even higher 
Zc excited state, Belle observed Zc(4200) 8 and Zc(4030) 9 via B decay (7rJ/1f; and 7f1j;1), and 
Zc(4030) is confirmed by LHCb via B0 -+ 1/J17rK+ 10 , as well as its JP is determined as 1+ . 
In order to search Zcsi Belle updated its previous K+ K-J/'i/; measurement to a Dalitz Plot 
analysis 11 , however, no evident structure is found in K± J / 1f; mass distribution under current 
statistics. Belle has observed Zb(l0610) and Zb(10650) in 7r+1f-Y(nS) 12 13 ,  1f+1f-hb(mP) 14 and 
[BB*J±7r+ 15 final states. Due to above information, a Z family chart is proposed in Fig. 1 .  

X(3872) was first observed via B -+ K(7r+1f-J/1f;) process by Belle 16, and its mass is close 
to the D0 D*0 threshold and its width very narrow. Its JPG has been determined by CDF 17 and 
LHCb18 to be 1 ++. The partial width measurement shows that it takes a 503 chance to decay via 
open-charm channel and at the 0(3) via charmonium. Since its discovery, many interpretations 
of its nature have been proposed, such as D0D•0 module, hybrid, Xc1 (2P), and tetra-quark 
states, et al.. However no one is very satisfactory and more studies are needed to understand 
its nature . Recently BESIII reported a new production mode of e+e- -+ 'Y(7r+7f-Jj'i/;) 19 , with 
data samples collected at center-of-mass energies from 4.009 to 4.420 GeV. Before BESIII's 
discovery, only in the pp collision and B decays X(3872) has been found. 

X(3823) was firstly seen by Belle in B -+ Xcl'YK decays as a narrow peak in the invariant 
mass distribution of the Xcn system 20 . Its properties are consistent with the 1/;2 (13 D2) char­
monium state. At BESIII, X(3823) is observed via e+e- -+ 7f+7f-X(3823) -+ 7f+7f-'/'Xc1 , and 
there is evidence that it is may from Y(4260) decay. 

In last decade, lots of Y states have been observed, for example Y(4008), Y(4260), Y(4360), 
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Figure 1 - A proposed Z family chart. 
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Y(4630), and Y(4660), et al .. They are produced via initial state radiative (ISR) processes in 
e+e- collision, that means they are vector states. However, the total number of these Y states 
is absolutely larger than that of the theoretical prediction by potential model for charmonium 
around this energy region. One thing is interesting that these Y states are only found in 
n+n-Jj'lj; 21,22 , n+n-'lj;(2S) 23, and A;!-A;::- 24 final states, but no evidence from open charm, 
i.e.Y --+ DC*) D(•) 25,26,27_ 

At BESIII, abundant structures are observed in the cross section shapes from 4.0 to 4.6 
GeV via different processes, that are from e+e- to n+n-hc 6 , wxc0 28, ryJ/'lj;, n°n° Jj'lj;, Jj'lj;ryn° ,  
n+7f-/Xc1 , ry' Jj'lj;, 1</>J/'lj; and /XcJ· But the statistics are limited, then larger data samples are 
necessary and possible interferences need be considered to understand them correctly. 

3 Summary 

A relatively systematic study on exotic charmonium-like states, i. e.XYZ particles, has been per­
formed at BESIII. Abundant and interesting results are obtained, and that has greatly improved 
our knowledge about these exotic states. However, the natures of the these exotic states are still 
mysterious, the relations between them are unclear, and some expected states and decay modes 
are missing. To shed light on the puzzles, more decay channels should be studied carefully, 
partial wave analysis (PWA) is needed to clarify their quantum number, i.e. JJC, and a fine 
scan from 3.8 to 4.6 GeV at BESIII may be helpful. More results from BESIII will come soon 
with analyses are under way. 
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We discuss recent results on charmonium-like states at B-factories. It includes brief overview 
of the Belle results on the charged charmonium-like states, update of the analysis of e+ e- --+ 
7r+7r-1f;(2S) process at Belle and new results on a search for X(4140) and X(4270) decaying 
into J/1f;¢ at BaBar. 

1 Introduction 

Experimental spectrum of cc states 1 below the DD threshold agrees well with theoretical pre­
dictions2 . Until the B-Factories era3 no evidences for the states which could shake conventional 
picture of charmonium were found. 

12 years ago the Belle Collaboration discovered undreamed-of new particle, named X ( 3872) 4, 
decaying into J f'1/nr+n:-, with a very narrow (for the state above the DD threshold) width 
(r < 1 .2 MeV /c2 @ 90% CL) and with the mass (M = 3871.69 ± 0.17 MeV /c2) which coincides 
within errors with the D*0 [JO threshold of (3871.8 ± 0.3) Me V / c2. It should be noted that there 
is no expected from theory any charmonium level in the vicinity to this mass. After the discovery 
of X(3872) and its confirmation by CDF, DO and BaBar 1 many new particles were observed 
by BaBar and Belle5 .  Because of its unusual properties (mismatching with the predicted levels, 
large partial width of the non-DfJ(•) decay modes and even non-mesonic or -baryonic quark 
content) they are called as charmonium-like (XYZ) states. All of these have inbreathed new 
life in heavy flavour physics and lead to the formation of its new branch - spectroscopy of XY Z 
states. 

In this talk we discuss some recent results from B-factories Belle and BaBar concerning the 
charmonium-like states. 

2 Recent results on z+•s: charged charmonium-like states at Belle 

In 2007 by analyzing the B ---+ 1f;(2S)n:+ K decays, new exotic state was observed by Belle 6: 
charged state, named Z( 4430)+, decaying into 1f;(2S)n:+. This state can not be an isospin sin­
glet, conventional or hybrid state, its minimal quark content should be lccud > .  In a year Belle 
observed two new charged charmonium-like states 7, Z(4250)+ and Z(4050)+ ,  both decaying 
into another ordinary charmonium Xcl and charged pion. Again these states were found in 
B ---+ charmonium decay, this time B ---+ Xc17r+ K. By looking at the same B meson decays, 

"Speaker, on behalf of the Belle Collaboration 

..,, 



BaBar did not confirm these charged charmonium-like states 8 . Meanwhile Belle made two up­
dates on Z(4430)+ with higher statistics: by using Dalitz plot analysis9 and full four-dimensional 
amplitude analysis 10 . The existence of Z( 4430)+ itself and its parameters were confirmed. More­
over, in the latter analysis Belle obtained constraints on the possible JP numbers of Z(4430)+ :  
the preferred hypothesis is  1 +.  

Then two different experiments, BES III 11 and Belle 12, reported the observation of another 
charged charmonium-like state, Z(3900)+ ,  decaying into J /'I/Jn:+ . Both experiments find it in 
e+e- --+ Y(4260) reaction, where Y(4260) is reconstructed in J/1/Jn:+n:- final state. At last, 
LHCb13 confirmed the production of Z( 4430)+ in B decays and measured its parameters together 
with the spin-parity to be in a good agreement with those obtained in the updated Belle analysis 
on Z( 4430)+. So the existence of new types of hadrons, charged charmonium-like states, which 
quark content differs from mesonic or baryonic, is confirmed. 

Last year Belle continued a search for new candidates to z+ family. By performing a full 
four-dimensional amplitude analysis of 3-body decay B --+ J/'lj;n:+ K Belle observed another 
state decaying into J/'lj;n:+, Z(4200)+ 14 which preferred JP = 1+. This analysis also results 
in first evidence for Z(4430)+ --+ J/1/;n:+, the second decay mode of Z(4430)+. Fig. 1 shows 
the M2(J/1/;n:+) projection of the Dalitz plot. The curves are the fit results with and without 
Z(4200)+.  
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Figure 1 - Projection of the fit results with and without the Z(4200)+. 

Table 1 shows the masses and natural widths of all discussed here charged charmonium­
like states. The exact nature of charged charmonium-like states remains unclear and there 
are several approaches towards their interpretation. New measurements are needed to test 
theoretical models and clarify z+•s nature. 

3 Updated study of e+e- --+ 1/;(2S)n:+n:- process at Belle 

The e+e- --+ 1/J(2S)n:+n:- process, first observed in ISR at BaBar 15 permitted to establish new 
unexpected chamonium-like states Y(4360) --+ 1/;(2S)n:+n:- . Then Belle confirmed this state 
and observed a new one in a higher mass, Y(4660) 16 . Using the full data-set, BaBar confirmed 
the existence of the second resonance 17. Recently, using all available data Belle presented an 
update of its initial e+ e- --+ 1/;(2S)n:+n:- analysis18 . The resulted accuracy in masses and widths 
for these Y's was improved. In this update, following the observation of charged charmonium-

7? 



State 
Z(4430)+ 

Z(4050)+ 
Z(4250)+ 
Z(3900)+ 

Z(4200)+ 

Table 1: Experimental data on charged charmonium-like states. 

Mass, Mev/c' 
4485 ± 22:'.:]"[ 
4475 ± 7:1:�� 
4051 ± 14:1:�� 
4248:1:i�:+:��o 

3899.0 ± 3.6 ± 4.9 
3894.5 ± 6.6 ± 4.5 

4196:1:��:+:g 

r, MeV/c' 
200::::�:+:�� 

172 ± 13:1:�� 
82:+:n:+:g 

177:1:��:1:�i6 
46 ± 10 ± 20 
63 ± 24 ± 26 
31o:+:�g:+:rn2 

Experiment and Decay Modes 
1f;(2S)7r+, Belle ti 

1f;(2S)7r+, LHCb 13 
Xcl 7r+, Belle 7 
Xcl 'Ir+, Belle 7 
J /'t/J7r+, BES III 11 
J / 1f;7r+, Belle 12 
J /'t/J7r+, Belle 14 

like state Z(3900)+ -+ J/'lf;pi+ in ISR e+e- -+ Jf'i/;7r+7r- events 12 , Belle investigated the 
1f;(2S)7r± mass spectrum for the events from the Y(4360) mass region. New resonant structure 
at 4.05 GeV /c2 is seen and its parameters were extracted to be M = (4054 ± 3 ± 1) MeV /c2 
and r = (45 ± 11 ± 6) MeV. The significance of the signal of this new charged charmonium-like 
state was obtained to be 3.5 er. 

4 Search for the X(4140) and X(4270) decaying into Jf't/;<f; at BaBar 

Recently the XYZ list has been enriched by two new states decaying into J/'lf;<f;. Both were 
found by analyzing the B+ -+ J/'lf;<j;K+ decays. One of them, X(4140), was originally observed 
by CDF as a near-threshold peak with a significance of more than 5 er in the J /1/J<P final state 19 .  
Later DO published a 3.1 er evidence for this state 20. Belle searched for X(4140) in 11 events 
and found no evidence for its production 21 . As for the LHC experiments, CMS confirms 22 the 
production of X(4140) but LHCb do not23 . All experiments that see X(4140) also find evidence 
for the second peaking structure X(4270) at higher J/'lf;<f; masses. 

This year BaBar published results on their search for these two states in B+ -+ J / 1(;¢;K+ 
decays. No evidences were found for X(4140) or X(4270) (the significance is below 2cr for each 
resonance) 24 .  Table 2 shows the results on a relative fraction f = B(B+ -+ XK+) x B(X -+ 
Jf't/;¢)/B(B+ -+ Jf't/;<j;K+) for different experiments. 

Further studies with increased statistics at LHC experiments will permit to obtain more 
information about these states and fix its status. 

Table 2: Relative fractions of X(4140) and X(4270) in B+ decays in different experiments. 

Experiment !(4140), % !(4270), % 
CDF 14.9 ± 3.9 ± 2.4 
DO 21 ± 8  ± 4  

CMS f:::< 10 ± 3  
LHCb < 7 @  90% CL < 8 @  90% CL 
BaBar < 13.3 @ 90% CL < 18.1 @ 90% CL 

5 Summary 

In this talk several recent results on charmonium-like states were presented from Belle and 
BaBar. New results constantly appear and theoretical models try to accommodate them and 
predict new states. Actively running BES III and LHC experiments as well as future Belle 
II experiment 7 will continue the studies of charmonium-like states, which have more complex 
internal structure than mesons or baryons. 
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HEAVY QUARK SPECTROSCOPY AT LHCb 
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The analysis of 3.0 fb-1 of proton-proton collisions collected with the LHCb detector has 
yielded a broad range of results in spectroscopy of conventional and exotic hadrons with 
heavy quark(s) inside. We review the LHCb results which have been obtained over the last 
year. 

1 Masses of the Xb(33PJ) States 

Long-lived heavy quarkonia states, cc 
and bb, have played a key role in so­
lidifying the quark model and in devel­
opment of quantitative theoretical meth­
ods to describe hadrons; potential mod­
els early on, more recently NRQCD and 
lattice QCD. The triplet 3P bb states 
are among the most recently observed 
heavy-heavy mesons l,Z .  Because of their 
proximity to the open flavor threshold, 
it has been speculated that couplings to 
virtual B(•) fJ(•) pairs could drastically 
affect their masses and decay proper­
ties 3. Furthermore, it has been proposed 
that the Xb(33P1) state could have a sub­
stantial component of an I = 0 BB* 
molecule, Xb, analogous to the I = 0 
DD* molecule offered as an explanation 
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Figure 1 - Various measurements of the Xb(33Pj) masses com­
pared to the theoretical predictions. The vertical dashed line 
shows the open flavor threshold, 2M(B). 

for the X(3872) state4. The LHCb collaboration has observed these states via direct production 
in pp collisions at the LHC, through their photon transitions to T(l, 2, 33S1) states reconstructed 



in the µ+ µ- final state. The results obtained with the transition photon detected in the EM 
calorimeter5 and in the tracking system after a conversion to an e+e- pair6 are consistent with 
each other. By fitting the data for the mass of the Xb(33P1) state, instead of the ill-defined mass 
centroid 1•2 , the results are made easier to interpret. The average over these two determinations, 
M(33P1) = 10512.2 ± 2.3 MeV, has much improved errors over the previous measurements and 
is within a few MeV to the potential model predictions, some published 27 years, as illustrated 
in Fig. 1. Therefore, it appears that the coupled-channel corrections are either small or well 
absorbed into an effective QQ potential adjusted to the experimental data on the other bb states. 
The measured ratios of the photon transition rates to different Y( n3S1) states are also consistent 
with the potential model expectations. 

2 Recent Results on the X(3872) State 
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While the Xb(33PJ) states discussed in 
the previous section are slightly be­
low the BJ3(•) threshold, the narrow 
X(3872) state has a mass coinciding, 
within the experimental errors, with the 
Do [)*O threshold (the inclusion of charge­
conjugate states is implied in this article) . 
Among the cc states, T/c(21D2) with 
JPC = 2-+ and Xc(23P1) with JPC = 

1 ++ are expected to be in this mass 
range and narrow. In order to explain 
its mass it has also been proposed that 
the X(3872) is a 1++ DD* molecule. 
A tetraquark model of X(3872) predicts 
JPC = 1++ as well. Previously, the 
LHCb collaboration ruled out 2-+ as­
signment in favor of 1 ++, assuming that 
the lowest orbital angular momentum 
dominated the X(3872) -+ (7r+7r- )J/'lj; 
decay 7. The same assumption was done 
in the analysis of the CDF data, which 
had ruled out the other spin assign­
ments 8 .  This decay appears to pro- Figure 2 - Distributions of the likelihood-ratio test statistic, 
ceed via the isospin violating X(3872) -+ t = -2 ln[L(Jx1'))/L(l++)], for the simulated LHCb experi­
p0 J'ljJ decay with the phase-space limit ments under the X(3872) JPc = Jx1' hypothesis (blue solid 
coinciding with the po pole mass, severely histograms) and under the favored JPG = 1 ++ hypothesis (red 

limiting the energy release Q in this de- dashed histograms) .  The values of the test statistics for the 
LHCb data are shown by the solid vertical lines. The data 

cay. With small Q, the momentum of the prefer 1 ++ by about 16 standard deviations over the other as­
X (3872) decay products, p, is also small. signments. 
Since the cc states are known to have a 
compact size, the impact parameter between the decay products, r, is expected to be small as 
well, making it difficult to generate substantial orbital angular momentum, L = rp. However, 
if the X(3872) state has a significant molecular component, its size would be large, possibly 
enhancing higher L values. This calls for reanalysis of the data with no assumption about L, 
which could lead to a different JPC assignment. A determination of  the magnitude of  higher L 
contributions for the correct JPC is also of interest, since a substantial value would suggest an 
anomalously large size of the X(3872) state. The LHCb has tripled the X(3872) signal statistics 
in the B+ -+ X (3872)K+, X (3872) -+ p0J/'lj;, p0 -+ 7r+7r- ,  J/'lj; -+ µ+µ- decay chain, and has 



confirmed the JPC = 1 ++ assignment for the first time without any assumptions about L 9 (see 
Fig. 2) .  The X(3872) -+ p0Jj'lj; decay is dominated by S wave. A tight upper limit of 43 at 
953 C.L. is set on the fraction of D wave. 

The LHCb collaboration has also measured a ratio of radiative branching fractions, �,p = 
B(X(3872) -+ 1''¢(2381))/B(X(3872) -+ 1'J/1f;(1381) ) ,  which is considered to be a good probe of 
its internal composition 10 .  If X(3872) is the Xc(23Pi) state, �?/J should be substantial because of 
a good overlap of the 23P1 and 2381 wave functions (the same number of radial nodes) making the 
corresponding El matrix element larger than for the transition to the 1381 state. In the molecular 
model, there is no clear mechanism to enhance photon transitions to the radially excited state 
over the transitions to the ground state, which are phase-space preferred. Previously, the BaBar 
collaboration claimed �?/J to be large, albeit with the large errors 11 . The Belle collaboration, 
observed the transitions to the 1381 state with a better significance but found no evidence for 
the transitions to the 2381 state 12 .  Within the large experimental errors the BaBar and Belle 
experiments did not disagree, but pointed towards the opposite conclusions. The LHCb has 
observed both transitions with the highest significance and measured �,p = 2.48 ± 0.64 ± 0.29, 
pointing to a substantial component of the 23P1 cc bound state inside the X(3872) meson, 
possibly mixing with the four-quark structures (D0 jjO molecule or cusp, tetraquark) . 

3 Resonant Character of the Z(4430)+ State 

The long lasting dispute about the na-
ture of the X(3872) illustrates the diffi­
culties in distinguishing exotic four-quark 
formations from ordinary cc mesons for 
neutral states. This ambiguity does not 
exist for charged states decaying to char­
monia. The first candidate of this type, 
Z(4430)+ -+ '¢(28)7r+, was observed by 
Belle in the B0 -+ '¢(28)7r+ K- decays 13 .  
The BaBar collaboration could not con­
firm nor disprove the Z(4430)+ state 
with nearly an equal number of observed 
B0 decays 14 .  The LHCb experiment 
has reconstructed an order of magnitude 
larger number of B0 -+ '¢(28)7r+ K- de­
cays, and observed a 13.90" significant 
Z(443o)+ signal in the 4D amplitude 
analysis of invariant masses and decay 
angles 15 •  The mass, width and JP = 
1 + assignments agree with the latest re­
sults from the similar analysis by Belle, 
but are now established with much im­
proved errors 16 .  Thanks to the large 
data statistics, LHCb is able to probe the 
Z(4430)+ amplitude without the Breit­
Wigner ansatz. The Argand diagram ex-
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Figure 3 - Fitted values of the Z(4430)+ amplitude in six 
M(,P(2S)7r+)2 bins, shown in an Argand diagram (connected 
points with the error bars, M('lj;(2S)7r+)2 increases counter­
clockwise) . The red curve is the prediction from the Breit­
Wigner formula with a resonance mass (width) of 4475 (172) 
MeV. Units are arbitrary. 

hibits a behavior typical of a resonant bound state, as shown in Fig. 3. This is the first demon­
stration of this type for an exotic hadron candidate. Possible theoretical interpretations of 
the Z(4430)+ structure include a tetraquark 17 ,  or a D(28)+ jjO molecule 18·19 . Rescattering of 
pairs of excited D, Ds mesons has been also proposed 20, but rests on the speculation that the 
LHCb data could accommodate, within the fit uncertainties, the phase-running in the opposite 



direction to the resonance. 
Recently, the LHCb collaboration has observed B2 --+ 1/;(2S)7r+ K- decays for the first 

time 21 . The 1/;(2S)7r+ distribution does not exhibit peaking at the Z(4430)+ mass. However, 
the B2 signal statistics are at present insufficient to probe exotic hadron contributions to this 
decay at the level observed in the B0 decays. 

4 Results on Heavy-light Mesons 

As illustrated in the previous two sec-
tions, interpretations of exotic hadron 
QQqq candidates often invoke excita­
tions of heavy-light mesons, Qq (q = 

u, d, s) . Such bound states are relativis­
tic. Their fine structure has to do with 
light-quark spin-orbit coupling, Jq = Sq+ 
i, rather than coupling of the total spin 
of two quarks to the orbital angular mo­
mentum characteristic for heavy-heavy 
mesons. Semi-relativistic potential mod­
els, HQET and lattice QCD caicuiations 
have been employed to predict heavy-
light mass spectra. Many of the predicted 
excitations have not been yet observed. 
The LHCb collaboration has several new 
results on heavy-light spectroscopy. 

A Dalitz analysis of the B� --+ 
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Figure 4 - Results of the simultaneous fit to 3+71:- and 8°11:+ 
candidates in three PT intervals, displayed for the highest PT 
bin (> 2 GeV) of 8°11:+ mass. 

[JO K- 7r+ decay resolved the previously observed D;J(2860)- --+ [JO K- state to be an over­
lap of JP = 1- and 3- states, which are likely 1D1,3 cs states 22·23 .  This is the first significant 
observation of a spin 3 meson produced in B decays. The spin of D;J(2573)- state is proved to 
be 2 , in agreement with the lP2 interpretation. 

A similar Dalitz analysis of the B- --+ 

fJ+ K-7r+ decay, observed for the first 
time, confirms the spin 2 assignment � 

0 � 120 to the Dj(2460) meson (1P2 candi- _;:; 
date) 24. Only a candidate for lD1 state, 100 

0 � Di (2760) , is observed in the LHCb data 0 80 
with the present statistics. ii) 

The LHCb also has new results on � 60 
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excitations of B mesons observed in 
B+,o7r-,+ decays 25 .  Candidates for B+ 
and B0 mesons are reconstructed in one 
of the decay modes with J /1/J or D in 
the final state. Since the B7r candi­
dates are observed in prompt production, 
the backgrounds are high. Several peaks 
in M(B7r) spectra are observed. The 
backgrounds are a strong function of the 
transverse momentum of the candidates 
(PT) ,  therefore, simultaneous mass fits 
are performed in 3 different PT intervals. 

Figure 5 - Distribution of the mass difference, om = M(3g11:) ­
M(3g) - M(11:), for right-sign (points with error bars) and 
wrong-sign (hatched histogram) 2g11:± candidates in data, t<>-

gether with the fit of the 3�(*) - (lower mass peak, enlarged in 
the inset) and the 3b- (higher mass peak) states. 

In addition to the previously well established B1(5721)0,+ , B2(5747)o,+ mesons (1P1,2 jq = 3/2 



candidates), for which the mass and width measurements are improved, significant evidence for 
one or two peaks at higher mass is obtained, in the mass range expected for 280, 281 jq = 1/2 
states (Fig. 4) .  

5 Two New Beautiful and Strange Baryons 

Spectroscopy of baryons with a b quark inside is still in its infancy, with many states expected in 
the lowest L = 0 8U(3)J multiplets of bqq system still unobserved. The LHCb collaboration has 
searched for bsq states via a full reconstruction of a cascade of the strong decay, s�<*l - --+ sg7r-, 
followed by the two weak decays, sg --+ st 7r-, st --+ pK-7r+. Two new baryons are observed 
(Fig. 5) , matching the expectations for the S�(•)- (J = 1/2, jfq = 1+) and sb- (J = 3/2, 
jfq = 1 +) states 26. 

6 Summary 

Highlights of the LHCb results in heavy quark spectroscopy over the past year include: 

• The precision measurement of Xb(33P1 ) mass, and the measurement of ratios of photon 
transition rates to 'YT(l ,  2, 3381) ,  which are consistent with the expectations for pure bb 
states in spite of their proximity to the BB threshold. 

• The studies of the radiative decays of X(3872) to 'Y1/!(1, 2381) and of orbital angular mo­
mentum in the p0J/1/J decays, which point to a significant Xc(23P1) component. 

• An amplitude analysis of the Z( 4430)+ --+ 1/!(2381)7r+ contribution to the B0 --+ 1/J(2381)7r+ K­
decay confirms existence of this state. The magnitude and phase mass-variation are con­
sistent with an exotic four-quark bound state. 

• Many new results on heavy-light spectroscopy of the excitations of Ds. D and B mesons. 
Such studies are important for theoretical interpretations of exotic meson candidates in the 
heavy-heavy-light-light sector, which often invoke phenomena related to the heavy-light 
pairs. 

• The observation of two new beautiful and strange baryons, which illustrates still largely 
untapped potential of conventional, and possibly exotic, baryon spectroscopy of heavy 
quarks at the LHC. 

While many exotic hadron candidates have been observed in the heavy quark sector by many 
different experiments and colliders, a comprehensive theoretical understanding of these states is 
still lacking. In order to advance it, we are looking forward to obtaining larger data samples in 
the upcoming Run-II of the LHC and even larger gains in sensitivity with the upgraded LHCb 
detector in the years to follow. 
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We examine flavour violation in a class of two Higgs-Doublet models where there are FCNC 
at tree level, but naturally suppressed by a symmetry introduced at tree level. We examine 
how these class of models can satisfy the stringent constraints from experiment and discuss 
the prospects for discovering some of the flavour changing Higgs decays in the second rnn of 
the LHC at 13TeV. 

1 Introduction 

Higgs Flavour Violating Neutral Couplings (HFVNC) arise in Two Higgs Doublet Models 
(2HDM) 1 as well as in other extensions of the SM. There are very stringent experimental 
constraints on Flavour-Changing-Neutral-Currents (FCNC), so in order to be plausible, models 
with FCNC have to contain a mechanism to naturally suppress these couplings. In this talk, 
we analysed BGL models 2 which were suggested for the quark sector but then generalised 3 
and extended to the lepton sector 4 .  In the 2HDM there are in general three neutral scalars, in 
the Higgs basis they are denoted H0, R and I, with H0 having flavour diagonal couplings in 
the fermion eigenstate basis. On the contrary, R and I have HFVNC with a flavour structure 
which in general is arbitrary. The key feature of EGL models is the fact that the HFVNC of 
R and I are completely fixed in terms of VcKM and UPMNS matrix elements. Apart from the 
ratio v2/vl = tan(,B) , no other free parameters are introduced. This is achieved in a natural 
way through the introduction of a discrete symmetry at the Lagrangian level. Therefore, BGL 
models and their flavour structure are stable under renormalisation. Apart from restricting the 
flavour structure of the Yukawa couplings, the symmetry also restricts the scalar potential in 
such a way that CP is not violated in the scalar sector, either explicitly or spontaneously. As a 
result, the pseudo-scalar field I and the charged scalars are physical fields, while the two other 
two neutral physical fields can be expressed in terms of H0 and R through a single rotation. 

Under the assumption that the Higgs particle discovered at LHC can be identified with H0, 
we have studied in detail the experimental restrictions on EGL models, determining the mass 
ranges allowed for the new scalars 5. In particular, we have shown that in some of the BGL 



models the masses of the scalar masses can be in the range of a few hundred GeV, therefore 
within the reach of LHC-13TeV. 

2 Yukawa Interactions in BGL Models 

The Yukawa interactions in two Higgs doublet models can be written : 

J:,y = -Qi r1 <I>14 - Qi r2<I>2di - Qi b..1 <l>1ui - Qi b..2<l>2ui 
-Li II1 <I>1zi - Li II2<I>2li - Li 2:1 <l>1v� - Li I:2<!>2v� + h.c., (1) 

where I';, b..; II; and I:; are matrices in flavour space. In order for the tree level FCNC to depend 
only on VcKM , a flavour symmetry has to be introduced. Such a symmetry was introduced by 
Branco, Grimus and Lavoura 2, under which the fields transform in the following way: 

uij -+ exp ( i2T )uij , <I>2 -+ exp (iT)<I>2 , (2) 

where T io 0, n: while all other quark field transform trivially under the symmetry. The family 
index j can be chosen to be 1 ,  2, 3. One could also choose the dR to transform non-trivially 
under the symmetry: 

(3) 

The symmetry of Eq. 2 leads to FCNC in the down sector, while the symmetry of Eq.3 leads 
to FCNC in the up sector. Taking into account the three possible choices for the index j, one 
has six different BGL type models in the quark sector. One encounters an entirely analogous 
situation in the lepton sector if one also includes Dirac mass terms for the neutrinos, so one 
has altogether thirty six different BGL models. Of course, in the leptonic sector FCNC are 
controlled by the UPMNS matrix elements. 

In order to analyse the physical implications of the three neutral scalars, it is useful to 
expand the neutral scalar field around their vevs </>� = )2(vj + pj + ir]j) and define the two 
following rotations: ( Ho ) ( cos (3 sin (3 ) ( P1 ) ( H )  ( cos a sin °' ) ( P1 ) 

R = - sin (3 cos (3 p2 ; h = - sin a cos a P2 
(4) 

where tan((3) = v2/vl . It is useful to write the Yukawa couplings in terms of the quark mass­
eigenstates and the scalar fields in the Higgs basis : vf2H+ .Cy(quark, Higgs) = --

v
-u (vNd"tR - NJ V'"YL) d +  h.c. -H0 - R [ t - t J ---;;;- (uDuu + dDd d) - -,;; u(Nu'°YR + Nu'"YL)u + d(Nd'°YR + Nd'°YL) d + 

+if [u(Nu'°YR - NJ'°YL)u - d(Nd'°YR - N1"fL) d] (5) 

The matrices Nd, Nu, fix the flavour structure of the the scalar couplings to fermions. In the 
BGL models with HFCNC in the down sector, Nd, Nu are given by: 

(Nd)rs(up-type) = � (Dd)rs - (� + �) (V�KM)rj (VcKM)js (Dd)ss V1 Vl V2 
Note that no sum in j is implied. Particularising for the case j = 3, one has: 

Nu(up-type) = - �diag (0 , 0, mt) + �diag (mu, mc, O) 
V2 V1 

Entirely analogous equations hold for the case of BGL models with FCNC in the up sector. 
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3 Brief Discussion of Phenomenological Implications 

Like any multi-Higgs extension of the SM, BGL models have to satisfy the stringent constraints 
of low energy phenomenology. A thorough analysis of the thirty six BGL models was done in 5 
in the limit where the discovered scalar particle is identified with H0. We imposed the present 
experimental constraints arising from various relevant flavour observables such as neutral meson 
mixings, B -+  X8/, lj -+ ln, as well as electroweak precision data. It was verified that in some 
of BGL models all phenomenological constraints are satisfied even for scalar masses of order a 
few hundred GeV, at the reach of the next round of LHC at 13TeV. Some of the BGL models 
allow for charged Higgs masses lower than 480 Ge V which is the constraint derived from b -+ S/ 
on type II 2HDM6 This results from the different dependence that these models have on tan(/3) 

The fact that in some of the BGL models the masses of the neutral scalars may be relatively 
light in spite of the presence of FCNC, is due to the automatic suppression by small VcKM 
elements. For example, in the case of up-type models, with j = 3 ,  one can see from Eq. (6) that 
the tree-level neutral Higgs contribution to K0 - K0 transition has an automatic suppression 
of IVtdVtsl2 , which is a suppression of order .>.1° in the amplitude where lambda stands for the 
Cabibbo parameter. 

In the context of BGL models, there is the possibility that the Higgs particle h discovered at 
LHC is a mixture of H0 and R parametrised by the angle (/3 - a). There are then HFVNC of h 
which depend on tan(/3) and sin(/3 - a). An important task is to find a region in the sin(/3 - a) 
versus tan(/3) plane where rare processes like t -+ ch and h -+ µr can occur at a rate sufficient 
to discover at LHC-13 TeV 7. 
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RARE BEAUTY DECAYS AT LHCB 

F. DETTORl a 
CERN European Organization for Nuclear Research, Geneva (Switzerland} 

In this contribution we review the most recent measurements of the LHCb experiment in 
the field of rare decays of B mesons. In particular the first observation of the B� --+ µ,+ µ,­
decay, the angular analysis of B� --+ K* c+ £- decays and the test of lepton universality in 
B+ --+ K+ £+ c- decays are presented. 

1 Introduction 

Rare decays of particles with b quarks are fundamental indirect probes for physics beyond the 
Standard Model (SM).  The LHCb experiment is searching new physics in different channels with 
data collected in pp collisions at the LHC. The status of rare decay searches and measurements 
as of Moriond 2015 conferences is the following: no large deviation has been found in the most 
sensitive modes, however several discrepancies are present in various channels and observables. 
It appears clear the importance of fits to the full pattern of observables and of the possibility 
to probe many different final states. In this contribution we only review some of the recent 
measurements on rare b decays performed at LHCb. 

2 Observation of the rare decay B� -+ µ+ µ-

The rare decays B� -+ µ+ µ- and B0 -+ µ+ µ- are among the golden modes for the search of 
physics beyond the SM. In addition to the perturbative expansion suppression these decays are 
suppressed for helicity reasons. Therefore the branching fractions are predicted to be very small, 
at the level of (3.66± 0.23) x 10-9 and (1.06±0.09) x 10-10 for the B� -+ µ+µ- and B0 -+ µ+µ­
respectively. 1 

In many new physics extensions of the SM, instead, this decay is enhanced or further sup­
pressed, so that its branching fraction is sensitive to any modification to scalar or pseudoscalar 
couplings. The search for these decays has started long ago but only recently they have been 
strongly constrained. A first evidence for the B� -+ µ+ µ- decay was obtained with 2fb-1 of pp 
collisions at LHC by the LHCb experiment 2 . This evidence was confirmed by the LHCb and 
CMS experiments with the full Run I data 3,4 . 

In order to improve the statistical precision, the two collaborations performed a combined 
analysis of the two datasets; a total of 3 fb-1 and 25 fb-1 of integrated luminosity collected 
by the LHCb and CMS experiments respectively, were analysed 5. A simultaneous unbinned 
maximum likelihood fit was performed on the data, sharing observables and some nuisance 
parameters among the experiments. In particular, in addition to the branching fraction of the 
signal channels, the branching fraction of the B+ -+ J /'lj!K+ and the ratio of hadronisation 
fractions fd/ f8, were shared. 
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The fit to the combined data yielded a measurement of the B� ---+ µ+ µ- branching fraction of 
B(B� ---+ µ+ µ-) = 2.8:1:8:� x 10-9 with a signal significance corresponding to 6.2cr, representing 
the first observation of this decay. The B0 ---+ µ+ µ- branching fraction was measured to be 
B(B0 ---+ µ+ µ-) = 3.9:1:� :� x 10-10 with a signal significance of 3.2cr from the likelihood, cross­
checked with the Feldman-Cousins method, which gave a 3.0cr significance, constituing a first 
evidence for the B� ---+ µ+ µ- decay. The invariant mass distribution for this fit and its confidence 
level contours are shown in Fig. 1 .  A separate fit to the ratio of the two branching fractions 
R = ����:::�:�=l ,  yielded a measured value of R = 0.14:1:8:8� consistent with the SM predictions 
at the 2.3cr level. 

q; 16 
> � 14 
0 .::!:. 12 

CMS and LHCb (LHC run I) 

--+-- Data 
- Signal and background 

, B�-> µ+µ­
IJ°___,, µ+µ-

- - - Comb1natorial bkg. 
· · ·  Semileptonicbkg. 

- - Peakingbkg. 

Figure 1 - On the left it is shown the distribution of the dimuon invariant mass for the six most significant bins of 
the combined analysis to LHCb and CMS data 5 . On the right the confidence level contours in the two dimensional 
plane of B(B0 --+ µ+µ-) versus B(B� --+ µ+µ-). 

3 Test of lepton universality using B+ ---+ K+ g+ g- decays 

One important test of the SM leptonic couplings comes from the measurement of lepton uni­
versality in B+ ---+ K+g+g- decays. In particular the ratio of branching fractions RK = rlnax dI'[B(B+--+lf+µ+µ-)) dq2/ r�ax dr[B(B+;f+e+e- ))dq2 was measured by LHCb exploiting the qmin dq qmin q 
full Run I luminosity of 3 fb-1 6. The measurement is performed by determining the relative 
yields of the rare decays B+ ---+ K+ g+ g- with respect to the correspondent resonant channels 
B+ ---+ K+ J/'lj;(R_+R_-) and correcting for efficiency ratios. The value of this observable is pre­
dicted to be 1 with very good uncertainty in the SM 7•8 and is therefore a stringent test of its 
lepton couplings; any significant deviation from unity can be interpreted as a sign of new physics 
contributions. 

LHCb measured RK for B+ ---+ K+R_+g- decays with q2 = m�+f- E [1, 6]GeV2 /c4 . Different 
trigger strategies were used and the different measurements were compatible and combined. 
The final result obtained was RK = 0.745:1:8:8�� (stat) ± 0.036(syst) , which is the most precise 
measurement to date of this quantity. This value of RK is compatible with the SM predictions 
at a level of 2.6cr and stimulated some discussion from the theoretical point of view, which we 
do not review here; however as an example, it was suggested that if confirmed would point to 
new physics violating also the lepton flavour conservation. 9 Further tests of lepton universality 
and lepton flavour violation are being performed by the LHCb experiment in order to shed some 
light on this possibility. 

4 Angular analysis of B� ---+ K* g+ g- decays 

The rare decays B� ---+ K*f,+g- are not only sensitive probes of NP through their rates, but 
most prominently through their final state angular distributions. The angular distribution of 
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the four final state particles can be fully characterized by q2, defined as above, and by three 
angles n = (fh, OK, ¢>) 10 •  The CP averaged angular distribution for a q2 bin can be written as: 

1 d3(r + r) g [3 . 2 2 1 . 2 
( )/d 2 � = - -4 (1 - FL) sm OK + FL cos OK + -(1 - FL) sm 0K cos 20g 

d r + r q dn 327r 4 
-FL cos2 OK cos We + S3 sin2 OK sin2 Be cos 2¢; + S4 sin WK sin We cos ¢; +  S5 sin WK sin Og cos <f> 

+�AFB sin2 eK cos ee + S1 sin WK sin Be sin </> +  Ss sin WK sin We sin </> +  Sg sin2 eK sin2 Og sin 2</>] 

where S;, FL and AFB are GP-averaged observables. Any contribution of physics beyond the SM 
can modify the value of these observables and their dependence with q2, so that these channels 
are sensitive to any change in the intermediate particles couplings. 

In the following we summarize the most recent results from LHCb on the B� --+ K*f+c­
channels with /!, being an electron or a muon. 

4.1 B� --+ K*e+e-

An angular analysis to the B� --+ K*e+e- channel was performed on the full Run I dataset of 
3 fb-1 for events with very low q2 ( E [0.002, l .120]GeV2 /c4) 11 , being therefore sensitive to right 
handed currents in the intermediate photon exchange. Due to the small statistics, part of the 
dependence on the angle </> was cancelled by the variable transformation </> --+ ¢> + 7r for ¢> < 0, 
so that four angular observables are measured: FL, Af , A� and A¥) b . 

The distributions of the three angles are shown in Fig. 2 superimposed with the full fit to 
the data and the various components. The results of the angular observables are reported in 
Table 1 and show good agreement with the SM prediction from Ref. 12 . The constraints from this 
decay to right handed currents are currently more precise than the ones from the correspondent 
radiative mode Bd --+ K*/· 

Table 1: Results on B� -+ K* e+ e- angular observables as measured by the LHCb experiment 11, compared to 
theoretical predictions fr_o_m_R_e_f._1_2 _________________ _ 

Observable Measurement 

+0.16 ± 0.06 ± 0.03 
-0.23 ± 0.23 ± 0.05 
+0.10 ± 0.18 ± 0.05 
+0.14 ± 0.22 ± 0.05 

SM prediction 

j Daw % 2.f- l_.::r:=f4=-t---J-.:::j._�i-=<=-i-< - Model 

(1) 

� 20 · · ·  B'! � K"Oe•e-
'1 

� :: � .. ... 

•, ' 
HradJ 

Combinatorial 

Figure 2 - Angular distributions for B� -+ K*e+e- events as measured by LHCb, together with the various fit 
components (see legend) . 
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4.2 B� -t K* µ+ µ-

The B� -t K* µ+ µ- decay is a golden channel for the search of NP as to the already described 
sensitivity to various couplings adds the ease of detection of muons. LHCb has recently updated 
its previous study of this decay 13,14 by analysing the full dataset 15. With respect to the previous 
results, owing to the enlarged statistics it was possible to perform a full angular analysis which 
allows to estimate all the GP-averaged observables simultaneously. furthermore the fit was 
performed simultaneously also to the K 7r mass in order to disentangle the S-wave component 
and the K* resonance. 

The fit to the angular observables was performed in bins of q2 and the results are shown 
for selected observables in Fig 3. The full results are reported in Ref. 15 which also contains a 
full covariance matrix of the measured observables which allows to insert these measurements 
in global fits. 

Most of the observables are in very good agreement with SM expectations. The observable 
AFB is good agreement with the SM, though it is consistently below the prediction in several 
bins. The measurement of the observable P� = 85/ J FL(l - FL) (less sensitive to form-factor 
effects 16) is, consistently with previous publication 14, distant from the SM prediction in some 
bins. In particular the deviation corresponds to 2.9o- for both bins of q2 E [4 .0, 6.0]GeV2 /c4 and 
E [6.0, 8.0]GeV2/c4, for a naively combined significance of 3.70-. 

�r::.. 0.5 "� I r++ IR Cb LHCb 
-+- 0.8 preliminary preliminary 

0.6 •SMfromABSZ + SMfromDHMV 

+ 
LHCb 0.4 

++ preliminary -0.5 + •sM n-om ABSZ 
0.2 

-0.5 
IO J5 00 IO 15 ·\) IO J5 

q2 [GeV2/c4] q2 [Ge y2/ c4J q2 [GeV2/c4] 

Figure 3 - Distributions of selected angular observables measured in the B� ....; K* µ+ µ- decay by LHCb 15• Data 
points are shown in black while theoretical predictions are shown in purple and orange for Ref. 17'18 and Ref. 19 , 
respectively. 
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B ---+ K* µµ: theory interpretation 
or A hitchiker's guide to B ---+ K* µµ optimised observable$' 

S. Descotes-Genon1 , L. Hofer2, J. Matias2 and J. Virto3 
1 Laboratoire de Physique Theorique, CNRS/Univ. Paris-Sud (UMR 8627) 91405 Orsay Cedex, Prance 

2 Universitat Autonoma de Barcelona, 08193 Bellaterra, Barcelona 
3 Theoretische Physik 1, Naturwissenschaftlich-Technische Fakultat, Univ. Siegen, 57068, Germany 

We discuss the role and advantages of the different B -+ K* µµ optimised observables, defined 
to have little sensitivity to hadronic (form factor) input. We focus on the sensitivity of each 
observable to short-distance Wilson coefficients. 

1 Motivation and interest of B ---+ K* µµ 

Flavour-Changing Neutral Currents (FCNC) have been prominent tools in high-energy physics 
to search for new degrees of freedom, due to their quantum sensitivity to energies much higher 
than the external particles involved. In the current context where the LHC has discovered a 
scalar boson completing the Standard Model (SM) picture but no additional particles that would 
go beyond this framework, FCNC can be instrumental in order to determine in which direction 
to look for New Physics (NP). One particularly interesting instance of FCNC is provided by 
b ---+ s££ and b ---+ S/ transitions, which can be probed through various decay channels, currently 
studied in detail at the LHC, in particular at the LHCb and CMS experiments. 

Indeed, recent experimental results have shown interesting deviations from the Standard 
Model. In 2013, the LHCb collaboration announced the measurement of angular observables 
describing the decay B ---+ K* µµ in both regions of low and large-K* recoils 1 . Two observables, 
P2 and P�, were in significant disagreement with the SM expectations in the large-K* recoil 
region 2 . A few months later, an improved measurement of the branching ratio for B ---+ K µµ at 
large recoil turned out to be on the low side compared to theoretical expectations 3, as well as 
the branching ratios of B ---+ K* µµ and B8 ---+ ¢µµ at low recoil 3,4,5 . Another measurement has 
also raised a lot of attention recently, namely RK = Br(B ---+ Kµµ)/Br(B ---+ Kee), measured 
by LHCb, and showing a significantly lower result than its SM prediction equal to 1 (up to 
a very good accuracy) 6. In the Moriond 2015 conference, a new analysis of B ---+ K* µµ was 
presented with an extended data set (3 fb-1 ) ,  confirming the pattern of deviations observed 
with a restricted set of data 7. 

The presence of very different scales for the external states (at most 0 ( mb)) and the internal 
degrees of freedom ( 0 ( Mw) or above) allows for model-independent analyses relying on the 
effective Hamiltonian approach. The latter is obtained by focusing on b ---+ s transitions and 
integrating out all heavy degrees of freedom, leading to (in the case of the SM) : 

1i5M=-� { vtb"\1t� [C1Qf + C2Q� ;J:�
1
�iQi] + vtuV:s [C1 (Qf - Qt) + C2(Q� - Q�)] } ( 1 )  

"Based o n  talks given by J .  Matias at Moriond 2015 Electroweak session and by S .  Descotes-Genon at Moriond 
2015 QCD session. 
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up to contributions suppressed by additional powers of mb/ Mw. The Wilson coefficients Ci 
describe the short-distance physics (function of m1, mw . . . in the SM) whereas the local opera­
tors Qi correspond to long-distance physics involving only light/soft degrees of freedom. In this 
framework, b -+  s transitions are mainly described by Q7 = e/(47r)2saµv(l + 75)Fµv b, related to 
the emission of a real or soft photon, Q9 = e2 /(47r)2s7µ(l - 75)b l7µe involved in b -+  sµµ via 
the emission of a Z boson or a hard photon, and Qlo = e2/(4?r)2s7µ(l - 15)b l'Yµ'Y5e involved 
in b -+ sµµ via the emission of a Z boson. The value of the Wilson coefficients can be obtained 
by matching the SM at a high-energy scale µo = O(mt) and evolving down at µref = O(mb) 
(usually 4.8 GeV, with typical values cfM = -0 .29 , c�M = 4.1, CfoM = -4.3) . 

The presence of NP can alter this picture by modifying the value of the Wilson coefficients 
C1,9,10 , but also by allowing new long-distance operators Qi, which would be very suppressed 
or absent in the SM. This yields the chirally-flipped operators Q7' ,9',10' (obtained for instance 
by a heavy spin-1 boson coupling to right-handed fermions), scalar and pseudoscalar operators 
Qs,S',P,P' (induced, e.g., by the exchange of charged scalar or pseudoscalar Higgs-like bosons) or 
tensor operators QT,T' (allowed in principle, but difficult to generate in viable models) .  These NP 
contributions are expressed as Ci = cfM +8Ci at µref· An accurate extraction of short-distance 
physics requires a good understanding of long-distance physics, and in particular QCD effects. In 
some kinematic configurations (either low or large recoil of the K* meson), one can use effective 
theories to separate soft and hard physics, in order to build observables with a limited sensitivity 
to hadronic uncertainties, or so-called optimised observables s,9,t0,ll,l2 . Additional studies have 
been performed in order to assess long-distance effects that could contribute, in particular the 
charm resonances and loop contributions, the form factors, and the power corrections in the 
effective-field theory approach 13•14•15 . These elements have been combined in global fits of 
b -+ see Wilson coefficients, with different sets of observables and statistical approaches 16•17•18 . 
They point towards a large negative contribution to Cg, amounting to 25% of its SM value, 
leaving open the possibility of large contributions to other Wilson coefficients. 

Each optimised observable does play a different role in such fits, pulling the Wilson coeffi­
cients in different directions in order to increase the agreement of predictions with LHCb data 
compared to the SM result . We are going to review their role in this proceeding. 

2 B -+ K* µµ observables: Optimised basis 

Due to its particularly rich kinematics 19, the B -+ K* µµ decay provides 12 angular coefficients, 
corresponding to interferences between 8 transversity amplitudes, generally labelled in relation 
to the polarisation of the K*-meson and/or the chirality of the dilepton pair (A�f1 1 and At, As) .  
However, i f  lepton masses or scalars are not considered, not all angular coefficients carry inde­
pendent information: the corresponding redundancies can be worked out thanks to the analysis 
of symmetries of the transversity amplitudes that leave the angular coefficients invariant 20•21 . In 
this scenario one can show that only 8 independent observables can be built, out of which 6 op­
timised observables can be chosen, namely P1 , P2 , P3, P�, Pf,, P�. The remaining two observables 
can be chosen, for instance, to be the (differential) branching ratio and longitudinal polarisation. 
For a complete phenomenological description, the previous set of P-wave observables should be 
complemented with a set of S-wave independent observables22•23•24 associated to B -+  K0µ+ µ­
where K0 is a broad scalar resonance. We will now focus on the optimised observables of the 
P-wave sector, which exhibit the largest sensitivity to short-distance physics. 

2.1 P1 or Af 
The definition in terms of amplitudes is 8 

(2) 
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where in this definition and all the following ones, it should be understood that each term has 
associated the corresponding CP conjugated term, with the notation JA; J2 = JAf J2 + JAfJ2 + 
JAfJ 2 + JAfl'.J2 . Lepton, scalar and tensor terms are neglected. This observable is particularly 
suited to detect the presence of right-handed currents. The left-handed structure of the SM 
implies that the s quark produced in the decay of the b quark will be in a helicity state of 
-1/2 (neglecting the s-quark mass). The combination of the s quark with the spectator quark 
generates a K*-meson with helicity -1  or 0, but not +l. The suppression of H+1 = (A_L + 
A11 )/VZ � 0 implies A_L � -A11 and consequently PfM � 0. Deviations from this prediction 
would signal contributions from a new right-handed structure. In Table 1 we present how 
(P1) [0.1,0.98] , (P1) [6,8] and (P1) [15,19] are affected by shifting one Wilson coefficient at a time. Only 
significant changes are indicated, and shifts improving the agreement with data are indicated 
in boldface. As expected, changing Wilson coefficients for SM operators (not carrying a right­
handed structure) does not induce any sizeable shift. The first bin of P1 exhibits the largest 
sensitivity to C�. Contrary to most observables, P1 is also rather sensitive to New Physics at 
low recoil. 

2.2 P4 

The definition is 11•12 

(3) 

Together with Pf,, this observable establishes bounds on P1 or enters in consistency relations. 
In particular, the bound 

(4) 

works very efficiently in two bins: [6,8] and low-recoil. In the first case, the preference of data 
for P4 2". 1 in the [6,8] bin requires Pi :::; 0, in agreement with 2015 data (notice that in 2013 
data P1 was positive in the bin [4.3,8.68] ) .  In the second case, taking the central values of the 
low-recoil bin as an illustration, one finds that -0.54 :::; P1 :::; -0.44 again in the right ballpark 
as compared to the measurement P1 � -0.50. Strictly speaking, this is a bound on the unbinned 
observables, but they can be adapted for binned observables in the case where the observables 
are slowly varying with q2, providing important cross-checks among the LHCb measurements. 

2.3 P2 

The definition is 12•10 

(5) 

This observable is the optimised and clean version of the forward-backward asymmetry, and it 
was originally 10 called A?? = 2P2 . It highlights the correlation among AFB and FL, with a 
low sensitivity to choices of form factors compared to these observables. Indeed, the prediction 
for AFB and FL depends strongly on the parametrisation of form factors used, and the ratio 
of errors between two commonly used parametrizations, for some bins of AFB or FL can be as 
large25 as a factor 3 or 4. On the contrary, in the case of P2, besides a shift in central values due 
to the different central value predictions of the form factors (induced by leading-order power 
corrections included in our predictions) , the ratio of errors is near one showing its robustness 
and low dependence of this observable on the details of the parametrization. 

The observable P2 contains three relevant elements of information: the position of its zero 
q5 , the position qf of its maximum, and the value of P2 at qf . At leading order, assuming no 

9 1  



Table 1 :  Impact for a given observable of the shift of  one of  the Wilson coefficients by an  amount JC, (the other Wilson coefficients keeping their SM value) . The first row corresponds to the variation due to a positive shift JC, and the second row to a negative shift by the same amount. The changes improving the agreement of predictions with the 2015 LHCb data are written in boldface. Double "-" means variations below 0.03, only those in (P2) 12.5,41 are provided explicitly. 

(P1)10.1 ,o.98J loC1I = 0.1 loC9 1 = 1  li5C1o l  = 1 loC1' I = 0.1 loCg, I = 1 loC10' I = 1 
+1oc, 1 - 0.53 -0.05 - 1oc, 1 +0.52 +0.05 
(Pi )[e,s] loC1I = 0.1 li5Cg l = 1 l<1C10 I  = 1 loC1' I = 0.1 l oCg' I = 1 li5C10' I = 1 
+loC, I +0.1 1  +0.16 -0.37 -loCd -0.12 -0.16 +0.37 

(P1 )11s,19J li5C1I = 0.1 loC9 1 = 1  loC1o l  = 1 loC1' I = 0.1 loCg, I = 1 loC1o' I = 1 
+loCd +0.03 +0.15 -0.14 - 1oc, 1 -0.03 -0.11 +0.19 

(PD16,sJ loC1 I  = 0.1 loC9 1 = 1  l'5C1ol = 1 loC1, I = 0.1 loCg' I = 1 loC10' I = 1 
+1oc, 1 +0.04 -0.11 -0.10 +0.17 - 1oc, 1  -0.05 +0.09 +0.10 -0.20 

(PD11s,19J loC1I = 0.1 li5Cg l = 1 loC10I = 1 loC1, I = 0.1 loC9' 1 = 1  loC10' I = 1 
+1oc, 1 -0.06 +0.05 -loCd +0.04 -0.08 

(P2)12.5 ,4J loC1I = 0.1 loCg l  = 1 li5C10I = 1 loC1' I = 0.1 loC9, I = 1 loC10' I = 1 
+ loC, I  -0.31 -0.21 +0.05 -0.01 -0.01 -0.02 - loCd +0.19 +0.15 -0.04 -0.03 

(P2)[6,8J loC1I = 0.1 loC9 I  = 1 li5C10 I  = 1 loC1' I = 0.1 loC9, I = 1 loC10' I = 1 +loC; I -0.07 -0.09 -0.06 
-1oc, 1 +0.1 1  +0.17 +0.05 

(P5)p,.9s] loC1I = 0.1 loC9 1 = 1  loC10 I = 1 loC1, I = 0.1 loCg, l = l  li5C10' I = 1 
+loC, I -0.07 -0.10 -0.08 -0.23 +0.08 +0.09 -loCi l  +0.04 +0.11 +0.05 +0.16 -0.07 -0.13 

(P5)[4,6J loC1I = 0.1 loCgl = 1 li5C10I = 1 loC1' I = 0.1 loCg' I = 1 loC10' I = 1 
+ loCil -0.1 1  -0.15 -0.10 -0.1 1  -0.06 +0.21 - loCi l  +0.16 +0.28 +0.09 +0.15 +0.10 -0.21 

(P5)[6,8] loC1I = 0.1 loCgl = 1 li5C10 I = 1 loC1' I = 0.1 loCg' I = 1 loC10' I = 1 +loC, I -0.04 -0.07 -O.D7 -0.08 -0.08 +0.19 - loCi l  +0.07 +0.19 +0.09 +0.10 +0.11 -0.18 
(P5)[15,19J loC1I = 0.1 loCgl = 1 li5C10 I  = 1 loC1, I = 0.1 loCg' I = 1 loC10' I = 1 

+ loCi l -0.03 -0.11 +0.12 -loC; I +0.06 +0.03 +0.03 +0.10 -0.14 
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Figure 1 - Set of optimised B -+ K• µµ observables: crosses represent the latest LHCb results and boxes our SM 
predictions computed using KMPW form factors and including a long-distance charm contribution. 



contribution from right-handed currents, i.e. , Ci = 0 the first two quantities are given by: 

(6) 

where for the position of the maximum we have neglected a term of O(Im( ct)2) following 22. 
These expressions illustrate that a NP contribution to Cg and C7 would shift both the zero 
and the maximum of P2 , but with a different magnitude. The position of the maximum can 
be also shifted via a C10 contribution. It was found in 10·22 that a NP contribution to the SM 
Wilson coefficients C7,9,10 can only shift the position of the maximum but not the value of the 
observable that is fixed at P:{'ax = 1/2. On the contrary, the presence of NP contributions 
into the chirally flipped operators would reduce the maximum below 1/2, though not by a large 
amount. Unfortunately, a fluctuation of the (FL) [2.5,41 bin has induced a large experimental error 
in the corresponding bin of P2, and the discussion remains inconclusive for the moment. 

In Table 1 we show the sensitivity to shifts of Wilson coefficients in the [6,8] bin. The 
sensitivity of this observable to NP at low recoil is small. At large recoil, one should remark 
that the same shifts of the Wilson coefficients moving (P2) [6,81 towards data also improves the 
agreement of (P2) [2.5,41 with data (assuming that data is above the SM) except for C10 (whose 
impact is small in any case) . On the other hand, chirally flipped coefficients (positive or negative) 
shift down the value of the observable in this bin (though by a relatively small amount). 

Finally; P2 offers further consistency checks based on the relation 26 

P2 = � [P�P5 + V(-1 + P1 + P�2)(-1 - P1 + P52)] . (7) 

The first check stems from the reality of the square root in the previous equation. If we take a 
bin where P2 = -E (with E > 0), one must have 

(8) 

Considering the [6,8] bin and taking the central values (P2) r6,81 � -0 .24 = -E and (PD r6,s] � 

1 .20, one obtains (P5) r6,s] � -0 .4 , in fair agreement with the measurement (P5) r6,s] � -0.5. 
More generally, eq. (8) implies a specific order25 for (P2) r6,81 and (P5) r6,s] which is nicely fulfilled 
by the current data. A similar reasoning holds in the [4,6] bin. 

A second check is related to the zero in eq. (7). At the position q5 of the zero of P2 (or AFB) 
the following relation should be fulfilled 26: 

(9) 

with 17(q6) = [P[ + P1 (P�2 - P52)]q2=q� · If we consider the [4,6] bin, (P2) r4,61 is close to zero. 
As an illustration, let us assume that q5 is near the center of the bin, i.e., 5 GeV2 (this will be 
measured with precision using the amplitude method analysis27) .  Considering the central values 
as a raw estimate to test this relation (P5) r4,61 � -0.30, (P�) [4,61 � +0.90 and (P1) r4,61 � +0.18, 
the left-hand side of eq. (9) yields 0.90 while the right-hand side is 0.84. Even though there is 
a good agreement, let us remind again that this relation is valid for the unbinned observables 
and so the binning induces an error, besides the necessary inclusion of the error bars. 

2.4 P5 
The definition is 11 •12 

pS 
= v'2 Re(A�AJ:* - A�Af*) 

J1Ao l2 ( IAJ_ l2 + IA11 l2) 
(10) 

In the current data from LHCb, this observable exhibits the largest deviations with respect 
to the SM prediction in some bins, the so-called "anomaly" 2 illustrated in Fig. 1. Interestingly, 
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this observable can receive large NP contributions without spoiling the good agreement of P4 
data with SM predictions: in Table 1 the large impact of a variation of Cg in P5 corresponds to 
a negligible effect on P4 in the [6,8] bin. 

Two mechanisms may enforce a larger impact of NP in P5 with respect to P,j. The first 
mechanism consists in weakening the suppression of the right-handed amplitudes with respect 
to the left-handed amplitudes, in order to profit from the relative minus sign between the two 
terms in the numerator of P5 (compared to the plus sign in P4) .  The SM suppression of the 
right-handed amplitudes is due to the numerical coincidence cgM � -CrJ", which is altered 
if only one of the two coefficients, say Cg, receives a NP contribution. The second mechanism 
consists in introducing a NP contribution reducing the size of A.l'. in the numerator but keeping 
the other transversity amplitudes untouched, leading to a significant (minor) change in P5 (P,j) . 

In Table 1 we show the sensitivity to shifts of Wilson coefficients for the [4,6], [6,8] and 
low-recoil bins. One notices the large sensitivity of (PD [6,81 to an additional c§!P as compared 
to (P4)[6,s] > in agreement with the data. Moreover, all Wilson coefficients have a large impact in 
this bin as compared to other bins and observables. Similar results are found for (P5)[4,6i . The 
first large-recoil bin exhibits an interesting sensitivity to c7, even though lepton mass effects 
24•28 affect this first bin (as well as other observables in the same bin) . At low recoil, (P5) [15,1gl 
is more sensitive to NP than other observables in this region, but not as much as at large recoil. 

2.5 P3, P6 and P� 

The last optimised observables are defined as 11•12 

and 

p� 
= 

-v'2 Im(A� A_t* + Afj-Af*) 
J1Ao l2 ( IA.l l2 + IA11 l 2) 

(11 )  

(12) 

They are mainly sensitive to phases (strong or weak, SM or beyond) . A more direct test of 
new weak phases is the measurement of the PPP observables 12 . Present data is compatible 
with the SM with large error bars including local fluctuations (up to 2 <J for some of the P6 
measurements) that are expected to disappear with more data. This set of observables also are 
required to fulfill bounds such as : P�2 - 1 :s; P1 :s; 1 - P62 (following the same reasoning as the 
bounds in 26) .  

3 Conclusion 

Optimised observables for B -+ K* µµ play a prominent role in the search for NP in b -+ s tran­
sitions. Several analyses have been performed, including some presented at this conference. Our 
own analysis following our earlier work2 is under way28, including experimental and theoretical 
correlations (they were not included in our results presented at the Moriond 2015 sessions) . This 
study must be performed carefully in order to gauge the impact of correlations for the analysis 
at different levels (soft form factors, power corrections . . .  ) . 

We will consider the above optimised observables, as well as the branching ratios of B -+ 
Kµµ, Bs -+ µµ, B -+  X8/, B -+  Xsµµ, together with observables related to B -+  K*1 (SK*"f 
and A1 ) . The list of observables to be included is not closed yet: for instance, electronic modes 
should also be considered 2g . We will take advantage of new determinations of form factors 30 
and improved studies of charm effects. This should yield a more complete picture of the Wilson 
coefficients describing radiative b -+ s transitions, and hopefully, this will allow us to disentangle 
Standard Model and New Physics contributions in these decays. 
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What we learn from SU(2) x U(l) gauge invariance about model independent 
parametrization of new physics {in rare B decays) 

RODRIGO ALONOSO, BENJAMIN GRINSTEIN' AND JORGE MARTIN CAMALICH 
Physics Department, University of California, San Diego, 9500 Gilman Dr. 

La Jolla, CA 92093-0319, USA 

Effective field theory is ubiquitously used to parametrize the effects of new physics at low 
energies. When the new physics has a mass gap above the electroweak scale the effective 
theory is constrained by the requirements of gauge invariance under the electroweak group. 
We show this gives relations among the coefficients of the low energy effective Lagrangian. It 
also leads to relations between low and high energy processes. The results are used to severely 
constraint the Lagrangian for flavor changing neutral processes in rare B decays. In particular 
terms that can be used to explain the RK anomaly are severely restricted. 

1 Introduction 

Now that the higgs boson has been discovered1 it seems likely that the Standard Model (SM) of 
electroweak interactions is a good approximation to the correct description of physics at energies 
up to that of the electroweak scale. In fact, since the LHC has not seen new particles it is likely 
that any physics beyond the standard model (BSM) is characterized by a higher energy scale, 
A >  Mw, or even A »  Mw. Hence, for this talk we assume BSM physics is comprised of new 
degrees of freedom with a mass gap above the electroweak scale, and that the physics below that 
scale is described by an effective theory consisting of the SM supplemented by interactions that 
take the form of higher dimension operators characterized ( "suppressed" ) by appropriate powers 
of the scale A. In so doing we are assuming that the electroweak gauge group, SU(2) x U(l) is 
linearly realized. There is a higgs doublet field, and its expectation value is responsible for the 
masses of electroweak vector bosons and of quarks and leptons. 

If we are agnostic about BSM physics, and assume only that it is characterized by a scale A 
above that of the low energy physics characteristic of decays of B mesons, we can characterize the 
BSM interactions by terms in the Lagrangian of dimension higher than 4 suppressed by powers of 
the scale A. This effective Lagrangian description must comply with the requirements of unitarity 
(hermiticity of the Hamiltonian) , locality, Lorentz invariance and symmetry under the unbroken 
gauge symmetry group, SU(3)c for color and U(l)em for electromagnetism. We will show, 
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by explicit construction, that this low energy effective theory can contain more independent 
interactions that a setup characterized by linearly realized electroweak symmetry below a scale 
A » Mw allows.2 We will do so only for a limited sector of the theory, that pertaining rare B 
decays. The method, of course, can be applied to other sectors of the low energy Lagrangian, 
say, rare K decays. But we have chosen the case of rare B decays both for concreteness and 
because it allows us to address some recent measurements that indicate deviations from SM 
expectations, such as in the ratio RK of the rate for B -+ K µµ and B -+ Kee. 

2 The low energy effective theory 

The low energy EFT Lagrangian respects SU(3)c x U(l)em and is built from the SM content 
save for the heavier fields: W, Z and Higgs bosons, and the top quark. To leading order in 
Gp = 1/(v'2v2) the effective Lagrangian for b..B = 1 processes is 3 

(1)  

with Aps = Vpb �*s· The operators Of,2 , 03, . . .  ,6 and Os do not contribute to Bs -+ ll and their con­
tribution to B -+ K( * l ll requires an electromagnetic interaction. We focus on the electromagnetic 
penguin, 07 = (4!)2mb[saµvpR b]Fµv and the semileptonic operators, 09 = � [8/µPLb] [Z,,,µz] 

2 -
and 010 = (4':,)dsrµPLb] [l1µ1slJ , where b, s, l stand for the bottom and strange quarks and a 
charged lepton, respectively, Fµv is the photon field strength, and PR,L = (1 ± /s)/2 . 

In addition, BSM physics can generate chirally-fiipped (bL(R) -+ bR(L) )  versions of these 
operators, 07, ... ,lO• and also four scalar and two tensor operators� 

(2) 

(3) 

There are only two possible non-vanishing tensor operators because (laµvpRz)(sa1,,,PLb) = 

(laµvpLz)(saµvPRb) = 0 identically. These, together with 07,9,10 and 07,9,10 constitute the 
most general basis for the Lagrangian describing Bs (semi-)leptonic rare decays at order Gp. 
The 12 coefficients in the EFT Lagrangian of these distinct operators are a priori independent. 
As we will see, if our BSM assumptions hold the number is reduced to 8. 

3 The High Energy Effective Lagrangian 

We now assume the operators appearing in the effective Lagrangian are generated by physics at 
a scale A »  Mw so they are manifestly SU(3)c x SU(2)L x U(l)y invariant. It is constructed 
from gauge fields, chiral fermions doublets qL = (uL , dL)T, £.L = (vL , lL)T and singlets UR, dR 
and eR, and since we assume the symmetry is linearly realized, the Higgs doublet H. In the basis 
in which the down-type Yukawa matrix is diagonal we write qd = ( UjL �d' dL), q8 = ( UjL �� , BL) 
and qb = (ujL�i,, bL) ·  

For rare B decays the leading BSM corrections are from operators of dimension 6 .  The 
effective Lagrangian takes the form CssM = p L; C;Q;. The operators that are relevant 
to the study of rare (semi-)leptonic decays in the Bq system are either dipole-like, Qdw = 

g2(iJsaµvbR)T1H WJv, QdB gi (iJsaµvbR)HBµv, Q�W g2HtT1(sRaµvqb)WJv, Q�B = giHt(sRaµv qb)Bµv, Higgs-current times fermion-current, Qg� = (Ht /jJ µH) (iis/µ%), 
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Q��) = (l"(µf) (fls'/'%),  
Qu = (f"fµf)(s"(µbR) ,  

Qeedq = (llR) (BMb) ,  

Q(3) ("ii I") ( - µ I ) Rq = <-"fµT <- qs"( T qb ' 
Qqe = (iis'Yµqb) (l"{µzR) ,  

Qed = (lmµlR) (s"fµbR) ,  
Qledq = (iJsbR) (lRf), 

(4) 

where color and weak-isospin indices are omitted and T1 stand for the Pauli matrices in SU(2)L­
space. 

This Lagrangian cannot be compared still with that of Eq. (1); one has to integrate out the 
heavy degrees of freedom, i. e., Z, W, t and H, and run it down to µb. The first step yields four­
fermion and dipole operators of the low energy EFT. Remarkably, no new tensor-like operators 
(3) appear after integration of W and Z bosons at leading order. By contrast, new contributions 
to the coefficients of 0�)10 are indeed generated. 

Explicitly, the conn�ction with the Lagrangian of Eq. (1) , at the scale Mw is, for scalar and 
tensor type operators, 

47r2 v2 C1 = -C� = 2\A2C£edq, e "-ts 

[t lt 47r2 V2 I Cs =  Gp = 2'A2cledq' e Ats 
(5) 

There are similar expression for the dipole and current-current type of leptonic operators which 
we have given elsewhere.2 Equation (5) shows explicitly what has been advertised in the intro­
duction: {i) Some operators cannot be generated in the EFT (Cr = Crs = 0). {ii) There are 
correlations between nonvanishing coefficients (Cs = -Gp and Cs = C�) .  {iii) The contribu­
tions to some EFT coefficients may be subject to constraints arising purely from high energies 
(e.g. , Q�fv, Q�1, QHq and QHd contribute to flavor-violating Z and H decays) .  

4 Some consequences in rare B decays 

The branching fractions Bq£ for the decays B� -+ z+z- have been precisely predicted.5 The 
muonic modes have been recently measured by LHCb and CMS? BSM physics gives deviations 
from unity in the ratios 

-R = Bqz � ICs - c;,12 1
1 _

Gp -c� 1 2 ql (- ) - 2 + ' 
f3ql SM rql Tql (6) 

where rqz = 2mz (mb + mq)Cf0M /m�. - We neglect C�0 for simplicity. The decay rate is only 
sensitive to the differences (Gp - C�) and (Cs - Cs) so the sums, (Gp + C�) and (Cs + C8), 
need to be constrained through other means. But using, from this work, Eq. (5) in Eq. (6) : 

-R ICs - C812 I Cs + c;, 1 2 ql � 2 + 1 - ---� 
rql Tq[ 

The resulting bounds are shown as contour plots in Fig. 1 .  

(7) 

The scalar operators contribute to the total decay rates B -+  K<*lz+z- ,  providing another 
experimental input to resolve degeneracies. In practice, however, any sensitivity is blurred by 
the SM contribution which depends on quite uncertain hadronic form factors 9• As an example, 
the coefficient Ig(q2) in the angular distribution in the K* mode is directly proportional to the 
combination ICs - C812 , and it is a null test of the SM 10•9 but the contribution is suppressed 
by mz so that the observable is not competitive with purely leptonic decays. 
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Figure 1 - Form left to right: limits at 68% and 95% C.L. on the scalar Wilson coefficients from B, --+ µ+µ-, 
Bd --+ µ+µ- and at 95% C.L. from B, --+ e+e-, Bd --+ e+e- , using data from LHC 6•7 and the Tevatorn.8 

Lepton (non)-universality. The LHCb collaboratiod1 has reported 

_ Br ( B+ -+ K+ µµ) +o.ogo RK = Br (B+ -+ K+ee) = 0.745_0_074(stat) ± 0.036(syst). (8) 

in the [1, 6] GeV2 bin. The deviation of RK from unity has 2.6a significance. Bobeth et al4 show 
that sizable scalar operators may produce large effects in RK. Our bounds from Bq -+ ee exclude 
the possibility of scalar operators accounting for (8) : at 953 C.L. we find 0.982 < RK < 1 .007. 

In light of this and the absence of tensors, we conclude that a large lepton universality 
violation in RK may only be produced by the operators o�') and oi2 ' One possibility is a sizable 
and negative effect in C9 affecting only the muonic mode, &Ct = -1 ,  yielding RK "" 0.79. In 
the next talk, S. Descotes-Genon will argue that &Ct = -1  is necessary to understand other 
aspects of the current b -+ sµµ data set.12 
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Explaining the LHC flavour anomalies 

ANDREAS CRIVELLIN 
CERN Theory Division, CH-1211 Geneva 23, Switzerland 

The LHC observed deviations from the Standard Model (SM) in the flavour sector: LHCb 
found a 4.3 fJ discrepancy compared to the SM in b -+ sµµ transitions and CMS reported a non­
zero measurement of h -+ µT with a significance of 2.4 fJ. Here we discuss how these deviations 
from the SM can be explained, focusing on two models with gauged L,, - LT symmetry. The 
first model contains two scalar doublets and vector-like quarks while the second one employs 
three scalar doublets but does not require vector-like fermions. In both models, interesting 
correlations between b --+  sµµ transitions, h --+  µr, and T --+ 3µ arise. 

1 Introduction 

The LHC completed the SM by discovering the Brout-Englert-Higgs particle 1•2 . While no 
significant direct evidence for physics beyond the SM has been found, the LHC did observe 
'hints' for new physics (NP) in the flavor sector, which are sensitive to virtual effects of new 
particles and can be used as guidelines towards specific NP models: h --+  µT, B --+  K*µ+µ- , 
Bs --+ ¢µ+ µ- and R(K) = B --+  Kµ+ µ-/ B --+  Ke+e-. It is therefore interesting to examine if 
a specific NP model can explain these four anomalies simultaneously. In Refs. 3A, two variants 
of such a model were presented, which we want to review here. 

LHCb reported deviations from the SM predictions5•6 (mainly in an angular observable called 
P� 7) in B --+ K* µ+ µ- 8 with a significance of 2-3 o-. In addition, the measurement of B8 --+ ¢µµ 
disagrees with the SM predictions by about 3 o- 9•10 . This discrepancy can be explained in a 
model independent approach by rather large contributions to the Wilson coefficient C9 11•12•9 , 
i.e. an operator (s1aPLb) (Wy"-µ) ,  which can be achieved in models with an additional heavy 
neutral Z' gauge boson 13•14•15•16•17. Furthermore, LHCb 18 recently found indications for the 
violation of lepton flavour universality in B meson decays 

B --+  Kµ+µ-R(K) = = o.745+o.o9o ± 0.036 B --+  Ke+e- -0.074 (1) 

which disagrees from the theoretically rather clean SM prediction Rfj,r 1.0003 ± 0.0001 19 
by 2 .60-. A possible explanation is again a NP contributing to Ctµ involving muons, but not 
electrons 20•21•22 . Interestingly, the value for C9 required to explain R(K) is of the same order 
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as the one required by B ---+ K* µ+ µ- 23•24 . The global fit to the b ---+ sµµ data presented at this 
conference gives a 4.3 u better fit to data for the assumption of NP in Ctµ only, compared to 
the SM fit 25 . 

Concerning Higgs decays, CMS measured a lepton-flavour violating (LFV) channel 26 Br[h ---+ 
w] = (0.84�8:m which disagrees from the SM (where this decay is forbidden) by about 2.4u. 
Most attempts to explain this decay rely on models with an extended Higgs sector 27•28•29•30•31 . 
One particular interesting solution employs a two-Higgs-doublet model (2HDM) with gauged 
Lµ - Lr 32. 

2 The models 

Our models under consideration are multi-Higgs-doublet models with a gauged U(l)Lµ-Lr sym­
metry 32� The Lµ - Lr symmetry with the gauge coupling g' is broken spontaneously by the 
vacuum expectation value (VEV) of a scalar ii> with Qt-L, = 1 ,  leading to the Z' mass 
mz' = y'2g' (ii>) = g1vq, and Majorana masses for the right-handed neutrinos.b 

In both models at least two Higgs doublets are introduced which break the electroweak 
symmetry: W1 with Qi,1 -L = -2 and W2 with Qi,2 -L = 0. Therefore, W2 gives masses to 

µ T µ T 
quarks and leptons while W1 couples only off-diagonally to Tµ: 

£,y ::i - C/Y/o1iW2e; - .;rµf3W1e2 - Q1Y1�if,2u; - Q1Yf;w2d; + h.c. (2) 

Here Q (C) is the left-handed quark (lepton) doublet, u (e) is the right-handed up quark (charged 
lepton) and d the right-handed down quark while i and f label the three generations. The scalar 
potential is the one of a U(l)-invariant 2HDM37 with additional couplings to the SM-singlet ii>, 
which most importantly generate the doublet-mixing term 

V(w1 , W2 , ii>) ::i 2.Ail>2W�W1 ---+ A.v$w�w1 = m�W�W1 , 

that induces a small vacuum expectation value for \111 32 . We define tan/3 = (w2)/(\111 ) and 
a is the usual mixing angle between the neutral CP-even components of W1 and W2 (see for 
example 37) .  We neglect the additional mixing of the CP-even scalars with Re[i!>]. 

Quarks and gauge bosons have standard type-I 2HDM couplings to the scalars. The only 
deviations are in the lepton sector: while the Yukawa couplings Y/81; of W2 are forced to be 
diagonal due to the Lµ - Lr symmetry, .;rµ gives rise to an off-diagonal entry in the lepton mass 
matrix: 0 

Yµ sin/3 
.;rµ COS /3 

(3) 

It is this T-µ entry that leads to the LFV couplings of h and Z' of interest to this letter. The 
lepton mass basis is obtained by simple rotations of (µR, TR) and (µL, TL) with the angles BR 
and BL, respectively: 

tanBL 
= 

mµ <K l . 
tanBR mr (4) 

The angle BL is automatically small and will be neglected in the following� A non-vanishing 
angle BR not only gives rise to the LFV decay h ---+ µT due to the coupling 

mr cos( a - /3) . _ _ h _ - ((3) . (f3)
sm(BR) cos(BR)TPRµh = I'rµTPRµh , (5) v cos sm 

"The abelian symmetry U(l)Lµ-L, is an anomaly-free global symmetry within the SM 33, and also a good 
zeroth-order approximation for neutrino mixing with a quasi-degenerate mass spectrum, predicting a maximal 
atmospheric and vanishing reactor neutrino mixing angle 34• Breaking Lµ - LT is mandatory for a realistic neutrino 
sector, and such a breaking can also induce charged LFV processes, such as T --+  3µ 35,36 and h -+  µr 32. 

bNeutrino masses arise via seesaw with close-to-maximal atmospheric mixing and quasi-degenerate masses 32 . 
cchoosing QLµ-LT = +2 for W2 would essentially exchange lh tt eR 32 , with little impact on our study. 
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Figure 1 - Left: Allowed regions in the cos( a - /3)-Bin(llR) plane. The blue (light blue) region corresponds to the 
1u (20-) region of the CMS measurement of h -+  µT for tan /3 = 50; yellow stands for tan /3 = 10. The (dashed) 
red contours mark deviations of h -+  TT by 10% compared to the SM for tan /3 = 50 (10). The vertical green 
lines illustrate the naive LHC limit I cos( a - /3)1  � 0.4, horizontal lines denote the 90% C.L. limit on T -+ 3µ 
via Z' exchange. Right: Allowed regions for model 1 in the r�t-mz,jg' plane from b -+  sµ+µ- data (yellow) 
and B,-B, mixing (blue) . For B,-B, mixing, (light) blue corresponds to (mq = 15mv jg') mq = mv jg'. The 
horizontal lines denote the lower bounds on mz' /g' from T -+  3µ for sin(llR) = 0.05, 0.02, 0.005. The gray region 
is excluded by neutrino trident production. 

in the Lagrangian, but also leads to off-diagonal Z' couplings to right-handed leptons 

1 Z' (- _) (cos WR sin WR ) ,, p (µ) g ,, µ, r sinWR - cosWR '°Y R r ' (6) 

while the left-handed couplings are to a good approximation flavour conserving. mz1 / g1 needs 
to be in the TeV range in order to suppress r -+ 3µ if we want to explain h -+ µr 32 (see Fig. 1 
(left)), which gives stronger bounds than neutrino trident production 15 .  In order to explain the 
observed anomalies in the B meson decays, a coupling of the Z' to quarks is required as well, 
not inherently part of Lµ - LT models. 

3 Model 1: vector-like quarks 

In order to couple the Z' to quarks we follow Ref. 15 and generate effective couplings via heavy 
vector-like quarks 38 charged under Lµ - LT. As a result, the couplings of the Z' to quarks are 
in principle free parameters and can be parametrized as: 

(7) 

In the limit of decoupled vector-like quarks with the quantum numbers of right-handed quarks, 
only Cg is generated, giving a very good fit to data. The results are shown in the right plot of 
Fig. 1 depicting that for small values of r�b and OR, b -+ sµ+ µ- data can be explained without 
violating bounds from B8-Bs mixing or r -+ 3µ. In the left plot of Fig. 2 the correlations of 
b -+ sµ+ µ- and h -+ µr with r -+ 3µ are shown, depicting that consistency with r -+ 3µ 
requires large values of tanjJ (not being in conflict with any data as the decoupling limit is a 
type I model) and future searches for r -+ 3µ a.re promising to yield positive results. While this 
model predict tiny branching ratios for lepton-flavour-violating B decays, these branching ratios 
can be sizable in generic Z' models in the presence of fine tuning in the B8-B8 system 39• 
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Figure 2 ·- Left: Allowed regions for model 1 in the mv /g'-sin(OR) plane: the horizontal stripes correspond to 
h ..-; µT (la) for different tan tl and cos{a - J'l) = 0.2, (light) blue stands for (future) T ..-; 3µ limits at 903 C.L. 
The gray regions are excluded by neutrino trident production or B8-Bs mixing in combination with the 1 a range 
for Cg . Right: Limits for model 2 on qq ..-; Z' ..-; µµ from ATLAS (black, allowed region down right) and the 2 c; 
limits on C�" to accommodate b ..-; sµµ data (allowed regions inside the red cone) . Solid (dashed) lines are for 
a =  1/2 (1/3). For a =  1/2, the green shaded region is allowed (similar for a =  1/3 using the dashed bounds) . 

4 Model 2: horizontal quark charges 

In order to avoid the introduction of vector-like quarks, one can assign flavour-dependent charges 
to baryons as well 4 . Here, the first two generations should have the same charges in order to 
avoid very large effects in K-K or D-75 mixing, generated otherwise unavoidably due to the 
breaking of the symmetry necessary to generate the measured Cabibbo angle of the CKM matrix. 
If we require in addition the absence of anomalies, we arrive at the following charge assignment 
for baryons Q'(B) = (-a, -a, 2a), while leptons are still assigned Lµ - L7• Here a E Q is a 
free parameter of the model with important phenomenological implications. In this model, one 
additional Higgs doublet, which breaks the flavour symmetry in the quark sector, is required 
compared to the model with vector-like quarks. In case the mixing among the doublets is small, 
the correlations among h --+ µT, b --+ sµ+ µ- and T --+ 3µ are similar as in the model with 
vector-like quarks discussed in the last subsection (left plot of Fig. 2) .  

The low-energy phenomenology is rather similar to the one of the model with vector-like 
quarks (model 1) ,  but the contributions to Bs-Bs mixing are directly correlated to Bd-Bd and 
K-K mixing, because all flavour violation is due to CKM factors. (These constraints are evaded 
for a :S 1 . ) However, the implications concerning direct LHC searches are very different, as the 
Z' boson couples to quarks of the first generation and can be directly produced on-shell as a 
resonance in pp collisions. The resulting strong bounds are shown in right plot of Fig. 2, where 
they are compared to the allowed regions from Bs-Bs mixing and b --+  sµ+µ- data for different 
values of a. 

5 Conclusions 

In these proceedings we reviewed two variants of a model with a gauged L µ -LT symmetry which 
can explain all LHC anomalies in the flavour sector simultaneously: 1) a 2HDM with effective 
Z'sb couplings induced by heavy vector-like quarks, 2) a 3HDM with horizontal charges for 
baryons. The models can account for the deviations from the SM in b --+ sµ+ µ- data and 
h --+ µT simultaneously, giving also the desired effect in R(K) . Due to the small values of the 
T-µ mixing angle ()R, sufficient to account for h --+  µT, the Z' contributions to T --+ 3µ are not 
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in conflict with present bounds for large tan f3 in wide rages of parameter space. Interestingly, 
b -+ sµ+ µ- data combined with B8-B8 put a upper limit on mz' / g1 resulting in a lower limit on 
T -+ 3µ if Br[h -+ µTj =!= 0: for lower values of tan f3 the current experimental bounds are reached 
and future sensitivities will allow for a more detailed exploration of the allowed parameter space. 
The possible range for the Lµ - LT breaking scale further implies the masses of the Z' and the 
right-handed neutrinos to be at the TeV scale, potentially testable at the LHC with interesting 
additional consequences for LFV observables. While the low energy phenomenology of both 
models is rather similar, the variant with horizontal charges for baryons predicts sizable Z' 
production rates testable at the next LHC run. 
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A NEW LONG DISTANCE CONTRIBUTION TO B± --+ x± /7r±e+e- DECAYS 

A. GUEVARA, G. LOPEZ CASTRO, P. ROIG, S. L. TOSTADO 
Departamento de Fisica, Cinvestav del JPN, Apdo Postal 14-74 0, 07000 Mexico DF. Mexico 

We have identified a missing long-distance (one-photon exchange) contribution to the s± -4 
K± /n:c+c- decays. Although it does not help to explain the anomaly measured by the LHCb 
Coll. in the ratio RK = B(B± -4 K±µ+µ-)/B(B± -4 K±e+e-) � 0.75 (2.6 er deviation with 
respect to RK = 1 + 0(10-4) in the Standard Model), it provides a sizable contribution to 
the branching ratio of the s± -4 IT± c+ c- decays. The new decay mechanism gives rise to a 
measurable CP asymmetry, which is of order 1 % in both channels. These predictions can be 
tested in forthcoming LHCb measurements. All the details can be seen in1 • 

1 Introduction 

In the search of a more fundamental description of interactions in nature, one has to look for 
effects that can not be described by the current theory of particle physics, namely the Standard 
Model (SM). A way to do this is studying the more suppressed processes in the SM, where a 
deviation from a precise SM prediction is expected to be more significant than in processes that 
are not suppressed. In order to claim that an effect comes from physics Beyond the SM (BSM) 
in a certain process, all the SM contribution have to be known and understood at the precision 
required by experiments. In B± --+ K±e+e- decays, LHCl:f has measured the RK ratio in the 
[1, 6] GeV2 region of squared lepton pair invariant mass q2 , which is RK = 0.745:'.:g:g�� ± 0.036, 
while the current SM prediction in the same energy range iS3 R'{M = 1 + (3.0:'.:6:�) x 10-4 , 
which takes into account only Short Distance (SD) contributions to the process. This LHCb 
measurement, together with a previous prediction4 of lepton universality violation in another 
process due to purely kinematic effects, prompted us to study Long Distance (LD) contributions 
to the Branching Fraction of B± --+ p±e+e- decays, with P = 7r, K. 

2 Short Distance contribution 

In order to compute the SD amplitude to the B- --+ x-I 7r-e+ e- decay, we follow previous 
computations of such amplitude3'5 using QCD Factorization (QCDF), where the effective weak 
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hamiltonian 
_ Gpa * � q ) q

( ) 1ieff -
- In Vq'bv:i'q L.,, Ci (µs O; µs 

v 27r i 
(1) 

is used to compute this amplitude, where q' = c, t and q = d, s. The main contributions to this 
process come from the operators with the vector and axial lepton current og = (i'J'YµbL) (l'Yµf!) 
and Oi0 = (i'J'YµbL) (l'Yµ'Y5f!), nevertheless at higher order in QCDF all the other operators will 
contribute, but less significantly than the former operators. 

The leading contribution to the amplitude computed from this hamiltonian is the following 

(2) 

where f,p is the soft form factor associated to the B ---+ P transition, and the Fv and FA are form 
factors that depend mainly on SD effects, which becomes evident when their dependence on the 
so called Wilson Coefficients (C1 , .. . ,  C10) is noticed. The q2 dependence of the soft form factor 
can be obtained, for example, using Light Cone Sum Rules (LCSR) (for more details seEP), 

2 0.918 0.675 2 
f,7r(q ) = 

1 - q2 /(5.32 GeV)2 1 - q2 /(6.18 GeV)2 + P'Jr(q ) 

c ( 2) 0.0541 0.2166 p ( 2) 
�K q = 1 - q2/(5.41 GeV)2 + [1 - q2/(.5.41 CT1N)212 + K q 

(3a) 

(3b) 

where it is fitted to dipole expressions, which are the main contributions to this form factor. 
The Pp(q2) are polynomials on q2 , whose coefficients correspond to the Gegenbauer moments. 
The values of Cg and C10 are taken from the NNLL calculation7. 

3 New Long Distance contribution 

We focus on the same energy range LHCb uses, which excludes completely any charm quark 
contamination. The contributing Feynman diagrams are those of Fig. 1 ;  other contributions to 
this process from purely LD effects vanish due to electric charge conservation8. The left-hand­
side diagram on Fig. 1 is suppressed by a factor m�/m'1 with respect to the right-hand-side 
diagram, so that we can neglect its contribution. The LD contributions for the process are 
obtained using Resonance Chiral Theory (RxTJl. 

p- p-

p+ 

Figure 1 - New long distance contribution to the process, where the square is for structure dependent one-photon 
exchange. Other structure dependent contributions vanish due to gauge invariance. 

The amplitude that we obtain from the leading contribution is 

(4) 

which we see that has the same structure as the Fv part of the SD amplitude, so that it can be 
added as a correction to this form factor in the following way 

(5) 
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where the K,p = -8n2 'j:b�� ( {EfP 2 )  is a dimensionless constant 0(10-2) times a CKM sup-tb tq mB-mP 
pression factor which depends on the final P state. In Wolfenstein's parametrization, for P = n, 

"' is 0(,\0) ,  while for P = K is 0(,\2) .  

Our ignorance of the underlying dynamics is encoded in the Fp(q2) form factors, which 
can be seen in Fig.2. These are almost saturated by the lowest-lying light-flavor resonances (p, 
w and ¢) ,  following different parametrizations for11 P = 7f ancl12 P = K. We have also used 
phenomenological models by BaBar13 as a test of our error. Their form factors are fitted using 
also heavier resonances. The almost perfect agreement on the peaks of the lightest resonances 
ensures a prediction with small error because the contribution of heavier resonances is negligible. 

100 . 

1.6 1.8 
m,1 (GeV) 

22 

Figure 2 - Our form factor compared to data and BaBar fitted form factor for P = 7r (left) and P = K (right) . 
The form factors depend on the dilepton pair invariant mass. 

The invariant mass spectrum for both channels are shown in Fig.3, which shows this spectrum 
from kinematic threshold. The difference between £ = e, µ becomes important at q2 ;S 0.3 Ge V2 . 

� 
'--' !e-06 

1 
g 

r=:lil l::_ci 

lo-06 

,, I , " I . 

"vr )�I ����- -� -
m,12 (GeV2) 

Figure 3 - New LD invariant mass spectrum from kinematic threshold for 7r (left) and K (right) . In both plots, 
the spectrum of e+ e- invariant mass overlaps with the µ+µ- spectrum when q2 :::; 0.3 GeV2; therefore, there is 
a negligible contribution to RK. 

We confirm that the LHCb range is free of hadronic pollution for P = K, as shown in Table 
1 ;  but for P = n there is a significant pollution in the [1, 8] GeV2 range. Comparing the LHCb 
measurement14 to the SD contribution of the branching fraction in the whole kinematic ranget5 
we find a better agreement by adding our LD contribution, obtaining a value of BRLD+SD = 

(2.6�8:�) x 10-8. 
The LD contribution induces lepton universality deviations of 0(10-5) in Rp. The different 

weak and strong phases of SD and LD contributions generate a CP asymmetry,16 Acp = 
r(B+ _,p+z+z-)-r(B-_,p-z+l-) . . . 
r(B+_,p+z+z )+r(B ->P z+z ) , correspondmg numerical results are shown m Table 2. 
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Table 1: LD, SD and their interference contributions to the branching ratio for both channels 

I II P = Jr  I P = 7r II P = K I 
0.05 :S q2 :S 8 GeV2 1 :S q' :S 8 GeV2 1 :S q' :S 6 GeV' 

LD (9. 16 ± 0.15) . 10 -9 (5.47 ± 0.05) . 10 10 (1 .70 ± 0.21) . 10 -� x 

Interf (-2.62 ± 0.13) . 10-9 (-2:!:i) . 10-10 (-6 ± 2) . 10-11 
SD (9.83:!:t6�J . 10-9 (8.71:!:6:�g) . 10-9 (i .9o:!:rnJ . 10-1 

Table 2: CP Asymmetry for the different energy ranges for 7r and K. 
q2 2: 1 GeV2 q2 2: 4m�, 

P = Jr  (2.5 ± 1 .5)% (14 ± 2)% 
P = K  -(1 .3 ± 0.5)% -(0.5 ± 0.5)% 

4 Conclusions 

Our analysis shows that BSM studies should be restricted to the [1,8] GeV2 range for P = Jr; 
the effect of this new LD contribution could be measured in LHCb in the next run. It is also 
important to understand the current LHCb measurement of the branching fraction. In the case 
of P = K, there is not an important contribution for the branching fraction; this is because 
in the interference the peak of the <f; resonance does not surpass the CKM suppression factor, 
contrary to the pure LD contribution. The Acp we predict is an important effect that must be 
taken into account for BSM searches in both channels through this observable. 
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We present a variety of QCD related results from the CDF and DO Collaborations made public 
during the last several months. Analyses from CDF include measurements of charged pion 
pair production in diffractivc events and searches for potential glue-ball states, imposing new 
limits on Y(lS) production in association with W /Z bosons, and measurements of WW+jets 
production cross sections inclusively and versus the number of jets. DO analyses feature 
a measurement of double J /1/1 production and the effective cross section of double parton 
scattering, measurements of W+c, W+b inclusive cross sections, and a measurement of the 
ratio of Z+2b jets to Z+2jets cross sections. 

1 Results 

This collection of studies has been performed by the CDF and DO high energy experiments using 
proton-anti-proton beams produced by the Fermilab Tevatron collider. The major goal of these 
studies is elucidating phenomena strongly dependent on the structure of the colliding nucleons 
and interaction of their constituent partons in the perturbative and non-pertubative regimes 
of quantum chromodynamics (QCD). The two detectors feature tracking systems, calorimetry, 
and muon spectrometers based on different technology and materials making the results from 
the two experiments complementary to each other. The relatively low trigger thresholds due to 
the nature of the colliding beams and relatively low pileup allow studies of the particle spectra 
either completely or partially inaccessible at the LHC experiments. 

1 .1 Measurement of central exclusive n+?r- production in pp collisions at ..jS = 0.9 and l.96 
Te V at GDF 

Predictions of the theory of strong interactions between quarks and gluons, QCD, are most 
reliable in the perturbative regime of high momentum transfer or distance scales much smaller 
than the size of hadrons. This analysis selects scattering processes producing a pair of low 
transverse momentum (PT) hadrons. Such processes are governed by non-perturbative physics. 

The dataset is collected in proton-antiproton collisions at ..jS = 0.9 and 1 .96 TeV 1 . Besides 
the pair of two central, 111 1 < 1.3 particles, the analysis looks for the absence of the detector 
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activity above noise (rapidity gap) in all of the instrumented pseudorapidity region (1 .3 < 
liJI < 5.9). Such process is expected to be dominated by double pomeron (DPE) exchange, 
where pomeron in Regge theory is a pair of gluons in a color-singlet state. The DPE acts as 
a quantum number filter for the central state, only allowing isotopic spin I = 0 and positive 
parity, C-parity, and G-parity, favoring states having valence gluons and no valence quarks, such 
as glueballs. Exclusive production of fo, f2, Xc0(2) > and Xb0(2) mesons is also allowed. 

The two central tracks, assumed to be pions, are studied in two subsets: with a requirement 
of PT > 0.4 GeV and PT > 1.0 GeV. The results are presented as differential cross sections 
du/dM(1rn) from M(wrr) > 1.0 GeV in the first subset and from M(-rr-rr) > 0.3 GeV in the 
second subset. Fig. 1 shows the cross section for the first subset on the left and the second 
subset on the right. The data feature a peak centered at 1270 MeV consistent with '2(1270) 
meson with a shoulder on the high mass side presumably from /0(1370) meson. The states 
/0(1500) and /o(l 710) are considered to be glueball candidates but their signal is complicated 
by mixing with quarkonium states. 

The differential cross sections at the two energies are similar in shape, see Fig. 1, left . The 
ratio R(0.9 : 1.96) = 1 .284±0.039 is shown below the left plot and is consistent with 1 .3 expected 
from Regge phenomenology (in the case of elastic scattering, when both proton and anti-proton 
are intact) , falling as l/ ln(s) . However, diffractive scattering is not excluded from the data, 
which supposedly raises the ratio up to R(0.9 : 1.96) = 1.560 ± 0.056 at M(rrrr) > 2.0 GeV. 

The right plot in Fig. 1 features a sharp drop at around 1.0 GeV where fo (980) and the 
K +  K - threshold would occur. There is no sign of a prominent p0 signal, which is expected as 
far as in DPE the process is forbidden and the photoproduction of p0-mesons is small. 

� "' 
(.') 
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'!:' .g 
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PT(1t) > 0.4 GeV/c 
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Figure 1 - Differential cross sections dc; / dM (-wrr) for the PT > 0.4 Ge V subset (left) and PT > 1.0 Ge V subset 
(right). 

1.2 Observation and studies of double J /1/J production at DO 

Production of multiple quarkonium states provides insight into the parton structure of the 
nucleon 2 .  There are also ongoing searches for new bound states of hadronic matter, such 
as tetraquarks. In pfi collisions J / 1f; mesons are produced either promptly (directly at the 
interaction point or as a radiative product of a heavier charmonium state) or non-promptly, as a 
decay of a detectably long-lived B hadron state. The double J /1/J meson production is predicted 
to have a substantial double parton scattering (DP) contribution and also be dominated by color 
singlet mechanism. 

The analysis measures the prompt single J /1/J production cross section and prompt double 
J /1/; production cross section in order to extract Ueff = 1/2 · u(J/1/;)2 /u(J NJ /1f;), a parameter 

1 1 4  



related to an initial state parton spatial density distribution within a nucleon. 

"i � 00, L = 8.1 fb"1 •. •· 
- • Data .!!. 10• 

Prompt J/1Jl � • Non-prompt J/ljl 

• !SSS Syst. uncertainty Z� 

-0.1 -0.05 0 0.05 0.1 
C't (cm) 

0 0.5 

00, L = 8.1 fb'1 
• Data prompt 

SP MC 
. DP MC +� &0. Syst. uncertainty 

+ �  

1.5 2 2.5 3 3.5 4 
IA11(J/1Jl, J/1Jl)I 

Figure 2 - Template fits of the JN lifetime (left), and !:,.ri(JN, JN) (right) distributions. 

The prompt fraction is extracted using a fit of prompt and non-prompt J /'I/; production 
Monte Carlo templates of the J /'I/; lifetime to data distribution, illustrated in the case of single 
J /'I/; production in Fig. 2 (left) . In the case of double J / 'l/J production both J / 'l/J mesons are used 
in the fit. The prompt fractions of the single J /'I/; and double J /'I/; productions are found to be 
equal to 0.814 ± 0.009 and 0.592 ± 0.101, respectively. The accidental continuous background is 
subtracted before the fits. 

The analysis finds 160 ± 16 double J /'I/; candidates after accidental background subtrac­
tion. The DP fraction is estimated using the template fits of DP and single parton (SP) 
Monte Carlo templates of the pseudorapidity difference between the two prompt J / 'l/J candi­
dates, 1::!.ry( J /'l/J, J /'I/;) , to the data distribution, shown in Fig. 2 (right), and found to be equal to 
0.42 ± 0.12. 

After application of the detector, prompt fraction, accidental background, and DP fraction 
(in the case of double J /'I/; production) corrections, the single prompt J /'I/; fiducial cross section 
for p'!j1/J > 4 GeV is found to be rr(J/'l/J) = 23.9 ± 4.6(stat) ± 3.7(syst) nb, while the prompt 
double J/'l/J DP production cross section is rYDp(J/'l/JJ/'l/J) = 59 ± 6(stat) ± 22(syst) fb, and 
therefore rYeff = 4.8 ± 0.5(stat) ± 2.5(syst) mb. This value of rYeff is significantly smaller than 
the value found in the previous measurements, which may indicate a smaller average distance 
between gluons than between quarks or between a quark or a gluon, in the transverse space. 

1 .3 Search for production of Y(lS) in association with W /Z bosons at GDF 

The standard model (SM) predictions for the cross sections of the YW and Y Z production are 
very sensitive to the non-relativistic quantum-chromodynamic (NRQCD) models and especially 
to the numerical values of the long-distance matrix elements (LDME) of the probability for a bb 
quark pair to form a bottomonium state. Furthermore, significant excursions from the predicted 
SM rate would indicate the presence of new physics, such as supersymmetry. 

This analysis studies either a 4-lepton sample, with 2 electrons or muons at high PT > 20, 15 
GeV, or 1 electron or muon at PT >  20 GeV and transverse missing energy l/T > 20 GeV, and 
2 low 1.5 < PT < 15 GeV muons 3. The analysis observes 1 Y + (W -+ lv) candidate event 
and 1 Y + (Z -+ ll) candidate event with 1 .2 ± 0.5 and 0.1 ± 0. 1  estimated background events, 
respectively. Double parton scattering contribution is estimated not to exceed 153. 953 CL 

115 



limits are set on the Y(lS)W production cross section, cr(pp ---+ YW) < 5.6 pb, and Y(lS)Z 
production cross section, cr(pp ---+ Y Z) < 21 pb, which are the most stringent bounds on these 
processes to date. 

1.4 Measurements of the differential cross sections of W+c and W+b production at DO 

W +c, W+b production represent significant backgrounds to rare SM processes, such as top quark 
pair production, single top quark, and W boson in association with a Higgs boson decaying into 
two b quarks. The dominant processes contributing to W + c-jet production are qg ---+ W c and 
qq' ---+ W g followed by g ---+ cc. The production cross section of the first process is sensitive to 
the s quark parton distribution function (PDF). For the first time, in this analysis, a significant 
contribution of the second process is allowed by not requiring a soft muon within a b or c-jet 
and an opposite sign of this muon with the one coming from the W boson decay4 .  

The measured W+c, W+b inclusive differential cross sections vs the jet PT are shown in 
Fig. 3 (W+c in the middle, W+b on the left, and W+c/W+b ratio on the right). We observe 
a significant excess of events above the NLO prediction in W +c cross section in the high jet PT 
region, dominated by the g ---+ cc process. 
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£ 3 W + b-jet 

2.5 -

• Data 
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W 4-0 00 00 100 1W 1� �1 (GeV) 
Figure 3 - Inclusive differential cross sections of W + b-jet (left), W + c-jet (middle), and W + c/W + b ratio 
(right). 

1.5 Measurements of the w+w- production at GDF and measurements of the ratio of the 
cross sections of Z + 2b-jet and Z + 2-jet production at DO 

Both w+w- and Z + 2b-jets processes are significant, if not most important, backgrounds for 
the Higgs boson decay into w+w- and bb, respectively. The w+w-+jets cross section is 
measured inclusively, differentially vs the number of additional jets, and differentially vs the jet 
Er for the one additional jet selection 5 . 

The cross section for the leading background to the Higgs production with the decay to bb, 
Z + 2b-jets is measured inclusively as a ratio to the higher statistics Z + 2-jets final state 6 . 
Important common systematic uncertainties cancel out in the ratio. 

References 

1. T. Aaltonen et al., CDF Collaboration, arXiv: 1502.01391, and references therein. 
2. V. M. Abazov et al., DO Collaboration, Phys. Rev. D 90, 1 1 1 101(R) (2014). 
3. T. Aaltonen et al., CDF Collaboration, Phys. Rev. D 91, 05201 1  (2015). 
4. V. M. Abazov et al., DO Collaboration, Phys. Lett. B 743, 6-14 (2015). 
5. T. Aaltonen et al., CDF Collaboration, CDF Note 11098. 
6. V. M. Abazov et al., DO Collaboration, Phys. Rev. D 91, 052010 (2015). 

1 16 



a8 determination at NNLO* + NNLL accuracy from the 
energy evolution of jet fragmentation functions at low z 

David d'Enterria1 , and Redarny Perez-Rarnos2'3. 
1 CERN, PH Department, CH-1211 Geneva 23, Switzerland 

2 Sorbonne Universite, UPMC Univ Paris 06, UMR 7589, LPTHE, F-75005, Paris, France 
CNRS, UMR 7589, LPTHE, BP 126, 4 place Jussieu, F-75252 Paris Cedex 05, France 

The QCD coupling a, is extracted from the energy evolution of the first two moments (mul­
tiplicity and mean) of the parton-to-hadron fragmentation functions at low fractional hadron 
momentum z. Comparisons of the experimental e+ e- and deep-inelastic e±p jet data to our 
NNLO*+NNLL predictions, allow us to obtain a,(m; ) = 0.1205±0.00lO:+:g:gg��, in excellent 
agreement with the current world average determined using other methods at the same level 
of accuracy. 

1 Introduction 

For massless quarks and fixed number of colours, the only fundamental parameter of the theory 
of the strong interaction, quantum chromodynamics (QCD), is its coupling constant a8• Starting 
from a value of Aqco ;::,; 0.2 GeV, where the perturbatively-defined coupling diverges, as decreases 
with increasing energy Q following a 1/ ln(Q2/A�00) dependence. The current uncertainty on a8 
evaluated at the Z mass, as(m�) = 0.1185±0.0006, is ±0.53 1 , making of the strong coupling the 
least precisely known of all fundamental constants in nature. Improving our knowledge of °'s is 
a prerequisite to reduce the uncertainties in perturbative-QCD calculations of all (partonic) cross 
sections at hadron colliders, and for precision fits of the Standard Model ( a8 dominates e.g. the 
Higgs boson H-+ bb partial width uncertainty) .  It has also far-reaching implications including the 
stability of the electroweak vacuum 2 or the scale at which the interaction couplings unify. 

Having at hand new independent approaches to determine a8 from the data, with experimental 
and theoretical uncertainties different from those of the other methods currently used, is crucial 
to reduce the overall uncertainty in the combined a8 world-average value 1 .  In Refs. 3,4 we have 
presented a novel technique to extract as from the energy evolution of the moments of the parton­
to-hadron fragmentation functions (FF) computed at approximate next-to-leading-order (NLO*) 
accuracy including next-to-next-to-leading-log (NNLL) resummation corrections. This approach 
is extended here to include full NLO, plus a set of NNLO, corrections. Our new NNLO*+NNLL 
theoretical results for the energy dependence of the hadron multiplicity and mean value of the FF 
are compared to jet fragmentation measurements in e+ e- and deep-inelastic e±p collisions, in order 
to extract a high-precision value of °'s· 
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2 Evolution of the parton-to-hadron fragmentation functions at NNLO*+NNLL 

The distribution of hadrons in a jet is encoded in a fragmentation function, Di-+h (z, Q), which 
describes the probability that the parton i fragments into a hadron h carrying a fraction z = 
Phadron/Pparton of the parent parton's momentum. Usually one writes the FF as a function of the log 
of the inverse of z, � = ln(l/ z) , to emphasize the region of relatively low momenta that dominates 
the jet hadrouic fragments. Starting with a parton at a given energy Q, its evolution to another 
energy scale Q' is driven by a branching process of parton radiation and splitting, resulting in a jet 
"shower" , which can be computed perturbatively using the DGLAP 5 equations at large z i'.'., 0.1 , 
and the Modified Leading Logarithmic Approximation (MLLA) 6, resumming soft and collinear 
singularities at small z. Due to colour coherence and gluon radiation interference, not the softest 
partons but those with intermediate energies multiply most effectively in QCD cascades, leading to 
a final FF with a typical "hump-backed plateau" (HBP) shape as a function of � (Fig. 1) ,  which 
can be expressed in terms of a distorted Gaussian: 

where N is the average hadron multiplicity inside a jet, and (, a, s, and k are respectively the 
mean peak position, dispersion, skewness, and kurtosis of the distribution. The set of integro­
differential equations for the FF evolution combining hard (DGLAP, MLLA, next-to-MLLA) and 
soft (DLA) radiation can be solved by expressing the Mellin-transformed hadron distribution in 

r -"'" i 
terms of the anomalous dimension "f: D � C(a8(t)) exp [J " 'Y(et8(t'))dtj for t =  ln Q, leading to a 

perturbative expansion in half powers of a8: 'Y � O(a�12 )+0(as) + O(a:12 )+0(a� ) + O(a:12 ) + ·  · · .  
Corrections up to order a:12 were computed for the first time in Ref. 3•4• The full set of NLO O(a�) 
terms for the anomalous dimension, including the two-loop splitting functions, plus a fraction of the 
O(a:12) terms, coming from the NNLO expression for the a8 running, have now been computed 7. 
Upon inverse-Mellin transformation, one obtains the energy evolution of the FF, and its associated 
moments, as a function of Y = ln(E/Aqcn l , for an initial parton energy E, down to a shower 
cut-off scale .>.. = ln(Q0/ Aqcnl for Ni = 3, 4, 5 quark flavors. The resulting formulae for the energy 
evolution of the moments depend on AQcn as single free parameter. Particularly simple expressions 
are obtained in the limiting-spectrum case (.>.. = 0, i.e. evolving the FF down to Qo = Aqcn l  
motivated by the "local parton hadron duality" hypothesis for infrared-safe observables which states 
that the distribution of partons in jets are simply renormalized in the hadronization process without 
changing their HBP shape. Thus, by fitting the experimental hadron jet data at various energies 
to Eq. (1) ,  one can determine a8 from the corresponding energy-dependence of its FF moments. 

3 Data-theory comparison and et8 extraction 

The first step of our procedure is to fit to Eq. (1) all existing jet FF data measured in e+e- and 
e± , v-p collisions at y'S R:J 1-200 GeV (Fig. 1) in order to obtain the corresponding FF moments at 
each jet energy. Finite hadron-mass effects in the DG fit are accounted for through a rescaling of 
the theoretical (massless) parton momenta with an effective mass meff as discussed in Refs. 3•4 . The 
overall normalization of the HBP spectrum (Keh), which determines the average charged-hadron 
multiplicity of the jet, is an extra free parameter in the DG fit which, nonetheless, plays no role in 
the final Aqcn value given that its extraction just depends on the evolution of the multiplicity, and 
not on its absolute value at any given energy. 

Once the FF moments have been obtained, one can perform a combined fit of them as a function 
of the original parton energy (which in the case of e+e- corresponds to half the centre-of-mass energy 
y'S/2 and, for DIS, to the invariant four-momentum transfer Qmsl ·  The top panels of Fig. 2 show the 
energy evolution of the zeroth (multiplicity) and first (peak position, closely connected to the mean 
of the distribution) moments of the FF, computed at an increasingly higher level of accuracy (from 
LO to NNLO*). The hadron multiplicity and FF peak increase exponentially and logarithmically 
with energy, and the theoretical convergence of their evolutions are very robust as indicated by 
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Figure 2 - Energy evolution of the jet charged-hadron multiplicity (left) and FF peak position (right). Top: Com­
parison of theoretical predictions at four levels of accuracy. Bottom: Fit of the experimental e+ e- and DIS jet data 
to the NNLO*+NNLL predictions. The obtained Keh normalization constant, the individual NNLO* a,(m; ) values, 
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the small changes introduced by incorporating higher-order terms. The corresponding data-theory 
comparisons are seen in the bottom panels of Fig. 2. The NNLO*+NNLL limiting-spectrum (.A = 0) 
predictions for NJ = 5 active quark flavourS', leaving Aqco as a free parameter, reproduce very well 

"The moments of the lowest-vs data have a few-percent correction applied to account for the (slightly) different 

1 1 9 



the data. The most "robust" FF moment for the determination of Aqcn is the peak position �max 
which is quite insensitive to most of the uncertainties associated with the extraction method (DG 
and energy evolution fits, finite-mass corrections)4 as well as to higher-order corrections. The hadron 
multiplicities measured in DIS jets appear somewhat smaller (especially at high energy) than those 
measured in e+e- collisions, due to limitations in the FF measurement only in half (current Breit) 
e±p hemisphere and/or in the determination of the relevant Q scale4 . The value of a8(m�) obtained 
from the combined multiplicity+peak fit yields a8(m�) = 0.1205±0.0010, where the error includes 
all sources of uncertainty discussed in Ref. 4 . An extra theoretical scale uncertainty of :'.:8:8866 should 
be added (this is a conservative estimate obtained only at NLO* accuracy4) .  In Fig. 3 we compare 
our extracted a8(m�) value to all other NNLO results from the latest PDG compilation 1 , plus that 
obtained from the pion decay factor 8, and the top-quark pair production cross sections 9. The 
precision of our result (:1:��) is clearly competitive with the other measurements, with a totally 
different set of experimental and theoretical uncertainties. A simple weighted average of all these 
NNLO values yields: a8(m� ) = 0.1 186 ± 0.0004, in perfect agreement with the central value of the 
current world-average, a8(m;) = 0.1185±0.0006, but with a 303 smaller uncertainty. 

World NNLO average: a8=0. 1 1 85 ± 0.0006 

e•e",DIS jet FFs (NNLO*+NNLL) 

Pion decay factor (NNLO) 

ti cross sections CMS {NNLO) 

Lattice QCD "data" (NNLO) 

t hadronic decays (NNLO) 

e•e·: evt shapes/thrust/jets x-sections (NNLO) 

DIS PDFs (NNLO) 

0.1 0.1 1 0.12 

Figure 3 - Summary of a ,  determinations using different methods at NNLo<•J accuracy. The dashed line and shaded 
(yellow) band indicate the current world-average and uncertainty (listed also on the top) 1 • 

We arc grateful to Anatoly Kotikov and Gavin Salam for useful discussions. R. Perez-Ramos 
thanks the support from the CERN TH Division where part of this work was carried out. 
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In this talk we present a fully automated implementation of next-to-leading order electroweak 
(NLO EW) corrections in OPENLOOPS together with SHERPA and MUNICH. As a first appli­
cation, we present NLO QCD+EW predictions for the production of positively charged W 
bosons in association with up to three jets and for the production of a Z boson or photon in 
association with one jet. 

1 Introduction 

The upcoming Run-II of the LHC will probe the Standard Model (SM) of particle physics at 
unprecedented energies and precision. At the Te V energy scale higher-order electroweak (EW) 
corrections can be strongly enhanced due to the presence of large Sudakov logarithms. Their 
inclusion in the experimental analyses will significantly enhance the sensitivity for new phenomena. 
Here we present a fully automated implementation of next-to-leading order (NLO) EW corrections, 
applicable to any process within the SM. 

In the following, first we briefly review the recently accomplished automation of NLO EW 
corrections in OPEN LOOPS 1 , SHERPA 2 and MUNICH 3 . Subsequently, we present numerical results 
for W+multijet production and for Z-boson and photon production in conjunction with one jet. 
Due to the large cross sections and clean experimental signatures these processes represent an ideal 
laboratory to test the validity of theoretical methods and tools that are used for the simulation of 
a vast range of processes at the LHC. Furthermore, they are important backgrounds for top- and 
Higgs-physics and various searches for physics beyond the Standard Model including Dark Matter 
searches in the monojet channel. 

Discussion and results presented here are partly based on 4 , where more details can be found. 

2 NLO QCD+EW automation in OpenLoops + Sherpa/Munich 

The calculation of NLO QCD corrections for any SM process was already well established in 
the OPENLooPs+SHERPA/MUNICH programs. This fully automated framework has now been 
extended to NLO EW calculations. More precisely, the new implementation allows for NLO calcu­
lations at any given Order cx�cxm, including all relevant QCD-EW interference effects. Full NLO 

"Speaker 

1 ? 1  



SM calculations that include all possible O(a�+kam-k) contributions to a certain process are also 
supported. 

The 0PENLOOPS 1 program generates all relevant matrix-element ingredients, i.e. one-loop 
amplitudes, tree amplitudes for Born and bremsstrahlung contributions, as well as colour-, charge­
, gluon-helicity and photon-helicity correlations that are needed for infrared subtractions. The 
0PENLOOPS program is based on the Open Loops algorithm 5 , which employs a recursion to 
construct loops as tree structures supplemented with full loop-momentum information. Combined 
with the COLLIER tensor reduction library 6 the employed recursion permits to achieve very high 
CPU performance and a high degree of numerical stability. 

The kernel of the Open Loops recursion is universal and depends only on the Lagrangian of the 
model at hand. The algorithm is thus applicable to any process within any renormalizable theory. 
The implementation has successfully been applied to various precision studies at NLO QCD and 
the extension to NLO electroweak corrections has very recently been achieved. It required the 
implementation of all O(a) EW Feynman rules in the framework of the numerical Open Loops 
recursion including counterterms associated with so-called R2 rational parts 7 and with the on-shell 
renormalization of UV singularities 8. Additionally for the treatment of heavy unstable particles 
the complex mass scheme has been implemented. For the convenience of the user the OPEN LOOPS 
program is accompanied by a large process library including more than a hundred LHC processes 
- currently all at the NLO QCD level but the library will be extented to NLO EW soon. 

All complementary tasks, i.e. the bookkeeping of partonic processes, the subtraction of IR 
singularities, and phase space integration, have been automated within MUNICH and SHERPA. 
Automated NLO EW simulations will be supported by future public releases of the employed tools. 

3 w+multijet production 

As a first highly non-trivial application we study the production of w+ + n jets with n = 1, 2, 3 at 
the LHC including NLO QCD and NLO EW corrections. 
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Figure 1 - Distributions in the transverse momentum PT of the w+ and the n-th jet for inclusive w+ + nj production 
with n = 1 (left), n = 2 (center), n = 3 (right) at .,/S = 13 TeV. Absolute LO (light blue), NLO QCD (green), NLO 
QCD+EW (red) and NLO QCDxEW (black) predictions (upper panel) and relative corrections with respect to 
NLO QCD (lower panels). The bands correspond to scale variations, and in the case of relative corrections only the 
numerator is varied. 
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In Fig. 1 we show differential distribution in the transverse momentum of the produced w+ and 
the n-th jet. We use the anti-kr jet clustering algorithmn with R=0.4 and require PT > 30 GeV 
and l7J I  < 4.5 for the jets. Besides LO predictions of O(a8a) we show NLO QCD predictions in­
cluding corrections of O(a'S+la) and NLO QCD + EW predictions including O(a'S+la) + O(aga2) 
corrections. Theoretical uncertainties are assessed by standard variations of the renormalization 
and factorization scales� Besides QCD + EW predictions we also show factorized QCD x EW pre­
dictions were the NLO QCD predictions are multiplied with a NLO EW K-factor. A difference 
between the two approaches indicates uncertainties due to missing two-loop EW-QCD corrections. 
In the lower panel we show corrections with respect to the NLO QCD prediction. In the tail of 
the PT distribution of the jet in W + 1 jet production the NLO QCD corrections grow larger then 
a factor of 10 and the EW corrections turn positive. Together with the large scale uncertainties 
this is a clear indication for a poor perturbative convergence. Indeed, NLO corrections to inclusive 
W + 1 jet production are dominated by dijet configurations radiating a relatively soft W, which 
are effectively of leading order. Such configurations appear already at LO for W + 2 jet produc­
tion (shown in the central plot) ,  where the NLO QCD corrections are small and stable. Here, the 
EW corrections show a typical Sudakov behaviour and reach -30(-60)% and -15(-25)% at 1 (4) 
TeV for the PT of the w+ and the 2nd jet respectively. A similar picture emerges for W + 3 jet 
production (shown in the right plot). 

In Fig. 2 we show differential distributions in Hf0t - the scalar sum of all final state transverse 
momenta for w+ + 1, 2, 3j production. In order to improve the perturbative convergence in the 
case of w+ + lj production we employ a veto on a second jet if bi.</>jiiz > 3/47r. Still, for very large 
Hf0t the QCD corrections to w+ + lj and w+ + 2j production increase strongly, suppressing the 
impact of the EW corrections. Only for w+ + 3j production the QCD corrections are stable in all 
of the considered range. However, here the EW corrections are still moderate and only increase 
beyond the NLO QCD scale uncertainties for Hr at the Te V scale. 
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Figure 2 - Distributions in H}0' for exclusive w+ + lj (left), inclusive w+ + 2j (center) and inclusive w+ + 3j 
(right) production. Curves and bands as in Fig_ 1 .  

4 Zfr+jet production 

As a second application we study the production of a Z boson or a photon in association with a jet at 
the LHC with ft =  8 TeV. The ratio of these processes differential in the PT of the produced gauge 
bosons can be used to model Z(--+ vv) + lj production from a precise experimental measurement 
of 'Y + lj production, i.e. the dominant irreducible SM background in monojet searches for Dark 
Matter. 

Results in the PT of the produced weak gauge boson are shown in Fig. 3 with the same color 
coding and nomenclature as before. In the left and central plot results for Z + lj and 'Y + lj 
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production are shown respectively. We require for the associated jet PT,j > llO GeV and [7Jjf < 2.4 
and veto a possible second jet with PT,j > 30 GeV and t::.</;j,jo > 2.5. These cuts are in agreement 
with a setup employed by CMS in an upcoming monojet search. The NLO QCD corrections to both 
processes are almost identical at large transverse momentum of the produced gauge bosons PT,V , 
while they differ slightly at small PT,V due to the finite mass of the produced Z. NLO QCD scale 
uncertainties are at the level of 10%. On the contrary, the EW corrections to Z + lj production are 
enhanced compared to 7 +  lj production and at 1 TeV they reach -203 and -83 respectively. In 
the right plot of Fig. 3 we show the ratio in PT,V of Z + lj over 1' + lj production. This observable 
is fairly stable in the considered PT range and QCD corrections are below 103. However, EW 
corrections result in an almost constant shift of about 10% comparing the PT-ratio at LO and NLO 
QCD + EW. Such a shift is consistent with the observed deviation presented by CMS at Moriond 
2015 QCD (also shown in Fig. 6 of9) .  
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Figure 3 - Distributions in the transverse momenta of the Z boson (left) and of the photon (center) for Z + lj and 
7 + lj production at ,/8 = 8 TeV. Curves and bands as in Fig. 1. In the right plot the ratio of the PT of the Z and 
the photon together with the relative corrections in the ratio with respect to the LO ratio are shown using the same 
color coding as before. 

5 Conclusions 

Recent progress in the automation of perturbative calculations within the OPENLOOPS +Mu­
NICH/SHERPA frameworks has opened the door to NLO QCD+EW simulations for a vast range of 
Standard Model processes, up to high particle multiplicity, at current and future colliders. The large 
impact of NLO EW effects in V +multijet production at high energy demonstrates the relevance of 
these new tools for the upcoming Run-II of the LHC. 
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NNLO corrections for LHC processes 
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To fully profit from the remarkable achievements of the experimental program at the LHC, 
very precise theoretical predictions for signal and background processes are required. In 
this contribution, I will review some of the recent progress in fully exclusive next-to-next-to­
leading-order (NNLO) QCD computations. As an example of the phenomenological relevance 
of these results, I will present LHC predictions for t-channel single-top production and Higgs 
boson production in association with one hard jet. 

1 NNLO computations: status and prospects 

The impressive achievements of the LHC program at CERN, culminated with the discovery of 
the Higgs boson l,2 , allow us to scrutinize the Standard Model (SM) to a level of accuracy never 
seen before. Although interesting per se, the ultimate goal of such scrutiny is to find deviations 
from expected predictions which point to new physics beyond the standard model. So far, no 
significant deviation has been observed, indicating that new physics, if present, may be hiding 
in subtle effects. Disentangling such small deviations requires very good theoretical control on 
standard model predictions. 

In general, computing perturbative corrections to a given process requires two steps. First, 
all relevant tree and loop amplitudes must be known. Second, a consistent framework to combine 
real and virtual corrections into finite predictions for physical observables is needed. In order 
for theoretical predictions to describe the complicate experimental environments in a reliable 
way, the framework must be able to cope with arbitrary (infra-red safe) fiducial cuts on the final 
state and be valid for any (infra-red safe) differential distribution. In other words, the framework 
should allow for fully exclusive predictions. This requirement proved to be very challenging to 
deal with and as a result for a a long time fully exclusive NNLO predictions were only available 
for process with a trivial color flow, like Higgs3'4 or Drell-Yan production5'6 . In the recent years 
however, thanks to a big effort in the theory community, significant progress has been made 7 
and it is now possible, at least in principle, to deal with processes of arbitrary complexity. In 
practice, predictions for genuine 2 -+ 2 processes are now doable, and indeed in the recent past 
NNLO computations for top-quark8, dijet 9 , single-top 10 and Higgs plus Jet 11 started to appear. 

To go beyond 2 -+ 2 processes, several issues must be addressed. First, two loop amplitudes 
must be computed. So far the state-of-the art is 2 -+ 2 amplitudes with up to one inter­
nal/external mass scale (like e.g. amplitudes for pp -+ tt production 12) or 2 -+ 2 amplitudes 
with up to two external mass scales (like e.g. amplitudes for pp -+ W Z production 13) .  Going 
beyond that will require substantial improvements of our current technology. Second, to com­
pute NNLO correction to pp -+  X one needs one-loop amplitudes for pp -+ X +parton, and they 
have to be stable enough in the unresolved regime where the extra parton is very soft / collinear. 
In the recent past, we witnessed a lot of progress in automatic one-loop computations 14 . It is 
an interesting question whether the results obtained from these automatic tools are stable and 
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efficient enough to cope with the demands of NNLO computations. Third, it is not clear if exist­
ing implementations of subtraction frameworks will in practice work with high multiplicity final 
states. Although all major conceptual issues have been now more or less solved, yet all existing 
computations require significant amount of computing resources to deal with 2 --+ 2 kinematics. 
It is hence far from obvious that the same frameworks will successfully handle genuine 2 --+ 3 
and more complicated proc;esses. 

Fortunately, a lot of processes for which NNLO accuracy is desirable fall in the 2 --+ 2 
category (see e.g. the Les Houches wish-list 15 ) . In the following, I will briefly illustrate the 
recent progress in NNLO computations and its phenomenological implications by discussing two 
of such processes, t-channel single top production and Higgs boson production in association 
with one hard jet. 

2 NNLO predictions: phenomenological examples 

t-channel single-top 

The relevance of the top physics program at the LHC has already been discussed extensively 
in these proceedings. The main difference w.r.t. the Tevatron program is that at the LHC the 
signal yield for tops ad the LHC is relatively large, thus allowing for very precise studies of 
this particle and its properties. At hadron colliders, tops can be produced both through strong 
interactions, which lead to t[ pair production, and through weak interactions, which lead to 
single-top production. The cross-section for tt is larger, yet the yield for single-top is still sizable 
at the LHC. Moreover, measuring the single-top cross-section gives direct access to the V'tb CKM 
matrix element. 

For single-top production, most of the cross-section comes from the so-called t-channel 
topology. NLO corrections to the total t-channel cross-section are known to be small, at 
the percent level. Naively, this would suggest per mill level NNLO corrections, well beyond 
the accuracy goal of actual measurements. Unfortunately, there are many indications that the 
smallness of NLO corrections to the total cross-section is accidental. Moreover, NLO corrections 
to more differential quantities can be as large as 20%. In order to achieve a percent level 
perturbative control, higher order predictions are thus needed. 

NNLO corrections to t-channel single top, for stable tops, were computed in 10 using the 
five flavor number scheme in the factorized approximation. Using the MSTW2008 parton set, 
the NNLO total cross section for mt = 173.2 GeV is aNNLO = 54.2:!:8:� pb, to be compared with 
the NLO prediction aNLO = 55.1:!:6:g pb and the LO one aw = 53.s:!:tg pb. Errors refer to scale 
variations of a factor of two around µ =  mt. As anticipated, NNLO corrections are as large as 
the NLO ones. All these predictions are in excellent agreement with the current experimental 
measurement presented in these proceedings at = 53.85 ± 9%. At NNLO, the residual per­
turbative uncertainty due to scale variation is greatly diminished compared to previous orders, 
thus making it basically irrelevant in the full budget of theoretical error, which is dominated by 
uncertainty on parameters like parton distribution functions or the b-quark mass. A thorough 
estimate of such uncertainties is currently under way. As we briefly mentioned before, NLO 
corrections can be significantly larger for more exclusive quantities. It is thus interesting to 
investigate whether NNLO corrections are enough to stabilize the perturbative expansion in 
these cases or not. An example is shown in Fig. 1, where the top P1- cumulative cross-section 
is shown. Despite NLO corrections at high P1- are very large and outside the LO uncertainty 
band, NNLO corrections are very stable throughout the full spectrum. 

So far, NNLO predictions are only known for stable top. However, NNLO corrections to 
top decay are known 16 . Combining these results with the one just described will allow for a 
complete pp --+ t + X --+ Wb + X NNLO computation, in the narrow width approximation. 
The result of such combination would be very interesting, as it will allow for a proper study of 
single-top production at the LHC in the actual measured fiducial region. 
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Figure 1 - Top P1- cumulative cross-section at LO (red), NLO (green) and NNLO (blue). Colored bands represent 
scale variation uncertainty, in the range µr = µf E [mt/2, 2m,]. See text for details. 

2.1 Higgs boson production in association with one jet 

Studying the properties of the recently found Higgs boson is clearly one of the main goals of the 
LHC experimental program. From a theoretical point of view, Higgs production at the LHC 
is quite hard to properly describe because the perturbative series has a poor convergence. For 
example, the NLO corrections for inclusive Higgs production in gluon fusion are as large as 
the LO rate. To obtain reliable predictions, computation of enough terms in the perturbative 
expansion is thus mandatory. For fully inclusive Higgs production, corrections up to N3LO were 
recently computed 17 . Unfortunately, in most cases the knowledge of the total cross-section alone 
is not enough and more differential information is required. Predictions in these situations are 
much more involved, and as a consequence the theoretical control is much worse. A particularly 
interesting class of processes in this family are Higgs boson produced in association with one 
or more hard jets. On one hand a proper modeling of such processes is very important for 
experimental analysis in channels like the H -+ WW or H -+ TT where a jet-bin categorization 
is fundamental for increasing the sensitivity. Furthermore, Higgs boson in association with one 
hard jet gives direct access to the Higgs transverse momentum spectrum. 

In this contribution I will present results of a recently completed computation of Higgs boson 
plus jet which includes all the ingredients relevant for reliable phenomenology at the LHC. More 
specifically, NNLO corrections are computed for the gg and qg channels, which are expected 
to account for about 993 of the total cross-section. The computation is carried out in the 
Higgs effective field theory where the top quark is integrated out and a point-like interaction 
ggH is considered. Such an approximation is reliable at the percent level up to transverse 
momenta of the order of P1- � 150 GeV 18 .  Results are obtained using the NNPDF21LO, 
NNPDF23NLO and NNPDF23NNLO parton sets and values of a8• We use the central scale 
µr = µf = mH = 125 GeV. Jets are reconstructed using the anti-kt algorithm with P1- > 30 GeV 
and R = 0.5. We find the total cross-section to be aw = 3.9:"i:i pb, O"NLO = 5.6:"U pb and 
O"NNLO = 6.7:"8:� pb at LO, NLO and NNLO respectively where the upper(lower) results are for 
the scale choices µr = µf = mH/2 (2mH)· NNLO corrections are sizable, around 203 on top of 
NLO, but smaller than the NLO ones indicating a convergence of the perturbative series. The 
residual uncertainty due to scale variation is significantly reduced to the � 103 level. 

In Fig.2 the cumulative one-jet cross-section (left pane) and the Higgs P1- spectrum in the 
1-jet bin (right pane) are shown. These plots show a clear improvement of scale uncertainties 
also for more differential observables. The convergence of the perturbative series is reasonable: 
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Figure 2 - Higgs plus jet total cumulative PJ.,jet cross-section (left) and Higgs boson PJ. spectrum in the 1-jet bin 
(right) at LO (yellow), NLO (green) and NNLO (blue). Colored bands represent scale variation uncertainty, in 
the range µr = µf E [mH/2, 2mH]. In the lower pane, the ratio between consecutive perturbative orders for the 
scale choice µ = mH is shown. See text for details. 

while the LO and the NLO bands only partially overlap, the NLO /NNLO overlap is substantial. 
Interestingly enough, the NNLO to NLO ratio is not constant: the bulk of the corrections lies 
in the low p -1 region, while the NLO and NNLO curves tend to converge to the same value at 
high P-1 · 

3 Conclusion 

The LHC program requires very accurate theoretical modeling of complex experimental environ­
ments. Such predictions are mandatory to scrutinize the structure of the Standard Model and 
hopefully find deviations pointing to new physics. An essential ingredients are refined higher 
order predictions for fully exclusive reactions. Thanks to a big effort in the theoretical commu­
nity, first NNLO predictions for genuine 2 --+  2 colorful processes recently started to appear. In 
this contribution, I illustrated the recent progress by showing accurate phenomenological pre­
dictions for t-channel single top and Higgs boson production in association with one jet at the 
LHC. These are only examples chosen among a rapidly growing number of processes computed 
to NNLO accuracy, which are pushing farther the boundaries for phenomenological studies at 
hadron colliders. 
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Estimation of uncertainties from missing higher orders in perturbative calculations 

E. Bagnaschi 1 a 

1 DESY, NotkestraBe 85, D22607 Hamburg, Germany 

In this proceeding we present the results of our recent study 2 of the statistical performances 
of two different approaches, Scale Variation (SV) and the Bayesian model of Cacciari and 
Houdeau (CH) 1 (which we also extend to observables with initial state hadrons), to the 
estimation of Missing Higher-Order Uncertainties (MHOUs) 4 , in perturbation theory. The 
behavior of the models is determined by analyzing, on a wide set of observables, how the 
MHOU intervals they produce are successful in predicting the next orders. We observe that 
the Bayesian model behaves consistently, producing intervals at 68% Degree of Belief (DoB) 
comparable with the scale variation intervals with a rescaling factor r larger than 2 and 
closer to 4. Concerning SV, our analysis allows the derivation of a heuristic Confidence Level 
(CL) for the intervals. We find that assigning a CL of 68% to the intervals obtained with the 
conventional choice of varying the scales within a factor of two with respect to the central scale 
could potentially lead to an underestimation of the uncertainties in the case of observables 
with initial state hadrons. 

1 Introduction 

Precision phenomenology will be of primary importance for new physics searches during the up­
coming second run of the LHC, since no strong hints of deviation from the Standard Model (SM) 
have emerged from the analysis of run-1 data. These analyses require accuracy not only in the 
experimental measurements (i.e. high statistics and strict control of systematic errors) but also in 
the SM theoretical predictions. When experimental and theoretical uncertainties are of the same 
order of magnitude, it becomes important to be able to assess quantitatively the importance of all 
sources of uncertainties. Concerning theoretical uncertainties, one of the most important classes 
is represented by the uncomputed higher-order contributions to the perturbative expansion of the 
observables. Traditionally, the community has estimated them by varying the unphysical scales 
that appear in the perturbative result (e.g. the renormalization scale and the factorization scale). 
This procedure has been used for many years and it allows a quick estimate of the effects of 
missing higher orders. However this method yields intervals that do not posses a strict statistical 
meaning, therefore making it difficult to integrate these uncertainties in more complex analyses 
of the experimental data. To solve some of the shortcomings of the SV procedure, Cacciari and 
Houdeau have recently proposed a new method, built using the framework of Bayesian statistics 1 . 
While not considered in this proceeding, it should be pointed out that the same problem has 
also been studied with a more mathematical oriented approach, using sequence transformation 
techniques, in ref. 4, where also the concept of MHOU was originally introduced. 

In our study 2 , we first try to address some of the drawbacks of the original CH framework, 
introducing a modified version, named CH, which we also extend to observables with initial state 
hadrons. We then consider the two models, SV and CH, and we analyze their performances on 
two wide set of observables, characterized by the presence/absence of hadrons in the initial state. 
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This allows us to test the consistency of the CH model, estimate a heuristic confidence level for 
the SV intervals and then compare the two prescriptions for the estimation of the MHOUs. 

2 Models for the estimation of theoretical uncertainties 

2. 1 Scale variation 

The first model we consider is the standard and widely used procedure of scale variation. Given 
an arbitrary perturbative observable 0, characterized by a central hard scale Q, its truncated 
perturbative expansion k Ok (Q, µ) = L°'�(µ)cn(Q, µ) (1) n=l 
contains a residual dependence on the unphysical scales (e.g. the renormalization scale) ,  which here 
we collectively represent with µ, that were introduced during the computation. This dependence 
is unphysical and will vanish if the observable were computed at all orders. Specifically, the 
functional dependence on µ of the expression given in eq. 1 is of higher order in as and it is 
governed by the renormalization group equation. The latter is such that varying the scales yields 
terms that are effectively part of the unknown higher-order contribution, multiplied by logarithmic 
factors of the ratio of the scales Q and µ. Due to these properties, it is customary to evaluate the 
degree of convergence of a perturbative expansion (i.e. the size of the missing higher-order terms) 
by varying the unphysical scales around their central value Q in the interval [Q/r, rQJ , where the 
rescaling factor r is usually chosen equal to 2. Several prescriptions for SV are adopted in the 
literature, differing in the details of how the uncertainty interval is constructed from the values 
obtained when the scales are varied (e.g. scanning vs taking the values at the extremes of the 
variation interval) . 

However the SV method has two drawbacks. First of all, the intervals obtained in this way have 
a priori no statistical meaning and therefore can not be included consistently in other analyses. 
Secondly, the value for the rescaling factor r, usually assumed to be two, is arbitrary and there 
are no clear-cut theoretical justifications to opt for a specific value over another. 

2.2 The Cacciari-Houdeau Bayesian framework 

As a second prescription, we consider the Bayesian framework developed by Cacciari and Houdeau 1 ,  
originally introduced to address the shortcomings of SV. One of the drawbacks of the original CH 
model is that its prediction for the uncertainty intervals depends on the expansion parameter 
chosen for the perturbative series of the observable. However, in perturbative QCD, the expan­
sion parameter is not unambiguously defined. To address these issues, we introduce a parameter 
).. that reflects our ignorance of the optimal expansion parameter. Our expression for a generic 
observable, which starts at order 1 and it is known up to order k, is then given by 

k k 
0 - '°' (°'s )n ( - ) 1 \n_Cn_ = '°' (°'s )n ( - ) 1 b k - � ).. n 1 . " 

(n _ l)! - � ).. 
n 1 . n, (2) 

where we have isolated a factor ( n - 1) ! in the expansion. The latter can be motivated from theory 
by looking at the behavior of the coefficients Cn for large n. The same priors of the original CH 
model are retained. Then, we extrapolate ).. by measuring the performance of the model for a 
fixed ).. value on a given set of observables. At a given order and for a given DoB, we calculate 
for each observable the corresponding uncertainty interval. Then we compute the success rate, 
defined as the ratio between the number of observables whose next-order is within the computed 
DoB interval over the total number of observables in the set. We define the optimal ).. value to be 
such that the success rate is equal to requested DoB. 
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We then perform the extension to hadronic observables k Ok(T, Q) = L(Q) ® 2...>l<�Cn(Q) (3) n=l 
in two possible ways: 

1 .  By performing the convolution integral in eq. 3 (using the same PDFs at all orders) , ex­
tracting the perturbative coefficients by re-expanding in power of °'s with the same factors 
as in the non-hadronic case and then by feeding them to the same model. 

2. By going to Mellin space, identifying the dominant b Mellin moment N*, applying the 
CH model to the coefficient function at this moment and then rescaling back the uncertainty 
interval to the observable in the physical space. This procedure is theoretically cleaner, since 
it does not involve non-perturbative physics coming from the PDF. 

For our global analysis we opted for the first method, due to its simplicity and ease of use. However 
we have also applied the second approach to some observables, like pp ---+ H. In all cases the value 
of >. should be re-determined with the same procedure that was used for the observables without 
initial state hadrons. We denote the new value with >.h. 

3 Results 

We consider two sets of observables, characterized by the presence or absence of hadrons in the 
initial state. The former set includes the R ratio, QCD sum rules, event shape observables, 
particle decays and splitting kernels. The latter contains Higgs and weak bosons production (also 
in association with jets) , tt and bb production. For each observable in the set under study, we 
compute the MHOU at a given order k with a specific model and we compare with the prediction 
at order k + 1 .  We define the success rate of the model as the ratio of the observables for which 
the k + 1 order is inside the error band over the total number of observables in the set. In the case 
of the CH model, this procedure is repeated for different DoBs and it is also used to determine >. 
at the same time, while for SV the algorithm is repeated for different values of r. 
Success rate 
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Figure 1 - On the left we show the results for the SV heuristic CL, for the non-hadronic observable set, considering 
the values assumed by the observable in the entire scale variation interval. On the right we show the comparison 
of the error bars, for e+e- -+ hadrons, produced by SV (red) and the CH model (blue) for different values of r and 
DoB, respectively. 

In the left plot of fig. 1 ,  which shows the performance of SV for the non-hadronic observables, 
we notice that at LO (as expected) SV is poorly predictive of the next unknown-order up to 
r = 3 - 4, while at NLO we observe a heuristic 68% CL already for r c:o 2. The comparison of 

•we follow the observations, first appeared in ref. 3, on the analytic structure of the cross section in Mellin space 
and its dominant contributions. 



the results for SV and CH (with .A = 1 ,  determined as explained above) , on the right side of the 
same figure, allows us to compare the predictions from the two models for a specific observable, 
e+ e- -+ hadrons. We see that the 68% DoB Bayesian intervals are slightly larger than the r = 2 
SV intervals and comparable in size with the r = 4 ones. 

In fig. 2, we show the same analysis of fig. 1 for the hadronic-observable set. From the left 
plot, we see that. the SV intervals are less predictive than in the non-hadronic case and, even at 
NLO, a heuristic CL of 68% is obtained only for r � 4 - 5, though the specific value depends 
whether one uses the NNLO PDF at all orders, or, as it is done in the plot, matches the PDF 
to the perturbative order of the computation. On the right, we show, as an example, the results 
for pp -+ H. We see that, for this specific observable, the bands obtained with the CH model c 
are systematically larger than the ones obtained with SV. We also observe that the two possible 
extensions to hadronic observables of the CH model agree in their prediction for the MHOU. 

Success rate I .O r  O"dpb] 251 I 0.8 f pp -+ H  
� 20 j • CH"Me\lin(At, = 0.6, DoB = 0.95) 

_ _ _ //_ - - - - - - - - - - .., Of Mellin ( .l� = 0.6, DoB = 0.6& ) 0.6 • [Jg I 15; ... CH (.l.b = 0.6, DoB = 0.95 ) 
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Figure 2 - On the left we show the results for the SV heuristic CL for the hadronic observable set, as a function of 
r, with order-matched PDFs and by considering only the observable values at the extremes of the scale variation 
interval. On the right we show the comparison of the error bars, for w --+ H, produced by SV (red) and the 
CH model (blue and green) for different values of r and DoB, respectively. 

4 Conclusions and outlook 

We have performed a statistical study of the performances of the SV and CH models. Concerning 
SV, we find that, for non-hadronic observables, a value of r � 2 corresponds to a heuristic CL 
of about 68% at NLO. On the other hand, in the hadronic case, a larger value of r, between 4 
and 5, is needed to reach the same confidence level (the precise value being dependent on the 
choice adopted for the PDFs). With respect to the CH model, which we have also extended to 
hadronic observables, we find that a consistent determination of the value of A is possible and 
that it leads to error bars that are of the same order of magnitude of the SV intervals, with a 68% 
DoB band usually slightly larger than the r = 2 and closer to the r = 4 SV interval. We have 
therefore shown that the CH model can be reliably used to estimate MHOUs. Possible future 
improvements involve the introduction of a specific prior for the value of .A, to replace the current 
frequentist procedure, and the development of more refined models tailored on specific classes of 
observables, especially for the hadronic case. 
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Combining parton showers and NNLO matrix elements 
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In this talk, we discuss recent developments in combining parton showers and fixed-order 
calculations. We focus on the UN2LOPS method for matching next-to-next-to-leading order 
computations to the parton shower, and we present results from SHERPA for Drell-Yan lepton­
pair and Higgs-boson production at the LHC. 

1 Introduction 

With the LHC experiments entering the second long phase of data collection after the upgrade 
period, we expect that the Standard Model (SM) of particle physics will be probed in exquisite 
detail while searching for hints of phenomena beyond our current knowledge. A major role in 
this endeavor is played by parton-shower Monte Carlo programs, which allow to predict the full 
final-state kinematics on an event-by-event basis. 

In this talk, we will briefly describe the evolution and status of combining fixed-order calculations 
with parton shower (PS) resummation, followed by comments on which state-of-the art merging 
schemes lend themselves to further improvements. We will then discuss how next-to-next-to-leading 
order (NNLO) accurate predictions can be included into event generators. Finally, we present results 
in the UN2LOPS scheme 1•2 as implemented in SHERPA 3 . 

2 The story so far 

Finding ways to combine accurate fixed-order calculations with parton showers has been a major 
topic in event generator development since the turn of the century. A decisive boost came from 
methods for merging multiple inclusive tree-level calculations by making them exclusive using Su­
dakov form factors derived from the parton shower6•7•8 . Another breakthrough was the development 
of algorithms for matching parton showers to NLO QCD calculations 4. 

All these methods have ambiguities and uncertainties. A particularly striking example of dif­
ferences between NLO+PS matched results was presented in 5 : The prediction for the Higgs-boson 
transverse momentum distribution shown in this publication varies greatly with the matching 
scheme. Differences in the schemes are formally beyond the required NLO+PS accuracy. Their 
numerical size reveals, however, that more accurate and less variable calculations of the Higgs­
boson + jet process must be included to make experimentally relevant predictions. 

This can be achieved using methods for combining a sequence of multi-parton fixed-order cal­
culations, often referred to as "multi-jet merging" . Merging methods exist for tree-level 6 and NLO 
calculations 7•8• They provide state-of-the art predictions for LHC Run-II. A comparison of NLO 
merging schemes in 9 has shown good agreement between different approaches. More importantly, 
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the agreement between theory and experiment is improved, and theoretical uncertainties may be 
reduced. 

3 Moving towards NNLO accuracy 

NLO multi-jet merging techniques have additional features compared to LO merging. For example, 
those real-emission corrections to X + n-jet production which lead to n + 1 well-separated jets 
above the merging scale need to be removed, since such configurations are already included by 
merging with the n + 1-jet calculation. In addition, the approximate virtual corrections included 
in the PS must, at O(a�+l) ,  be replaced by the full NLO result. A more subtle issue arises from 
additionally demanding the stability of inclusive jet cross sections 8•10 : In merged calculations, the 
emission probability is given by exact fixed-order matrix elements. In contrast, the resummed 
virtual corrections derive from the Sudakov factor of the parton shower. Upon integration over the 
radiative phase space, the two do not cancel, leading to a "unitarity violation" . 

This discrepancy can be removed using unitary merging techniques 8 . One of them is the so­
called UNLOPS method. It allows, in a process-independent way, to add the precise difference 
between fixed-order real-emission matrix elements and their parton-shower approximations to the 
merged result . This is called the "subtract what you add" philosophy. In the UNLOPS scheme, it 
is possible to combine arbitrarily many NLO calculations, and include tree-level results when NLO 
calculations are not available. UNLOPS retains the merging scale as a technical parameter, since 
low merging scales - while desirahle to use higher-order calculations over most of the phase space 
leads to inefficient event generation. 

4 Combining NNLO calculations with parton showers 

Although NLO merging yields accurate predictions for many multi-jet observables, it is desirable 
for some reactions to move beyond NLO accuracy. Such processes include reactions with large 
higher-order corrections, e.g. Higgs-boson production in gluon fusion, standard candles like Drell­
Yan lepton pair production, and other phenomenologically important processes. 

NNLO accurate matching to the parton shower has been achieved first in the MINLO ap­
proach 11 . The MINLO method 10 is based on matching the hard process plus one-jet NLO cal­
culation to the parton shower, and supplement it with Sudakov form factors that account for the 
resummed virtual and unresolved higher-order corrections between the hard scale and the resolu­
tion scale of the jet. In its current implementation it uses analytic Sudakov factors derived for qT 
resummation, which limits its applicability to hard processes with no light QCD jets in the final 
state. The genuine NNLO corrections are included through pre-tabulated phase-space dependent 
K-factors, which leads to fast event generation but makes the extension to processes with more 
complicated final states challenging. 

Within the UN2LOPS approach 1•2 , a variant of UNLOPS, NNLO corrections associated with the 
emission of resolvable QCD radiation are treated as the hard process plus one additional jet at 
NLO. The remainder of the phase space is filled by a calculation for the hard process at NNLO, 
with a corresponding veto on any QCD activity. Both parts are separately finite, and parton shower 
matching is only needed for the first. To make the result physically meaningful, the separation cut 
must be smaller than the infrared cutoff of the parton shower. This requires very stable NLO 
matched calculations for the one-jet process. In contrast to the MINLO method, real-emission 
configurations do not receive a contribution from the NNLO K-factor. 

Neither NNLOPS nor UN2LOPS should be considered final a answer to NNLO+PS matching, 
but rather as a first step towards more general methods. 

5 NNLO+PS matched results in SHERPA 

We will now discuss some phenomenologically relevant results obtained with the UN2LOPS matching 
as implemented in the SHERPA event generator. In order to control all aspects of the matched 
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Figure 1 - Charged current Drell-Yan lepton pair production, for two different PDF choices. Upper left: Pscudorapidity 
of the positron at NLO and NNLO accuracy. NLO PDFs used in the NLO calculation. Upper right: Pseudorapidity 
of the positron. NNLO PDFs used in the NLO calculation. Lower left: P1- of the positron. NLO PDFs used in 
MC@NLO. Lower right: P1- of the positron. NNLO PDFs used in MC@NLO. 

calculation, the full NNLO calculation using a qj_ cutoff method has been implemented in Sherpa 
itself. This technique is limited to processes without light jets in the hard process, a shortcoming 
that can in principle be remedied by using different techniques for performing the fixed-order NNLO 
calculation. The following plots, and the SHERPA plug-in containing the UN2LOPS implementation 
are publicly available 14 . 

Figure 1 highlights an interesting feature of the NNLO corrections to neutral and charged 
current Drell-Yan lepton pair production. For inclusive observables, using a NNLO PDF for a NLO 
calculation reproduces the full NNLO calculation very well, both in normalization and in shape. 
This is clearly a very process-dependent statement, and it breaks down once an observable depends 
not only on the Born degrees of freedom, as shown in the lower right panel of Figure 1 :  In the phase 
space region which can only be accessed by giving the lepton-pair system transverse momentum 
(PT > 40 GeV) , the NNLO result cannot be mimicked by a NLO calculation. In this region the 
improvement obtained from UN2LOPS is apparent. 

The UN2LOPS prescription has also been applied to 2• Figure 2 exemplifies the residual un­
certainties of the NNLO matched calculation in Higgs-boson production through gluon fusion. We 
use two different ways to include the Wilson coefficient for the ggh vertex2 : A factorized matching 
scheme which is reminiscent of the POWHEG strategy, and an individual matching scheme that 
somewhat mimics the MC@NLO procedure. The results are as expected: The factorized approach 
leads to a harder tail in the qj_ distribution, whereas the individual matching has a softer tail and 
a small enhancement for medium qj_ values. The individual matching shows better agreement with 
the NNLO+ NNLL result of the HqT program 13. The uncertainty due to varying the parton shower 
starting scale becomes appreciable for small qJ_ values, and is significantly larger than the resumma­
tion scale variation in HqT. This might be taken as indication that a more accurate parton shower 
would be beneficial. 
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Figure 2 - Higgs boson p_j_ spectrum in individual matching (left) and factorized matching (right). 

6 Conclusions 

We have reviewed the current status of matching and merging parton shower resummation and 
fixed order calculations. Some state-of-the-art NLO merging methods have recently been molded 
into NNLO matching methods. The prerequisite for these extensions was a well-defined one-jet 
cross section, which was then updated to NNLO accuracy for the inclusive process. Results of the 
UN2LOPS scheme as implemented in SHERPA have been presented. This implementation includes 
new NNLO fixed-order calculations for (neutral and charged current) Drell-Yan lepton pair and 
(gluon-fusion initiated) Higgs-boson production. When applied to the Drell-Yan process, we find 
that the NLO results, when computed with NNLO PDFs, reproduce the full NNLO results for inclu­
sive observables. For Higgs-boson production at NNLO+PS accuracy, two schemes were presented, 
highlighting some residual uncertainties of the matching. 
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I analyze the algebraic patterns underlying the structure of scattering amplitudes in quantum 
field theory. I focus on the decomposition of amplitudes in terms of independent functions 
and the systems of differential equations the latter obey. In particular, I discuss the key role 
played by unitarity for the decomposition in terms of master integrals, by means of generalized 
cuts and integrand reduction, as well as for solving the corresponding differential equations, 
by means of Magnus exponential series. 

1 Introduction 

High energy particle collisions are the ideal framework for accessing new informations on matter 
constituents and forces of nature. The higher the energy of the colliding particles, the richer the 
landscape of the produced ones. The discovery of new physics interactions cannot be disentan­
gled from the discovery of massive, heavy particles, emerging from collisions of ever increasing 
energy. On the other side, by increasing energy, also the probability of producing many light par­
ticles is enhanced. Therefore, advances in High Energy Particle Physics necessarily depend on 
our ability to describe the scattering processes involving many light and heavy particles at very 
high accuracy, hence they depend on our capability of evaluating Feynman diagrams. Beyond 
leading order (LO) , Feynman diagrams represent challenging multidimensional/multivariate in­
tegrals, whose direct evaluation is often prohibitive, therefore the computation of scattering 
amplitudes beyond the LO is addressed in two stages: i) the decomposition in terms of a basis 
of functions, and ii) their evaluation of the elements of such a basis, called master integrals 
(Mis) . In this contribution, I elaborate on the algebraic properties of Feynman integrals, which 
can be exploited for decomposing them in terms of Mls and for computing the latter. The 
techniques I discuss can be applied to generic amplitudes, and have a impact on high-accuracy 
prediction for collider physics, as well as for exploring the more formal aspect of quantum field 
theory. 

Let us observe that amplitudes can be decomposed in terms of independent functions, ex­
actly like a vector can be decomposed along basic directions. One needs a basis and a projection 
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technique. The latter is necessary to extract the coefficients of the linear combination. Fac­
torization is the basic idea we are going to elaborate on. Factorization is ubiquitous in the 
discovery of new mathematical and physical concepts. Complex numbers emerged from factor­
izing the simplest number we may think of, i.e. 1 = (-i)i; quantum mechanics relies on the 
factorization of the identity matrix, ][ = Ln I n) ( n I ;  Dirac equation emerged from factorizing the 
d'Alambertian operator, i. e. D = (-if/J)(if/J). What does happen when amplitudes factorize? 

Cutting a virtual particle and bringing it on the mass shell (p2 = m2) ,  turned out to be a suit­
able projection technique yielding amplitudes decomposition. Why multiple-cuts are important? 
First, because multiple-cuts yield functions identification. Since any diagram is characterized 
by its internal lines, a given master diagram is univocally identified by a cut-diagram where 
all internal particles are on-shell. Moreover, when applied to amplitudes, multiple-cuts behave 
like high-pass filters, which isolate only the diagrams that have those internal lines to be cut, 
while the others are automatically discarded. Therefore, by considering all possible cuts of an 
amplitude, in a top-down procedure, from the maximum number of cuts to the lowest one, it is 
possible to build a (triangular) system of equations from which all coefficients can be determined. 

2 Integrand decomposition 

Figure 1 - Tree-level recurrence re­
lation. 

Tree-level scattering amplitudes obey a quadratic recurrence 
relation 1 (BCF"\V), depicted in Fig.l, whose derivation relies 
on Cauchy's residue theorem. Since tree amplitudes are ratio­
nal functions of kinematic variables, the BCFW recurrence can 
be understood as due simply to partial fractioning 2, because 
residue theorem applied to rational functions amounts to partial 
fractions. Is that just accidental, and holding for tree-level am­
plitudes, or partial fractioning can be exploited also at higher 

orders? 
The integrand reduction algorithm 3 had a dramatic impact on our ability of computing 

one-loop amplitudes. The basic idea lies in the existence of a relation between numerators and 
denominators of scattering amplitudes which can be used to decompose the integrands of one­
loop amplitudes in terms of integrands of Mis. The amplitude decomposition in terms of Mis is 
then achieved after integrating the integrand decomposition. The coefficients of the Mis are a 
subset of the coefficients appearing in the decomposition of the integrands. Therefore, within the 
integrand reduction algorithm, coefficients can be determined simply by algebraic manipulation, 
with the great advantage of bypassing any integration. 

The idea behind the GoSAM framework 4,5 is 
to combine automated diagram generation and al­
gebraic manipulation with the integrand-level re­
duction. The code is very flexible and it has been 
employed in several applications at NLO QCD ac­
curacy, studies of BSM scenarios, electroweak cal­
culations, and recently also within NNLO calcula­
tions. It is interfaced to several MonteCarlo event 
generators, like SHERPA, HERWIG, AMC@NLO. In 
particular, GoSAM was used to evaluate the NLO 
QCD correction to pp --+ Hjjj (in the infinite top­
mass limit) 6, which was the subject of a recent new 
phenomenological analysis 7 . 

f= + 
k=l 

Figure 2 - (right) Multiloop integrand decompo­
sition formula. A generic £-loop integrand with 
a certain number of denominatorsi each raised to 
an arbitrary power, is expressed as combination of 
integrands where the power of a given denomina­
tor is reduced by one, plus a term corresponding 
to the residue, depicted by a cut diagram. 

The extension of the integrand decomposition beyond one-loop has been proposed in 8, and 
refined in 9•10•11 , where the unitarity-based decomposition of multi-loop integrands has been 
addressed as a polynomial decomposition problem, and systematized within the multivariate 
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polynomial division algorithm. Accordingly, any generic multi-loop integral with n denominators, 
I12...n = J ddq1 · · · ddqm li2 ... n, with Ii2 ... n = N12 ... n/(D1 . . . Dn) ,  can undergo an integrand 
decomposition by means of successive polynomial divisions (modulo Grobner basis) between the 
numerator and the denominators, see Fig.2. The result of the decomposition reads as, 

il12 .. . n + il2 .. . n + . . .  + il12 .. . n-1 + . . .  + iln + . . . + ill 
D1 . . .  Dn D2 . . .  Dn D1 . . .  Dn-1 Dn D1 ' (1) 

where il; . . . j are the remainders of the iterated divisions (w.r.t. the Grobner basis of the ideal 
(D;, . . .  , Dj) ). Each residue ili . . .  j is a polynomial in the components of the loop momenta not 
constrained by the cut D; = . . .  = Dj = 0. Therefore, by integrating both sides, one obtains the 
decomposition of the original integral I12 ... n in terms of independent integrals. The integrand 
decomposition (1) implies that, exactly as it happens for the tree-level amplitudes, also the 
integrands of multi-loop amplitudes can be decomposed in terms of independent building blocks 
simply by partial fractioning ! 

While in the one-loop case the independent integrals are analytically known, in the multi­
loop case, their classification and evaluation is an open problem. 

3 Differential Equations and Feynman Integrals 

The method of differential equations (DEs) 12• 13• 14, reviewed in 15•16•17, is one of the most effective 
techniques for computing dimensionally regulated multi-loop integrals. 

In fact, any £-loop integral I is a homogeneous function of 
external momenta Pi and masses m;, whose degree 1 = 1(d, £) 
depends on the space-time dimensions d = 4-2E, on the number 
of loops £, and on the powers of denominators. Therefore, one 
can write the Euler scaling equation, 

(LPi · op, + LmJ am;)I = 1(d, £)I , 
i j 

(2) 

where ax = a/ax. Euler relation can be engineered to show 
that Mis obey linear systems of first-order differential equa­

! :; " 

Figure 3 - (The three-loop ladder 
box diagram, with one off-shell leg: 
the solid lines stand for massless 

tions (DEs) in the kinematic invariants, which can be used for particles; the dashed line represents 
a massive particle. Momentum con­the determination of their actual expression. By establishing an servation is I:::�i Pi = o, with pr = 

analogy between Schrodinger Equation in the interaction pie- o (i = 1, 2, 3) and pa = m'tz. 
ture (in presence of an Hamiltonian with a linear perturbation) 
and systems of DEs for Feynman integrals (whose associated matrix is linear in E) 18 , we have 
recently proposed an algorithm to find the transformation matrix yielding to a canonical sys­
tem 19, where the dependence on the dimensional parameter E is factorized from the kinematic. 
In particular, we found that the canonical transformation can be obtained by means of Magnus 
exponential matrix 20 . The integration of canonical systems is simple, and the analytic proper­
ties of its solution are manifestly inherited from the associated matrix, that becomes the kernel 
of the representation of the solutions in terms of repeated integrations. The latter in fact are 
the coefficients of a Magnus (or alternatively Dyson) series expansion in E. Magnus exponential 
is not unitary, as it happens in the quantum mechanical case, but the proposed method can be 
considered also inspired by unitarity. 

14 1  



3. 1 Applications 

We made use of Magnus theorem for the determination of non-trivial integrals, like the two-loop 
vertex diagrams for the electron form factors in QED and the 
two-loop box integrals for the 2 --t 2 massless scattering 18 , the 
two-loop correctionR to the pp --t Hj, as well as for evaluating 
the three-loop ladder diagrams for pp --t Hj (in the infinite top­
mass approximation) 21 , see Fig.3. The latter is a formidable 
calculation involving the solution of a system of 85 Mls. In this 
case, after identifying a set of Mls obeying a linear system of 
differential equations in x = -s/m'k and y = -t/m'k, by means 
of a Magnus transform, the system can be brought in canonical 
form, reading as, 

aI(x, y) = c A(x, y) I(x, y) , 

W.Z,¥ 

Figure 4 - Representative two-loop 
box diagram for QCD-EW correc­
tions to qlj -+ e+ r '  

(3) 

where f is the vector of Mls, and df = Oxf dx + ayf dy. The matrix A is purely logarithmic, 
A(x, y) = ai !n(x) + a2 ln(l - x) + a3 1n(y) + a4 ln(l - y) + as ln(x + y) + a6 ln(l - (x + y)) , 
where the a; ( i = 1, . . . , 6) are 85 x 85 matrices whose entries are just rational numbers. The 
logarithmic form of A trivializes the solution, which can be written as a Dyson series in E, where 
the coefficient of the series are combinations of Multiple Polylogarithms with uniform weight 
(where the weight increases as the order in E does) . 

Boundary conditions are determined by 
imposing the regularity of the solutions in spe­
cial kinematic configurations. Surprisingly, to 
fix the boundary values of all 85 Mls, only 2 
simple integrals have to be independently pro-
vided. 

Also, we have been considering the mixed 
EW-QCD corrections to Drell-Yan production 
at NNLO, whose representative diagram is de­
picted in Fig.4. Also in this case, Magnus ex­
ponential can employed to reach a canonical 
system for the 48 Mls drawn in Fig.5, in the 
variables x = - s/m'ir and y = -t/m'ir , with 
V = W, z 22. 

4 Conclusions 

, .  

• ! 

I � :  

(., ... ,,�.-,,.,.,,, ' I  

Fignre 5 - Master integrals for qq -+ £+ r at two-loop. 
Plane lines stands for massless particle, while dashed 
lines stands for massive particles. 

In this contribution, I have analyzed the algebraic patterns underlying the structure of scattering 
amplitudes in gauge theory. Unitarity plays a central role in the context of evaluating scattering 
amplitudes. It not only inspired methods to perform the amplitudes decomposition, by means 
of unitarity-cuts, but it also suggested a technique for the evaluation of master integrals, by 
means of matrix exponentials, similar to the unitary time-evolution in quantum mechanics. 
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Colour connection and the doubly-heavy hadron production in e+e- annihilations 
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The colour connection of the parton system is an important bridge to connect the perturbative 
phase and the hadronic phase in high energy collisions. We discuss the colour connections 
with a simple example, i.e., four heavy quark system in e+e- annihilation, emphasizing on 
a special one, which is necessary for the doubly heavy baryon and tetraquark productions. 
We then investigate the hadronization effects with the help of various hadronization models. 
The global properties related to a certain colour connection are not sensitive to hadronization 
models. We also simply mention how to search for the doubly heavy hadrons in B factories 
by the help of the event shape in the end of the paper. 

In high energy collisions, the produced final state partons transit into hadrons after hadroniza­
tion. This is one of the most important processes for understanding the non-perturbative quan­
tum chromodynamics and the confinement mechanism. e+ e- annihilation has the advantage 
that the hadronization results can be compared with the experimental data directly to extract 
informations of hadronization because of no hadrons in the initial states. To embed the parton 
system into a hadronization model, it is necessary to specify the concrete colour connection. 
However, the colour connection for one multiparton system is not unique. Some clues can be 
obtained by analyzing the decomposition of the colour space of the final partons i,2,3,4,5 . One 
of the interesting and important examples is the four-heavy-quark system (QQ'QQ'), in which 
many phenomena related to QCD properties can be studied, e.g., the (re)combination of quarks 
in the production of special hadrons, the influence of soft interaction on the reconstruction of 
intermediate particles (such as w±) ,  etc., most of which are more or less related to the colour 
connections among these four quarks. In Ref. 4, the interesting decompositions of the colour 
space of the QQ'QQ' system in e+e- annihilation have been discussed, which are 

(3Q 0 3Q') ® 3(./ 0 3(./, = 3QQ' ® 3(./ 0 3(./, EB · · · , or 
3Q ® 3Q' ® (3(./ ® 3(./,) = 3Q ® 3Q' ® 3QQ' EB · · · , (1) 

where 3 and 3* denote the triplet and anti-triplet representations of the SUc(3) Group respec­
tively, and the subscripts correspond to the relevant (anti)quark. When two (anti)quarks in 
colour state 3*(3) attract each other to form a(n) ' (anti)diquark' and the invariant mass is 
sufficiently small, it can hadronize into a(n) (anti)baryon (tetraquark). The hadronization is a 
'branching' process via the creation of quarks from vacuum by the strong interactions within the 
system. In this process, if taking cccc as an example, the diquark (cc) combines with a quark q 
(antidiquark ijii') to form 3;!;, 6•7 (Tee 8) .  To balance the quantum numbers of colour and flavour, 
an antiquark/diquark must be simultaneously created from vacuum. To branch them further, 
more quark pairs and diquark pairs must be created from vacuum via the interactions among 
the quark system. Such a cascade process will proceed until the end of time when most of the 
'inner energy' of the entire system is transformed into the kinematical energies and masses of 
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the produced hadrons. Each of two newly created quarks ( antidiquarks) combines with each of 
the primary c quarks to respectively hadronize into two open charmed hadrons, which can be 
described by an assigned concrete hadronization model (for details, see 9•10•11•12) . In Ref. 4, we 
adopted the Lund String Model 9•10, and to clearly describe the colour configuration mentioned 
above, a three-jet event shape is considered. It needs to be emphasized that the above description 
of the hadronization picture and the event shape have uu dependence on hadronization models. 
However, we want to study to what extent different hadronization models interplay with this 
kind of colour connection. For this purpose, we also employ Quark Combination Model 13•14 to 
deal with the hadronization of the remnant partons besides st, (Tee)· As other hadronization 
models, Quark Combination Model successes in reproducing experimental data of e+e- -+ h's 
and pp(p) -+ h's processes. As a matter of fact, the baryon to meson ratio 15•16 and constituent 
quark number scaling of elliptic flow v2

17 measured at RHIC experiments can be naturally un­
derstood. Furthermore, compared with other hadronization models, Quark Combination Model 
can be easily used to deal with the hadronization of the hidden quarks 18•19. 

The details of the application of the hadronization can be found in Ref. 4• As for st, 
production, the complementary antiquark can produce an antibaryon by combining with an 
antidiquark, and the balancing diquark pair is broken by the interactions within the remaining 
system and then each of two quarks becomes connected to the primary c quark to form two 
q'c colour singlet systems. The fragmentation of the heavy diquark can be described by the 
Peterson formula 20 

f(z) oc z(l - l/z -
1
Eq/(1 - z))2 ' (2) 

where EQ is a free parameter which is expected to scale between flavors as EQ oc l/m�. The 
fragmentation of the complementary (anti)quark can be described with the help of standard 
fragmentation function 21 as well as the analytical formulation employed in PYTHIA 10 

J(z) ex z-1 (1 - zrexp(-bm}_j z) , 

where a and b are free parameters, as can be found in Ref. 10. 

(3) 

The hadronization of the remaining q1c systems is described by the hadronization mod­
els. In the framework of Quark Combination Model 13•14 , Quark Production Rule and Quark 
Combination Rule are adopted to describe the hadronization in a colour singlet system, a sim­
ple Longitudinal Phase Space Approximation is used to obtain the momentum distribution for 
primary hadrons in its own system, and then this hadronization scheme is extended to the 
multi-parton states. 

For the center-of-mass energy set to zo pole, we investigated the hadronization effects on 
jets. To demonstrate the hadronization effects, the transverse-momentum (with respect to the 
thrust axis) distributions of st,, are calculated. The absolute values of the distributions more 
or less depend on the parameters in Eq. (2) ,  (3) and the entire hadronization. Once data are 
available at the future relevant experiments, e.g., International Linear Collider, the Higgs factory 
and zo factory, etc., the fragmentation functions and/or the parameters can be tuned according 
to the comparison with data. The details can be found in our recent papers mentioned above. 

In the special colour connection discussed here, each of two newly created quarks and one 
primary c are connected by the colour flow tube, while there is no colour flow between two 
primary c quarks. So after hadronization, the produced hadrons will mainly distribute along 
two colour flow and almost no hadrons emerge in the phase-space between two primary c quarks. 
This is so-called 'string effect' and the corresponding event shape is not sensitive to which 
hadronization model is used. To show this effect (event shape), We choose the more symmetric 
three-jet events by requiring that the angle between any two jets is larger than 7r /2. Because 
of momentum conservation, all three jet momenta must be in the same plane (P) in the e+e­
center-of-mass frame 25 • To obtain ki in the plane P, the three-momentum of each final-state 
particle ki is projected onto one of the three regions between the jets. The three-momentum 
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of the jet that contains st, is chosen to be the x axis. The angle between f; and the x axis is 
the azimuthal angle <f; of the corresponding particle. We can then calculate the final particle­
number (energy) distribution 1/N dN /d<f; (1/ E dE/d<f;) . The corresponding results are obviously 
similar for various hadronization models. This can help to justify our understanding on the 
hadronization described above. 

Therefore the study of colour connections is important for understanding nonperturbative 
QCD. The future relevant experiments, e.g., International Linear Collider, the Higgs factory 
and zo factory, etc., can provide opportunities for this study. Moreover, it is well known that 
the hadronization model should be universal for different hadronization processes. So LSM 
and QCM, etc., can also be applied in other hadronization processes, e.g., pp collision in Large 
Hadron Collider (LHC) and DIS. For the case that four-quark system emerges which has large 
rapidity gap with other clusters, the hadronization effects can also be studied by QCM when 
suitable observables introduced, e.g., the ratio of baryon to meson of Eq. (??). In addition, 
cc can be regarded as a coloured cluster, so if a similar heavy coloured particle 26•27 beyond 
Standard Model is produced at LHC, our method can provide useful hints to investigate the 
related hadronization phenomena. 

As has mentioned above, the doubly heavy hadron is the key trigger for the colour connection 
we discussed in this paper. So it is very crucial to investigate the progress of the experiments. In 
the hadroproduction process of charged hyperon beam on nuclear targets, a resonance decaying 
into At K-7r+ 7 and pD+ K- is observed by the SELEX Collaboration. The resonance could be 
one of doubly charmed hadrons, st, baryon. However, in the following studies of the At K-7r+ 
mass spectrum at B factories, both Barbar and Belle have yet not found this resonance. A 
search performed by FOCUS Collaboration in the photoproduction process gives no evidence, 
either. Recently, LHCb Collaboration look for St, in the decay channel At K-7r+ in pp colli­
sions, and find no signal. In an improved search with more data and additional decay modes, 
Belle Collaboration again fail to give positive evidence. The production mechanism for doubly 
charmed baryons seems intriguing. 

All the above mentioned experiments have used the At K-7r+ channel to search for st,. 
The number of reconstructed At in BaBar (� 600000) and that in FOCUS (� 19500) are both 
much larger than that in SELEX (� 1650) , but only SELEX observes doubly charmed baryon. 
This fact forces people to suspect whether st, can be produced only in hadroproduction with 
hyperon beams. It is necessary to perform more exploration at Belle and BaBar to dispel the 
suspicion. In e+e- annihilation, the cross sections do not prefer the forward direction as in high 
energy hadronic interactions. The 47r spectrometers can record most of the reaction processes. 
If we improve the method to veto the background and/or fluctuations for the measurement, we 
are possible to get a signal or a stronger exclusion. 

In e+ e- annihilation, one must have two pairs of cc to produce st,. The lowest order partonic 
process is e+e- -+ cecc. One cc pair is produced via the virtual photon, and the other cc pair is 
then produced via the virtual gluon splitting which is emitted from one of the quark/antiquark 
lines. When these two e's are close to each other in phase space, they can hadronize into st,. 
Otherwise, all the charm quarks/antiquarks will hadronize into singly charmed hadrons. The 
latter case also belongs to the background. The quark and the gluon propagators together 
determine the phase space configuration. This apparent feature suggests that the generation of 
st, associates with the three-jet like event shape: a cc jet, one c jet close to it, while the other c 
jet almost in the opposite direction. Therefore, one may experimentally identify such three jets 
first, then reconstruct At only in the cc jet (and the nearside c jet if not well separated), and 
then search for doubly charmed baryons employing these At, K- 's and 7r+'s only in the same 
jet. By such an investigation, those At's as well as K- 's and 7r+'s which apparently belong to 
the awayside c jet could be vetoed. The essential question is how to identify these three jets. In 
this work we find that in most cases the cc jet is the most energetic one, while the awayside c 
jet is the second. Further more, these three jets belong to three energy regions almost without 
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overlap, which means that all these three jets can be well identified. All the particles (like those 
At 's, K-'s and 7r+'s) belong to the awayside c jet can be vetoed from the construction of At 
as well as St,. This method can also suppress the background process by orders of magnitude. 
We hope the forthcoming B factory experiments can provide an improved answer. The details 
of this part can be found from 5 .  
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Quantization of the QCD string with a helical structure 
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V Holesovicktich 2, 180 00 Prague, Czech Republic 

The quantum properties of a helixlike shaped QCD string are studied in the context of the 
semiclassical Lund fragmentation model. It is shown how simple quantization rules combined 
with the causality considerations in the string fragmentation process describe the mass hi­
erarchy of light pseudoscalar mesons. The quantized helix string model predicts observable 
quantum effects related to the threshold behavior of the intrinsic transverse momentum of 
hadrons, and of the minimal transverse momentum difference between adjacent hadrons. The 
numerical fit of the properties of the QCD field breaking into ground state hadrons agree with 
values obtained recently in the theory of knotted chromoelectric flux tubes. 

1 Introduction 

The concept of the QCD string with a helical structure has been introduced in 1 and some of 
its potential explored in 2 . The model has been shown to decribe the experimentally established 
correlations between the longitudinal and transverse momentum components of hadrons mea­
sured by DELPHI at LEP 3 and the azimuthal ordering of hadrons, recently observed by ATLAS 
at LHC 4 

2 Space-time properties of helical string model 

In the transition from the I-dimensional Lund string to a 3-dimensional helix-shaped string, it is 
necessary to reconsider some of the model properties. The basic assumption of a string modelling 
the confining QCD field with a constant string tension (i;; � lGeV /fm) remains unchanged. 
However, the use of light-cone coordinates is no longer appropriate, as the trajectory of partons 
in the model is allways bended by the interaction with the field. 

In the case of slowly varying field, the string can be approximated by an ideal helix with 
radius R and constant pitch diP/dz, where 1> stands for the azimuthal angle (helix phase) and 
z is the space coordinate parallel to the string axis. Movement of a parton along the string 
can be thus described with the help of the longitudinal coordinate z and the folded transverse 
coordinate. 
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Following a string breakup at [Rei<PB , ZB, tB] into a pair of massless partons created at rest, 
the partons will move along the string and acquire the momentum 

P1 1 (t) = ±"(3 c (t - tB) 
Pr(t) = ±"R(eiwc(t-tB) _ ei<PB) 

The longitudinal velocity of partons (3 is related to the angular velocity w 

(3 = J1 - (Rw)2 , 

( the light-cone coordinates are recovered in the limit case Rw = 0 ) . 
The momentum of a direct hadron created by adjacent string breakups 

[Rei<Pj , zj , tj] is 

and its mass is 

Eh = � l (z; - Zj) I  = � IAzl, 
Ph, 1 1  = "(3(t; - ti) = "(3At, 
Ph,T = /'i,R(ei<I>i - eict>j ) ,  

mh = "y(!:C:..z/(3)2 - ((3At)2 - (2Rsin A<I>/2)2. 

(1) 

(2) 

(3) 

(4) 
(5) 

(6) 

(7) 

There is a fundamental difference (well illustrated by Eq. 7) between the helical string model 
and the standard Lund string model in what concerns the causality relation between breakup 
vertices. 

In the standard Lund string model, the creation of a massive direct hadron requires a space­
like distance between breakup vertices ( (3 = 1 , mh > 0 =? IAzl > IAtl ) . The mass spectrum 
of hadrons is included in the model with the help of external parameters. Arguably, it is the 
absence of the cross-talk between hadron-generating adjacent string breakups which prevents the 
model from developing physics scenarios investigating the origin of the hadron mass hierarchy. 

The situation is different in the case of the helical string model, where a time-like distance 
between breakup vertices is possible. In order to explore the causal properties of the model, the 
time-like distance between adjacent breakup vertices will be imposed in the following. If the 
information ( about a breakup of the string at a given point) is allowed to pass along the string 
only, the space-time distance between adjacent vertices becomes negligible (to the extent we 
have neglected the parton masses) which means the propagating parton essentially triggers the 
following break-up and the mass of the outcoming hadron is (note that in this case Az = (3At ) 

(8) 

It is interesting to see that the longitudinal momentum is factorized out from the equation 
and that the hadron mass depends on the transverse properties of the string shape only. To 
obtain a discrete mass spectrum, it is sufficient to introduce quantization of the transverse 
coordinate R<I> (to be discussed in the following section) .  

3 Mass spectra 

Let's assume the string quantization is realized through the quantization of the transverse co­
ordinate 

R<I> =? nRA<I> = n�, (n = 1, 2, .. ) (9) 

and that the n=l case corresponds to the lightest hadron, the 7r meson. 
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1 ,�f ················ · ·�· ················· ···· · · ·· 

Pseudoscalar meson mass (�0.192 fm) 
. . .  "'s ( n  = 5 )  :�· 
...... . "'s( n = 3 )  : �  
- "'s ( n = 1 ) : n 

� �t-'-� �����-!.� 
""' 

"'� [MeV] 
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T/' 

"' R  [MeV] L\il\ I 
68 ± 2 2.82 ± 0.06 

PDG mass [Me V] model [MeV] 
135 - 140 137 

548 565 
958 958 

Figure 1 - Left: The predicted masses of light pseudoscalar mesons as function of helix phase difference ll<I>, for 
fixed Rll<I>=0.192 fm rad. Right: Best fit of the parameters of the pion ground state obtained from the mass 
spectrum of light pseudoscalar mesons. The 'r/ mass is reproduced within a 33 margin which serves as the base 
of uncertainty for R, ll<I> parameters. 

Eq. 8 is particularly interesting for the study of light meson mass hierarchy because it 
describes the narrow pseudoscalar states (PS) decaying into an odd number of pions 

PS 
m(PS) 

--+ n7r, n = (1) ,  3, 5, . .  ( 10) 
(11) 

The results of the best fit matching the Eq. 11 to experimentally measured data 5 are 
shown/listed in Fig 1 6• Despite the fact that the simultaneous fit of 2 unknowns (R, L\il\) from 
3 hadronic states is overconstrained, a common solution describing the properties of the ground 
state is found. The 7r, T/(548) and T/' (958) masses are reproduced by Eq. 1 1  with precision better 
than 3% using � =  0.192 fm and L\i!\=2.8 (for "' =1 GeV /fm). 

It is worth mentioning that the estimated effective radial size of the helix string ( 68 ± 2 Me V) 
turns out to be in agreement with the estimate of the confinment scale Atube = 65.1 6±0.61 MeV 
obtained from the fit of J++ spectra modelled via tight topological QCD knots 7. 

The possibility for the string to interact across loops is one of the most intriguing features 
of the model : the mass spectrum of n-loop string piece ( obtained from the knowledge of the 
parameters of the quantized helix string ) is closely correlated with the emergence of new particle 
types (Fig. 2) . 
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"' "' � 1500-
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P n • ' . 

I I 
0 2 

C l 

I I 
3 4 

number of string loops 

Figure 2 - The mass spectrum of particles carrying a new quantum number compared with the mass of a helix­
shaped QCD string with parameters derived from experimental data. The open and bound quark states are 
included (s-K, c-D). 
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Figure 3 - Left: Corrected 2-particle spectra as function of the momentum difference Q. Right: Subtracted spectra 
!:;,Q = q+- - q±± revealing the Q(+-) threshold and the double gaussian structure predicted by the model. 

4 Predicted observable quantum effects 

The quantization of the helix string implies a quantization of the momentum difference between 
adjacent hadrons. Since the local charge conservation forbids the production of adjacent like­
sign charged hadron pairs in the fragmentation process, the quantum effects can play a large rolte 
in the correlation phenomena with a significant difference between particle pairs with like-sign 
and unlike-sign charge combination. 

The quantized model of the helical string predicts existence of a threshold in the minimal 
momentum difference between pairs of adjacent direct hadrons at q+- � 0.26 GeV and pro­
duction of close pairs of like-sign pions at q±± �0.09 GeV in case the string fragments into a 
chain of ground-state hadrons 6 . The enhanced production of the close pairs of like-sign pions 
is readily observed in the data and traditionally attributed to the Bose-Einstein effect. The 
model of the helix-like shaped QCD string offers an alternative explanation of the origin of 
these correlations, which would be the result of quantum coherence in the string fragmenta­
tion. Indeed, the measured Q spectra recently published by the ATLAS Collaboration 8 reveal 
a double-gaussian structure which agrees very well with the model predictions (Fig.3). Further 
measurements should be performed to explore the presumed link between production of ground 
state hadron chains and the appearance of correlations. 
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Multiparticle Dynamics and Pion Production in a Flux Tube 

Andrew V. Koshelkin 

Moscow Institute for Physics and Engineering, Kashirskoye shosse., 31, 115409 Moscow, Russia 

Cheuk-Yin Wong 

Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA 

By compactifying QCD4 _, QCD2, we consider the dynamics of quark and gluons in the 2D 
flux tube. In the case of a linear transverse confining potential, the quark and gluon states 
are found to be 2D oscillator-like eigenstates. On the basis of the obtained eigenstates, we 
obtain the momentum distributions of quarks and gluons in the 2D flux tube. We use these 
distributions of quarks and gluons to calculate the pr distribution of pions in the quark­
antiquark channel. 

1 Introduction 

The quark-gluon string, arising between a quark and an antiquark, is an effective method to 
study hadron processes (see, for example, Ref. [l] ) .  The string model concept is utilized in the 
string model of hadronSl and the string fragmentation model of particle productior:f,4 .  The 
one-dimensional string model is an idealization of a more realistic three-dimensional flux-tube. 
It has the limitations that it pertains mainly to the dynamics along the longitudinal direction 
and cannot describe the dynamics in the transverse directions. To describe the transverse 
dynamics, it is necessary to restore the string to the original two-dimensional flux-tube form 
and examine the structure and the states of quanta in the flux tube. The knowledge of the states 
in the flux tube provide useful information for the investigation of the transverse momentum 
distribution of the produced particles, for which a wealth of information have been collected 
recently 6,7,8,9,10,11,12 . 

In the string fragmentation model, a produced q-ij parton pairs are described as residing 
within the string. Such a description presumes the confinement of these produced partons inside 
the tube. Hence, it is reasonable to envisage that within the string models, quarks and gluons 
in the QCD 4-dimensional space-time are subject to transverse confinement. We can describe 
the property of transverse quark confinement in terms of a confining scalar interaction S(r.L) 
in transverse coordinates r.l, with the quark mass function described by m(r.L) = mo + S(r.L) 
where mo is the quark rest mass. 

Previously, we show from action integral that under the assumption of transverse confine­
ment and longitudinal dominance, QCD4 in (3+1) dimensional space-time can be approximately 
compactified into QCD2 in (1+1) dimensional space-time". In such a process, we find the equa­
tions of motion for quarks in the flux tube, and the relation between the coupling constant 92D 
in QCD2 and the coupling constant 94D = g in QCD4 . We shall use these equations of motion 
to get the quark and gluon wave functions. 



2 Equations of Motion for Transverse Dynamics of Quarks 

The transverse dynamics of quarks and gluons in the flux tube picture is governed by transverse 
functions G±(r_l_) which are in the fermion \ll(x) and gauge fields A�(x0 , x3 , f_l_) : 

The functions G+(r_l_) and Q_(rj_) satisfy the following equations" 

where 

(p1 + ip2)G+(rj_) = (m(rj_) + ,\2)G- (rj_) ,  
(P1 - ip2)G- (r_l_) = (-\2 - m(r_l_))G+(r_l_), 

. [ d 1 d ] 
Pl 'f ip2 = e'f'I' i dr ± ;;. dzp , 

and ,\2 plays the role of the squared eigenenergy of the fermion. 
In the case of the axisymmetric potential 

(1) 

(2) 

(3) 

where the parameter K can be interpreted as the flux tube tension, the functions G±(r_l_) can 
be approximately expressed in terms of the wave function of the two-dimensional oscillator \II Ancr(�, zp) : 

(4) 

where � = Kr]_, zp is the azimuth angle in the plane of the vector T_j_ , the functions L�(z) are 
the Laguerre polynomials. The corresponding eigenvalues are 

(5) 

In formulas (4) and (5), n is nonnegative integer, A is semi-integer, both negative and positive. 

3 Quark distribution 

Eqs.(4) - (5) allow us to calculate the PT distribution of quarks in the flux tube in the potential 
(3). A direct calculation gives the momentum distribution of quark as 

� \II ( - ) w* ( _ ) nn,n,O"(Pz)  2 ( )  2 2(A ) 2 (6) 
0=-oo�O,O"=± OnO" p_j_ OnO" p_j_ cn,n,O"(pz) ' cn,n,O" Pz = ,\ = E n(J' + Pz 

where nn,n,17 (Pz) is the occupation number , Wnncr(Jh) is the wave function (4) in the momentum 
representation. We assume that the occupancy numbers are given the Fermi-Dirac distribution 
with the zeroth chemical potential. 
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1 no.,nia,p(jl') = � , l + e T 
(7) 

where T is the temperature in the flux tube. Then, after the calculation according to Eq. (6) , 
we obtain the quark distribution: 

4 Gluon distribution 

The gluon distribution is given by the formula 

dNg(P) 
= (Aa)t ( - ) Aµ( - ) ng(PJ 

d3p µ P1- a P1- E(pz) ' 

(8) 

(9) 

where A�(Jh) is the transverse part of the gluon field in the momentum representation, M is 
the effective mass of a gluon", ng(PJ is the Bose-Einstein distribution function with the zeroth 
chemical potential, and E2(pz) = p; + M2• The calculation lead to 

dNg(p) 8NgNp 
--;Fp = /'i,qJp} + M2 

{ 00 Joo dt E (-l)s o t exp{ 
1 

X (V 2+M2 ) ' 
exp PzT - 1  

(1  + s) /'i,q exp - "q 2 [ Pl tanh(t2 /4) ] } 
t2T2 } sinh(t2/2) 

(10) 

where Ng = 8 is the number of the gluon kinds, NP = 2 is the number of gluon polarizations. 

5 Pion production from quark and antiquark 

The provability of pion production from quark and antiquark can be written as 

where E(p) and p are the energy 4-momentum of a pion, whereas p; are the 4-momenta of 
the quark and anti-quark which consist of the pion. The matrix element M(p1 , P2 ;p) can be 
diagrammatically presented as follows: 

(12) 

where the solid lines mean a quark, ,,f;(p) and antiquark ¢(-p), respectively, while the dotted 
line is a pion. Normalizing ,,f;(p) and ¢(-p) by a number of particles, we obtain the from Eq. (1 1) 

2E(p)dNqqrr(pj_,pz) ""' 2E( ) !  d3p1 d3p2 (j{Sl r.z_ - _ - ) "°"'  ( 1·'· ( - ) 12 1.T. ( - ) 12 ( - )- f.Z ) 
d3p1- - P (27r)3 (27r)3 V' Pl P2 ;:;: 'f/v Pl 'f/µ P2 nv Pl nµ\1'2 

+l'l/Jµ(iJi) l2 l�v(P2) 12nµ(P1)nv(P2)) , (13) 
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where dNqq"(fh ,p2)/d3p is the number of pions per unit volume in the momentum space, 1/;µ(ff;) 
is the quark wave function, and nµ(P;) is the quark occupancy number. The corresponding barred 
symbols refer to anti-quarks. The subscript µ enumerates the states of quarks and anti-quarks. 

We consider both quarks and antiquarks to be in thermal equilibrium and distributed ac­
cording to the Fermi-Dirac formula with the zeroth chemical potential (7). When 1/Jµ(P;) 
W Ana (�, cp)Xa and n!l,n,a,p (p') as give11 Ly Eqs.(4) and (7), we obtain after direct calculations 

00 (l+s1 )2Kq 00 00 (1+.s2)2,,.q j dt1 e
-� L (-1)82 j dt2 e

-� 

0 s2=0 0 

{ (tit§)p; } { (Pl ) tanh(t2 /4) tanh(t§/4)) } 
X 

exp - 41<q(t�+P,) exp - "q tanh(t1/4)+tanh(t§/4) . 
(ti + t§) 112 sinh(ti/2) sinh(t§/2) (tanh(tI/4) + tanh(t§/4)) 

(l4) 

Setting Pz = 0 we obtain the PT distribution of pion rate from quark and antiquark at central 
rapidity. Let us take fiq =l Gev/fm and T = 160 MeV. Then, the numerical calculation of the 
PT distribution according to Eq.(14) at Pz = 0 gives that the pion PT distribution three orders 
less in a magnitude than the experimental resultsl1 on high energy p - p collisions, even at the 
rather small PT � 0.5 GeV. This means that the leading contributions to the pion rate from 
quark and antiquarks is significantly small. 

6 Conclusion 

On the basis of the QCD4 -+ QCD2 compactification5 the fermion and gluon state in the 
axial symmetric potential confining are studied in detail. The spectrum of the eigenvalues and 
eigenvectors of such state is calculated. The derived spectrum appears to be the quasi 2D­
harmonic oscillator one in its structure. It is found that the obtained rate of pions at central 
rapidity in pp collisions from quark and antiquarks is significantly less than the experimental 
result of Ref. [11 ] .  

References 

1 .  C. Y. Wong, Introduction to High-Energy Heavy-Ion Collisions, World Scientific Publisher, 
1994. 

2. N. Isgur and J. Paton, Phys. Rev. D31, 2910 (1985). 
3. A. Casher, J. Kogut, and L. Susskind, Phys. Rev. DlO, 732 (1974). 
4. B. Andersson, G. Gustafson, G. Ingelman, and T. Sjostrand, Phys. Rep. 97, 31 (1983); 
5. A. V. Koshelkin, C. Y. Wong, Phys. Rev. D86, 125026 (2012). 
6. B. I. Abelev et al. (STAR Collaboration) , Phys. Rev. C 75 (2007) 064901 . 
7. A. Adare et al. (PHENIX Collaboration) , Phys. Rev. D 83 (2011) 024909, 052004 and 

064903. 
8. G. Aad et al. (ATLAS Collaboration) , New J. Phys. 13 (2011) 053033. 
9. V. Khachatryan et al. (CMS Collaboration) , JHEP 02 (2010) 041 and Phys. Rev. Lett. 

105 (2010) 022002. 
10. V. Khachatryan et al. (CMS Collaboration) , JHEP 08 (2011) 086. 
1 1 .  K. Aamodt et al. (ALICE Collaboration) , Phys. Lett. B 693 (2010) 53; Eur. Phys. J. C 

71 (2011)  1594 and 1655. 
12. C. Y. Wong and G. Wilk, Acta Physica Polonica B42, 2047 (2012). 
13. C .  Y. Wong, R. C.  Wang, and C. C. Shih, Phys. Rev. D 44, 257 (1991). 

1 56 



Assuming Regge trajectories in holographic QCD: from OPE to Chiral 
Perturbation Theory 

Luigi Cappiello1•2,Giancarlo D'Ambrosio*2•3 and David Greynat1 •2 
*Speaker 

1 Dipartimento di Scienze Fisiche, Universita di Napoli "Federico II", Napoli, Italia 
2 INFN-Sezione di Napoli, Via Cintia, 80126 Napoli, Italia 
3 CERN Theory Division, CH-1211 Geneva 23, Switzerland 

The Soft Wall model in holographic QCD has Regge trajectories but wrong operator product 
expansion (OPE) for the two-point vectorial QCD Green function. We correct analytically this 
problem and describe the axial sector and chiral symmetry breaking. The low energy chiral 
parameters, F� and L10 , are well described analytically by the model in terms of Regge spacing 
and QCD condensates. The model nicely supports and extends previous theoretical analyses 
advocating Digamma function to study QCD two-point functions in different momentum 
regions. 

1 Introduction 

QCD Green functions are well described as an interpolation from the IR region, chiral perturba­
tion theory (CHPT) and perturbative QCD region, but it is phenomenologically and theoretically 
interesting to go beyond this simple matching, for instance by implementing Regge trajectories 
1 . Since Veneziano's model several authors have proposed to describe two point functions with 
Digamma functions 2, which produce a Regge spectrum and an OPE in the euclidean region. 
Also, a phenomenological matching among the various regions has been proposed 3 .  We believe 
that there are theoretical motivations to insist on having Regge trajectories, i.e. a progression 
for the spectrum like Mv(n)2 ex n, and arrange for QCD OPE of the vector and axial vector 
two-point function 

(1) 

with cv = 1 and CA = -11/7. We should then be able to take into account the difference appearing 
at order 1/Q' in the OPE expansion of the vector and axial correlators. QCD literature 1•3 has 
addressed the issue to predict 

and (2) 

by phenomenologically matching the OPE to the pion and lowest mesons (p and al) with Regge 
resonances. A good knowledge of the three regions of QCD also leads to address properly the 
issue of duality violations in tau and b-decays and pion form factor4. Holographic QCD has: i) 
Hard Wall models (HW) good IR, chiral perturbation theory, and UV parton log, but Kaluza 
Klein NOT Regge and ii) Soft Wall model (SW): Regge and UV parton log plus terms in l/Q2 

l'i7 



but no xPT predictions. A recent review of those models and their relations with light front 
holographic QCD is Ref. 5 . Our idea in Ref. 6 is that a correct OPE is pertinent for the study 
of the low Q2 limit of IhR(Q2) = l/2(IIv - IIA) allowing us to extract the chiral constants in 
eq. (2). 

Indeed, in the SW model the AdS metric, 1/z, is deformed by the presence of a scalar, 
i!>(z) , the dilaton, describing confinement scale and hence Regge spacing: the effective metric 
is w0(z) = e-iP(z) /z with i!>(z) = r;,2z. The equation of motion for the vectorial field associated 
expressed in its Fourier transform fv(z) becomes, 7 

Ef; fv + Oz [In wo(z)] Oz fv + q2 fv = 0 ,  (3) 

This turns in an harmonic-oscillator-like problem, up to the 1/z term, for the eigenvalue problem 
q2 = Mv(n)2 

2 ( 1 2 ) 2 Oz c/>n - ; + 2r;, z Oz c/>n + Mv(n) c/>n = 0 ,  

and leading to the two-point function expressed in terms of a Digamma function '¢, 

2 (0) 2 2,,,2 ( Q2 ) [ ( Q2 ) ] Q IIv ( Q ) = - gg 4,,,2 "IE + 1/J 4K2 + 1 ' 

Practically, the same solution suggested in the past in 4D QCD models 2 . 

2 The vectors, the axials and chiral symmetry breaking 

(4) 

(5) 

We propose to modify the dilaton perturbatively for z small adding a polynomial in z, B(VOz) . 
The damage for z large should be cured by the fact that Regge is dynamically obtained: (} is an 
auxiliary parameter ordering the expansion to match the OPE. Our proposal to have a correct 
OPE turns in a set of perturbative differential equations for fv, 

(6) 

with a corresponding solution for the vector two-point function 

(7) 

which takes the form (where P is a polynomial) 

(8) 

The coefficients bn of the polynomial B( VOz) are obtained by imposing that the large euclidean 
expansion of eq. (8) coincides with the QCD one eq. (1) .  The spectrum is Figure 1 while II�) 
is in eq. (5) and more specifically rr0l and Fv(n)2 are 

with 

(10) 
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We use the same dilaton <l>(z) and polynomial B(VOz), and, consistently with the AdS 
prescription for chiral symmetry breaking, we add a scalar field with the vacuum profile ( v(v;z)) 2 = (30 + f32z20 + (34z402 + (3*z8(z) , (11)  

where in Ref. 6 , compared to typical HW or SW metric in Ref.9, we have added (30 = 4,,,2 / gg 
and also a contact term (3*z8(z). Based on the phenomenological relation 

M;;, = 2 M°ff , (12) 

we reconcile the axial spectrum in Figure 2 with the phenomenological one as a shifted vectorial 
one leading to 

IIA(Q2) = II (Q2 + 4,,,2) + (�orrec�ions to obtain
. 
OPE) 

v mvolvmg f32k coefficients 

Also the contact term (3* is needed in order to obtain the correct OPE. 

I I I I 
0 2 3 4 

n 
0 2 

n 
3 

Figure 1 - Vectorial spectrum Figure 2 - Axial spectrum 

3 The chiral constants 

( 13) 

4 

Now we believe that equations (2), ruling Frr and L10, are theoretically more clean than those 
of Ilv,A: 

2 Nc,,,2 (180((3) + 191 - 417r2) 5 (7r2 - 10) (04) 45 (7r2 - 10) (06)y (l4) F" = 727r2 
+ 2 ,,,2 

- 56 ,,,4 ' 

using Ne = 3, " =  \./l.43/4GeV � 0.6 GeV8 and the values of the condensates (04) = (-0 .635± 
0.04) · 10-3 GeV4 and (06)y = (14 ± 3) · 10-4 GeV6 from3, we obtain 

Frr � \/'4099 .9 + 579 + 1147.8 MeV � 76 (±3)ext. MeV , (15) 

the error in (15) are coming from the errors quoted for u and the condensates a. While for Lio 
Nc(8010((3) + 495 - 5857r2 - 467r4) Lw = 

86407r2 
-72((3) - 12 + 1 17r2 (04) 5 [5216((3) + 67 - 337r2] (06)y (16) + 64 ,,,4 

+ 1792 ,,,6 
, 

103 L10 � -4.6 - 0.8 + 0 . 1  � -5.3 (±l)ext. · (17) 
Both are in incredible good agreement with experiments. Particularly interesting is Frr where 
numerically all chiral symmetry breaking effects (f3o, (32, (34 and (3*) are relevant see Figures 3 
and 4. 

"Let us notice that if we had made the choice for " c:= 0.9 GeV2 as in 7 the values obtained would have been 
F� c:= 80 MeV and 103 L10 c:= 80 MeV and 103 L10 c:= -6.2 which remain quite acceptable too. 



100 Tntal 

a 80 70 � [J .D 60 
·� t:I 8 40 
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C.T. (04) (0,) Total 

Figure 3 - Relative contributions to F:/; Figure 4 - Relative contributions to L10 

4 Conclusions 

We think that it is important to realize chiral properties from a Regge theory analytically. Our 
results are phenomenologically very interesting (see Section 3) even if more work is needed. 
Somewhat maybe this work is on the spirit of Coleman Witten theorem that in large Ne estab­
lished chiral symmetry breaking if there is confinement: we have followed their prescription but 
differently from their assumptions we show that several chiral breaking symmetry mechanisms 
arc needed. 
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We summarize the analytical solution of the Chiral Perturbation Theory for the Hermitian 
Wilson Dirac operator of Ne = 2 QCD with quarks in the fundamental representation. Results 
have been obtained for the quenched microscopic spectral density, the distribution of the 
chiralities over the real modes and the chiral condensate. The analytical results are compared 
with results from a Monte Carlo simulation of the corresponding Random Matrix Theory. 

1 Introduction 

The case of SU(2) QCD with fundamental quarks has attracted a great deal of interest in the 
past decades since it is a very interesting theory per se but it also shares many of the salient 
properties of SU(3) QCD, such as confinement and chiral symmetry breaking. An important 
difference between SU(2) and SU(3) is that SU(2) is pseudoreal, so that for an even number of 
flavors it is not hindered by the notorious sign problem at non zero chemical potential. Therefore, 
it is in an interesting playground for finite density studies, and one can study the phase diagram 
of SU(2) QCD in the T - µ plane 1•2 and get some insight in the qualitative properties of the 
phase diagram of QCD. One can get an understanding of the systematics but one needs to bear 
in mind that the two theories have quantitative differences. For SU(2) QCD the baryons are 
of bosonic nature and as a result this theory has a superfluid phase that is not encountered in 
ordinary QCD. Moreover, for beyond the Standard Model studies dedicated to the search of the 
conformal window, it has been shown that one can enter the conformal window with considerable 
less flavors compared to the SU(3) theory3 .  All these non-perturbative studies have been mainly 
through lattice simulations employing one of the most prominent discretizations, that of Wilson 
fermions. This discretization explicitly breaks chiral symmetry and consequently the low lying 
part of the Dirac spectrum gets affected in a very particular way. 

We study the discretization (cutoff) effects on the Dirac spectrum by employing the methods 
of Wilson Chiral Perturbation Theory (WchPT) and Wilson Random Matrix Theory (WRMT). 
This work extends previous work on SU(3) QCD 4,5,5,7,s,9 and we point out the similarities and 
the differences among the two theories. 

"Talk presented at the 50th Rencontres de Moriond (QCD and High Energy Interaction Session), La Thuile, 
24 March 2015. 

bSpeaker. 
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2 Wilson chPT 

Initially we concentrate on the study of the Hermitian Wilson Dirac operator D5 = ')'5Dw where 
Dw is given by 

(1) 

We work in the E- regime of WchPT where the mass m, the axial mass z and the lattice spacing 
a scale with the lattice volume such that the quantities 

(2) 

are kept fixed (� is the chiral condensate and Ws is the leading LEC). In this regime the 
partition function of WchPT factorizes and its mass dependence is given by a unitary matrix 
integral since the fluctuations of the zero momentum pions dominate completely the ones with 
non-zero momentum. The chiral partition function for NJ flavors reads 10 

zNt (m, z; a) = { dUe'lfEVTr(U+ut)+�EVTr(u-ut)-a2VWsTr (u2+ut2)
_ 

(3) 
1su(2Nt)/Sp(2Nt) 

To access the spectral properties of the Dirac operator we employ the supersymmetric 
method. Adding an additional fermionic quark as well as an additional bosonic quark, with 
source terms in the mass as well as in the axial mass, one can differentiate with respect to these 
sources and compute the Green's function of this theory in the standard way. By setting the 
source terms to zero one recovers the original partition function. In this proceeding we present 
our results graphically and we refer the reader to the original work for detailed derivations 9 . 

The first spectral observable that we consider is the quenched resolvent of D5 defined as 

1 1 G5(m, z) = -Tr-­
V D5 + z 

whose discontinuity yields the spectral density of D5 
1 . p5(,\) = -ImG5(,\ + iE) . 7r 

(4) 

(5) 

The spectral density of D5 for Ne = 2 exhibits a striking difference compared to Ne = 
3 

QCD. We see that there is a non-uniform convergence to the continuum limit 11 since there is 
a discontinuous jump by a factor of 1/v'2 which is persistent for arbitrarily small values of the 
lattice spacing as it is clearly shown in Fig. 1 .  

At the moment we have not been able to derive analytical results for the real eigenvalue 
density of Dw but we have obtained stringent upper and lower bounds of this distribution. The 
first distribution has been coined as the distribution of chiralities over the real modes of Dw 
and is defined as 

Px(>-) = L 8(>- + >-w )sign[(>-wll'5 1>-w)J , (6) 
>-wEIR 

and together with 

I" 5 ) ; 8(>-1:11 + ml ) p5(A5 = 0, m; a) = \�8(>-k (m)) = \ l (k l1'5 lk) I , (7) 

we have the following inequality for the density Prea1(>-) of the real modes of Dw, 

Px(A) :S Prea1(A) :S p5 (A5 = 0, m = A). (8) 

In Fig. 2 we see that for large values of the lattice spacing these distributions are bounding the 
real eigenvalue density from above and below. While for values of a close to zero we see that Px 
is a very good approximation of Preal . 
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Figure 1 - The spectral density of D5 for z = 0, m = 0 and values of a as in the legend of the figures. We see that 
the spectral density at zero virtuality jumps by a factor 1/ v'2 when a of 0. The solid curves denote the analytical 
results while the histograms represent the data of a simulation of 105 200 x 200 random matrices. On the RHS 
we see the discontinuous behavior of p5 for very small values of a. 
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Figure 2 - In the left figure we show the spectral density of D5 for v = 1, m = 2 and a = 0.025, and in the right 
figure we display the spectral density of D5 for v = 1, m = 2 and a = 0 (black), a = 0.15 (green) and a = 0.3 
(red). The numerical results (histogram) are compared to the analytical result (curve). Also shown are the results 
for a =  0 (black curve) with a O'-peak at >.5�V = 2. The o peak corresponding to the zero modes gets broadened 
with a width proportional to the lattice spacing a. It is interesting to see that for larger values than a = 0.3 the 
peak of the zero modes has almost completely dissolved. 
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Figure 3 - The distribution of the chiralities (blue curves) and the inverse chiralities (red curves) over the spectrum 
of D5 compared to Monte Carlo simulations for v = 1, a = l(left) and a = 0.125(right). The density Pceal of 
the real eigenvalues of Dw (black histogram) is always bounded by Px and p5(>.5 = 0) and can be accurately 
approximated by Px for small values of the lattice spacing. The analytical results are in agreement with Monte­
Carlo simulations (blue and red histograms). 



3 Conclusions 

We have studied the microscopic spectrum of the Wilson Dirac operator for QCD with two colors 
and quarks in the fundamental representation. The discretization effects for SU(2) QCD are 
mostly similar to the case of SU(3) QCD. As we have seen from the figures, the main effects are 
the broadening of the topological peak and the tail states that enter the gap of the HermiLiau 
Dirac operator. Also in this case the gap closes when entering the Aoki phase. Similarly to the 
case of ordinary QCD additional real eigenvalues could potentially be an issue in the context of 
SU(2) QCD. These originate from the collision of complex conjugate pairs which eventually enter 
the real axis, and on average, we have a"+1 additional real eigenvalues when we are restricted 
sufficiently close to the continuum limit. However, note that the suppression of these modes 
(for v # 0) is not as strong as for ordinary QCD 6 . Another noteworthy property also found for 
QCD with three colors is that based on the Hermiticity properties of the Dirac operator one can 
pinpoint 9 the sign of W8• In our conventions when taking into account only Ws in our analysis 
we conclude that it should have a positive sign. The sign of Ws is important because it controls 
if the theory enters or not the Aoki phase. Our results provide an analytical handle on the 
smallest eigenvalues of the Wilson Dirac operator which could potentially seriously compromise 
the Monte Carlo simulation if they become almost zero. One needs to point out that the absence 
of level repulsion from the origin for the case of two-color QCD makes this effect much more 
severe compared to SU(3) QCD. 
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ON MULTIPLE GLUON EXCHANGE WEBS 
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I present an overview of the study of infrared singularities through the eikonal approximation 
and the concept of webs. Our work reveals the interesting structure of an infinite subclass of 
webs, Multiple Gluon Exchange Webs. We find that they can be expressed as sums of products 
of functions depending upon only a single cusp angle, spanned by a simple basis of functions, 
and conjecture that this structure will hold to all orders. 

1 Introduction 

The scattering amplitudes of gauge theories suffer from so called infrared (IR) singularities where 
massless particles carry vanishing momenta. However, observables obtained from such theories 
are rendered finite by an intricate cancellation of IR singularities coming from real and virtual 
contributions order-by-order in the perturbative series. It is therefore necessary to compute these 
singularities in order to develop subtraction algorithms for Monte Carlo phase-space integration 
and for the resummation of large-logarithmic corrections to particular collider observables. The 
study of IR singularities also has interesting implications for the theoretical study of non-abelian 
gauge theories. Being simpler to calculate than complete scattering amplitudes, their study 
promises to further our understanding of the mathematical structure of scattering amplitudes 
deep into their perturbative expansion. 

At present, for general kinematics, the IR singularities of QCD are known up to three loop 
order for two hard partons 1 and up to two loops for multiparton scattering 2. Our goal is to push 
this forward to a full determination of the three loop soft anomalous dimension. In the following, 
we shall be focusing on the virtual IR singularities of QCD amplitudes, where all hard partons 
are massive. This solves a more general problem than a massless treatment, for example the 
singularities of amplitudes containing top quarks, while allowing the IR singularities of amplitudes 
containing hard massless particles to be reproduced by taking the lightlike limit of the relevant 
partons. When all are taken to the lightlike limit, this will allow us to determine corrections to 
the sum-over-dipoles formula for multiparton scattering of massless hard partons at three loops 3 . 

2 Eikonal Approximation and Factorisation 

In order to study IR singularities at high loop-order without the overburdening complications 
inherent to full amplitudes we make some approximations. We note that a virtual gluon carrying 
no momentum can not possibly affect the spin or momentum of the emitting hard partons, allowing 
us to discard such information from our calculation. In doing so we find that the IR singularities 
of massive scattering amplitudes are mapped one-to-one with the singularities of Wilson line 
correlation functions, 

S = (<I>,a1 (0, oo) <SI <I>,a2 (0, oo) <SI • • •  <SI <I>,an (O, oo)) . (1) 



Here the scaleless velocities, /3; ,  are defined by Pi = Q/3; for each hard parton momentum p; and 
for an arbitrary scale Q. A Wilson line is defined by, 

(2) 

where, P indicates ordering of colour matrices along the path and Aµ = A�T? is the gauge field in 
the representation of the parton i. This can be thought of as replacing the hard, coloured partons 
with classical, straight-line, semi-infinite radiators of soft gluons, carrying only a direction and 
colour information. This is known as the Eikonal approximation. Interestingly, in discarding scale 
from the problem we will find that even in the renormalized QCD theory, we have introduced new 
ultraviolet (UV) poles at the cusps where Wilson lines meet. We are thus required to renormalize 
the soft function, 

where a;j are related to the cusp angles through, 

2/3; . /3j 1 ftFi3J = -CXij - - ' 
/32132 a · · . . 'iJ 

' J 

(3) 

(4) 

a8(µJJ is the renormalised strong coupling, E is the dimensional regularisation parameter and µ is 
the renormalisation scale. To calculate the UV singularities of S it is necessary to introduce some 
infrared regulator, m, in order to disentangle the UV and IR poles beyond one loop. When an IR 
regulator is not present, however, all loop diagrams contributing to S will be scaleless Feynman 
integrals in dimensional regularisation and therefore zero. This implies that a cancellation must 
be occurring between the UV and IR divergences, hence in determining Z we also obtain the IR 
poles of Sren. ,  

(5) 

Therefore, we are able to express the amplitude in a factorized form, 

(6) 

where H is known as the hard function, a matching coefficient which can be determined at each 
order by computing the full amplitude, and all of the infrared singularities are contained within 
the renormalisation factor. 

3 Non-abelian Exponentiation in Multiparton Scattering 

A renormalisation group equation for the soft function can be deduced from Eq. (3), 

d 
d ln µ2 

Sren. = -r Sren. , (7) 

defining r, the well known 'soft anomalous dimension'. Eq. (7) . The solution of this equation 
implies exponentiation of Sren. . There is an independent interpretation of exponentiation which is 
entirely diagrammatic as was first realised in the context of QED4, generalised to the non-Abelian 
case in the context of Wilson loops 5 ,  and in then later generalised further to the multi-leg case 
6 . In the case of the cusp (two Wilson lines), the exponent is simply the sum of all irreducible 
diagrams, in the sense that they cannot be separated into subdiagrams by cutting Wilson lines 
alone. Such diagrams are known as webs. In multiparton scattering, however, the situation is 
more complicated owing to non-trivial colour flow at the hard interaction vertex. Here, the notion 
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of webs is generalised to encompass sets of (possibly reducible) diagrams related by permutation 
of ordering of gluon emissions along the lines. 

Webs in both the cusp and multiparton processes appear in the exponent with an 'exponentiated 
colour factor' (ECF) , rather than the conventional colour factors of each diagram. In the multiline 
case a web, W, can be expressed according to, 

W = L C(D)RvD'F(D') (8) 
D,D' 

where D, D' index the diagrams in the web, C(D) and F(D) are the diagram colour and kinematic 
factors, respectively, and Rvv' is a mixing matrix which can be determined using the methods 
produced in 6•7 . It has been proven that ECFs are always given by colour factors of fully connected 
diagrams 7. 

4 Subtracted webs 

As mentioned above, we can determine the IR singularities of the soft function by renormalising 
the Wilson line correlator. Considering the multiplicative renormalisation of the soft function in 
eq. (3), the renormalisation factor, Z, can also be expressed as an exponential of counterterms. 
As Z and S are both matrix valued in multiparton scattering, we are required to use the Baker­
Campbell-Hausdorff formula to find the exponent of Bren. ·  Along with the physical stipulation 
that the anomalous dimension itself is finite, this allows us to express r in terms of the coefficients 
of the Laurent series of the webs at each order in °'so 00 

n=l 

00 00 
n=l k=-n 

(9) 

We can then write8 the perturbative expansion of the anomalous dimension r = -2 I:�=l nw<nla� , 
where we define 'subtracted webs', 

(10) 

(11) 

(12) 

The contents of the commutators in each subtracted web are composed of the subdiagrams of the 
web w(n,-l) .  Subtracted webs have several useful properties lacking in webs such as independence 
of the IR regulator and a corresponding restoration of crossing symmetry, which is broken by IR 
regularisation. 

5 Multiple Gluon Exchange Webs 

After having discussed webs in general we now wish to restrict ourselves to the simplest class of 
webs contributing to the multiparton soft anomalous dimension. Multiple Gluon Exchange Webs 
(MGEWs) comprise only webs which have gluons exchanged directly between Wilson lines, lacking 
gluon self-interaction away from the Wilson lines. Since we are interested in the soft anomalous 
dimension we shall consider subtracted MGEWs, which in general 9 have the structure, 



where cjn) the connected ECFs described in section 3, gj are the subtracted web kernels corre­
sponding to each of these colour factors, r(a) = (1 + a2)/(1 - a2) and ej ( {xi}) are the residual 
Heaviside functions left from the ordering of gluons on the Wilson lines. The subtracted web 
kernel can be obtained algorithmically following the methodology outlined in 9. 

Based on physical constraints on the analytic structure of subtracted webs it has been 
conjectured 10 thaL 8ubLrade<l MGEWs should be expressible as sums of products of functions 
of a single angle. Thus giving them a structure remarkably similar to that found in the cusp 
anomalous dimension 11 .  Though generally the diagrams contributing to a subtracted MGEW 
contain multiple-polylogarithms, gj is composed of only sums of products of logarithms in every 
subtracted web thus far considered 9 , lending further evidence to this conjecture. Moreover, we find 
that all subtracted MGEWs can be expressed in terms of a remarkably simple basis of functions, 

( )  1 11 ( 1 1 ) k (q(x, a) ) z ( x ) m �( ) Mk,l,m a = -( ) dx ---1- - ---"- In --2- In -- In q x, a , r a 0 x - l-<> x + l-a x 1 - x 

where, 

ln q(x, a) = ln (l - (1 - a)x) + In (i - (i - �) x) , 

lnq(x, {l') = ln (l - (1 - a)x) - !n (1 - (1 - �) x) .  

(14) 

(15) 

(16) 

which we have confirmed to hold in all subtracted MGEWs up to three loops, and even in the 
case of two four loop examples. We conjecture that this basis will fit all subtracted MGEWs 9• It 
still remains to fully understand the simple analytic structure of subtracted MGEWs and prove 
the above conjectures. We are also continuing to take strides towards an understanding of webs in 
general, and are progressing towards a calculation of the multiparton three loop soft anomalous 
dimension in general kinematics. More generally, this research goes beyond the computation of 
higher order corrections and aims at exploring the all-order structure of IR singularities in gauge 
theories and the associated physics. 
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With hadron colliders continuing to push the boundaries of precision, it is becoming increas­
ingly important to have a detailed understanding of the subtleties appearing at smaller values 
of the jet radius R. We present a method to resum all leading logarithmic terms, a'.; Inn R, 
using a generating functional approach, as was recently discussed in Ref. 1 . We study a 
variety of observables, such as the inclusive jet spectrum and jet vetoes for Higgs physics, and 
show that small-R effects can be sizeable. Finally, we compare our calculations to existing 
ALICE data, and show good agreement. 

1 Introduction 

Jets are collimated bunches of particles produced by fragmentation of a quark or gluon. 2 They 
emerge from a variety of processes, such as scattering of partons in colliding protons, hadronic 
decays of massive particles (W, Z, H, t) and radiative gluon emissions. They are widely used as 
proxies for hard quarks and gluons. A precise understanding of jet processes at hadron colliders 
is critical in a wide variety of scenarios, such as background discrimination in Higgs production. 

1 .1 Jet algorithms 
A jet definition includes a jet algorithm mapping final state particle momenta to jet momenta, the 
parameters required by the algorithm and a recombination scheme. Moreover, a jet definition 
should also be simple to implement in experimental analyses and theoretical calculations. It 
should yield finite cross sections at any order in perturbation theory and be relatively insensitive 
to hadronisation. 

"On leave from CNRS, UMR 7589, LPTHE, F-75005, Paris, France 
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Most jet definitions used at hadron colliders are based on sequential recombination algo­
rithms, which cluster pairs that arc closest in a metric defined by the divergence structure of 
the theory. This requires an external parameter, the jet radius R, specifying up to which point 
separate partons are recombined into a single jet. 

1 .2  Perturbative properties of jets 
Jet properties will be affected by gluon radiation and g -+ qq splitting. In particular, emissions 
beyond the reach of the jet algorithm will reduce the jet energy. 

We can calculate in the small-R limit the average energy difference between the hardest final 
state jet and an initial quark, considering gluon emissions outside of the jet. We find 

J0c1) dfP j a (L'.lz)�ardest = (J2 dz(max[z, 1 - z] - 1) X 2;Pqq(z)8(B - R) 
ll<s ( 3) = -;CF 2 ln 2 - S lnR + O(a8) , (1) 

We notice the appearance of logarithmic terms of the form a8 In R, which in the limit a8 In R � 

0(1) will spoil the convergence of the perturbative series, requiring resummation to all orders. 
This limit is of relevance for example in extreme environments, such as heavy ion collisions, 
where values down to R = 0.2 are used, 8•9•10• 11• 12 and jet substructure tools such as filtering 15 
and trimming1G which resolve small-R subjets (with Rsub = 0.2-0.3) within moderate or large-R 
jets. Furthermore, even for the most common choice of the jet radius, R = 0.4 - 0.5 17•18 , higher 
order corrections could be sizable, and small-R resummation could bring interesting insights 
into their effect. 

We aim therefore to resum all leading logarithmic (LL) terms a� Inn R in the limit of small-R, 
for a wide variety of observables. 

2 Method 

We use generating functionals Q(x, t) ,  G(x, t) to encode the parton content when resolving an 
initial quark or gluon with momentum fraction x on an angular scale defined through a variable 
t > 0, where 

(2) 

The evolution of a quark or gluon can then be described by two coupled differential equations. 
For an initiating quark, we have 

dQ(x, t) I -d-t - = . dzpqq(z) [Q(zx, t) G((l - z)x, t) - Q(x, t)] ,  (3) 

while for an initiating gluon the evolution is described by 

dG(x, t) J -d-t - = dzp99 (z) [G(zx, t)G((l - z)x, t) - G(x, t)] 

+ j dz n1 pq9(z) [Q(zx, t)Q((l - z)x, t) - G(x, t)] . (4) 

These evolution equations allow us to resum observables to all orders numerically. They effec­
tively exploit angular ordering. 

3 Observables 

We now present a few key observables of current interest where small-radius effects have been 
studied in detail. 
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3.1 Microjet vetoes in Higgs production 

Jet veto resummation for Higgs production contain terms of the form 

a� ln2m g_ + subleading Pt 
Among the subleading terms, there are small-R enhanced terms such as 

(5) 

(6) 

which have been suspected of playing an important role, and have been calculated to first order 
by several groups, 19•20•21 as well as numerically to second order. 22 b 

These small-R terms can be accounted for by an overall factor U that multiplies the jet veto 
efficiency, where U has the form 

U = P(no microjet veto)/P(no primary parton veto) 

= exp [ - 4o:s(Pt)C ln g_ {1 
dz fhardcst (z, t(R,pt)) ln z] ' Jr Pt Jo (7) 

where we defined fhardest (z) the probability that the hardest microjet carries a momentum 
fraction z. 

We extend therefore the calculation of small-R corrections in jet vetoes to all orders, and 
implement this result in JetVHeto 19. The jet veto efficiency obtained is shown in figure 1. 

The higher order small-R terms lead to a small shift in central value. But more noticeable 
is the change at low Pt of the bands calculated from scale variations, which grow larger. We 
attribute this to a non-trivial interplay between two classes of logarithms, of Q/Pt and R, where 
adding the small-R terms reveals uncertainties that are otherwise missed. 

0.9 
0.8 
0.7 

0.6 
g " 0.5 � " 
£ " 0.4 > 
.]j 

0.3 

0.2 
1 0  20 

JetVHeto at 13 TeV with R=0.2 

30 
Pt [GeV] 

40 

1/2<XµR•XµF < 2, fio ""  1.0 
resummed In R c:: -�"· 

no resummation 
50 60 70 80 90 100 

Figure 1 - Jet veto efficiency at 13 TeV with R = 0.2, in green (blue) without (with) small-R resummation 

"The values in the first version of Ref. 22 were in disagreement with our analytical calculations, but this was 
corrected in arXiv-v3. 
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3.2 Inclusive jet spectrum 

The jet spectrum can be obtained from the convolution of the inclusive micro jet fragmentation 
function with the inclusive partonic spectrum from hard 2 -+ 2 scattering 

dUjet = '""""' 1 dp� du; J.ind (p / 1 t) 
d L.., 1 d 1 Jet/i t Pt, ' Pt i Pt Pt Pt (8) 

where fjet/i = �j fj/i , and we define, for an initial parton i, fj')f1(z, t) the inclusive distribution 
of microjets of flavour j, at an angular scale t, carrying a momentum fraction z of the parton's 
momentum. 

If we assume that the partonic spectrum is dominated by a single flavour i and that its Pt 
dependence is of the form du;/ dpt � Ptn, then 

dujet 
� 

dui {1 
d n-l fnd ( t) = dui ( n-l) incl 

dpt - dpt Jo z z  Jet/i z, - dpt 
z ' , 

Small-R effects are therefore enhanced by a ln n factor 

1 
� a5 ln 

R2 
lnn .  

(9) 

(10) 

At the LHC� typical n v.:i.hu�s for the partonic spectrum range from about 4 at low Pt, to 7 or 
even larger at high Pt· 

In figure 2, we show a comparison of the NLO prediction supplemented with small-R loga­
rithms with existing ALICE data for the inclusive jet spectrum with R = 0.2. Here hadronisation 
is calculated using an analytic model 23, and the theoretical error bands are obtained from the 
envelope of the 0.5 < XµR , XµF < 2 and 1 < Ro < 1.5 variations, as well as an estimation of 
hadronisation uncertainties. 

At small values of the jet radius, the small-R resummation improves agreement with the 
data, and reduces the scale dependence of the NLO prediction. 

1.6 

1.4 

� e 1.2 

� § 
� z 0.8 
B 

� 0.6 

0.4 

Alice vs. Matched resummation, inclusive jets, anti-1<.i R ... 0.2 

pp@2.76 TeV, IYl<0.5 
CT10, NLO from NLOJetH 
0.5<x11R,xllr<2, Ro�1, 1.5, analytical hadronisation (±20%) 

20 40 60 80 
P1fGeV] 

100 120 140 

Figure 2 - Comparison of the matched resummation (blue) with ALICE data (red). 
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in dilute-dense hadronic collisions 
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We study inclusive dijet production at small x in hadronic collisions. We extend the High 
Energy Factorization (HEF) framework outside its kinematic window, where the transverse 
momentum imbalance of the dijets system is comparable to the transverse momenta of the 
individual jets, to the case of arbitrarily small transverse momentum imbalance. That in­
volves generalizing the Transverse Momentum Dependent (TMD) factorization formula for 
dijet production to the case of finite N0 and with one of the incoming gluons being off-shell. 
We discuss the features of this new generalized TMD factorization and relate it to the colour­
ordered amplitude formalism. 

1 Introduction 

Forward dijet production at the LHC offers a unique chance to study QCD dynamics in the 
regime of small x. By requiring the two jets to be produced in the forward direction one creates 
an asymmetric situation, in which one of the incoming hadrons is probed at large x, while the 
other is probed at a very small momentum fraction. Since the number of gluons grows rapidly 
with decreasing x, the above corresponds to collisions of dilute-dense systems. 

This interesting kinematic regime faces various challenges with the most fundamental ques­
tion concerning the factorization of short- and long-distance dynamics. The standard collinear 
factorization is not applicable in this case as the dependence on the transverse momentum of the 
low-x gluon in the target, kt, cannot be neglected. The latter comes from the fact that at low x, 
the gluon distribution does not fall quickly with kt, and a significant part of the contribution to 
the integrated gluon distribution comes from the region kt � 0 1 . 

The process of interest is shown schematically in Fig. 1. The energy fractions of the incoming 
parton from the projectile, x1 , and the gluon from the target, x2 , can be expressed in terms of 
rapidities and transverse momenta of the produced jets 

In the limit of forward jets production, one obtains 

x1 � 1 and x2 « 1 , 

(1)  

(2) 

hence the target is probed at very low energy fractions and therefore is consists predominantly 
of gluons with non-vanishing transverse momenta. The target gluon's transverse momentum, kt, 
is related to the transverse momenta of the outgoing jets, Plt and P2t, as well as the azimuthal 
distance, fl¢, between the jets 

(3) 
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Figure 1 - Inclusive dijet production in dilute-dense collision. The blob H represents hard scattering and the 
solid lines coming out of H represent partons, which can be either quarks or gluons. 

Since the target A is probed at low x2 , the dominant contributions come from the subpro­
cesses in which the incoming parton on the target side is a gluon 

qg --+  qg , gg --+ qq , gg --+ gg . 

2 High energy factorization and generalized TMD factorization 

(4) 

Two approaches to dijet production at small x have been used so far: the high energy fac­
torization (HEF) 2, valid in the limit Qs « l kt l  � IPit l ,  IP2t l ,  and the transverse momentum 
dependent (TMD) factorization 3, justified in the range Q8 « lkt l  « IPu l ,  IP2t l ·  Here, Qs is the 
so-called saturation scale marking the transition between linear and non-linear regimes of QCD. 

The HEF formula for inclusive forward dijet production reads 4 

dapA-+dijets+X 1 1 
d d d2 d2 = 

16 3( )2 L Xifa/p(x1 , µ2) IMag*-+cdl2F9;A(x2 , kt) -1 +
'" , (5) 

Yl Y2 Plt P2t 1f X1X2S a,c,d Ucd 
where Fg/A (x2, kt) is the unintegrated gluon distribution in a dense target A, the same that enters 
the F2 structure function formula in deep inelastic scattering. The other parton distribution, 
fa;p(x1 ,  µ2) , is a standard collinear PDF of a projectile. The matrix element IMag*-+cdl2 is 
calculated with the incoming gluon kept off-shell using a special set of rules that guarantee gauge 
invariance of the result 2,5. The limitation of the HEF formula (5) lies in the fact that it breaks 
down when the gluon's transverse momentum kt (or equivalently the transverse momentum 
imbalance between the two jets) gets much smaller than the average transverse momentum of 
the jets. Hence, this formula is in principle applicable away from the non-linear regime of the 
target A and it is not valid in the strict saturation domain. 

The TMD formula for our process of interest, so far obtained only in the large-Ne limit 3 , 
takes the form 

daPA-+dijets+X 002 
(") . 1 

d d d2 d2 = -( 
8 

)2 L xifa/p(x1 , µ2) L Ha�-tcdF��(x2 , kt)� . (6) 
Yl Y2 Plt P2t x1x2s a,c,d i cd 

We see that factorization in a strong sense does not hold in this case and it is replaced by 
generalized factorization with several unintegrated gluon distributions, F�� (x2 , kt) , accompanied 
by corresponding hard factors Hi2-+cd' The hard factors were so far calculated in the limit of 
vanishing gluon's transverse momentum 3 and the kt dependence is present in Eq. (6) only via 
the unintegrated gluon distributions. The generalized TMD formula (6) has the advantage that 
it can be used to study the saturation domain where l kt l  � Q8• It breaks down however when l kt l  
becomes comparable to  the average jet transverse momentum, which corresponds to !::;.¢> « 1f, 

c.f. Eq. (3) . 
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3 Improved TMD factorization 

We have reconciled the two complementary approaches to forward dijet production, presented 
in the previous section section, into a unified framework that we call improved TMD factor­
ization 6• This new framework is valid in the limit Qs � IP11 I , IP11 I  with an arbitrary value 
of lkt l ·  Moreover, it profits from a number of improvements, as compared to HEF and general­
ized TMD descriptions, which include: (i) full Ne dependence in the hard factors, (ii) restored 
kt dependence in the hard factors, and, (iii) reduced number of TMDs and the corresponding 
hard factors, which leads to a simpler form of the factorization formula. 

The improved factorization formula for inclusive dijet production takes the form 

do-pA-+dijets+X a; 2 2 (i) (i) 1 
d2P, d2k dy dy - (x x  s)2 L xifa/p(x1 , µ ) L Kag*-+ediJ!ag-+cd 1+8 '  (7) t t 1 2 1 2 a,e,d i=l cd 

where K��*-+cd are the new hard factors and iJ!��-+cd are the corresponding, new gluon TMDs. 
The hard factors retain full dependence on gluon's kt and are summarized in a concise form in 
Table 1 ,  where, in addition to the standard Mandelstam variables (c.j. Fig. 1 for notation) 

s = (p1 + P2)2 , £ = (p - P2)2 , u = (p -P1)2 , (8) 

we introduced their barred versions, defined only with the longitudinal component of the off-shell 
gluon 

s = (x2PA + p)2 , (9) 

The results of Table 1 were obtained using two different methods of calculation. The first 
method followed the original technique developed in the HEF formulation 2 and consisted of 
using standard Feynman rules in axial gauge with a special choice of the gauge vector, n = PA, 
and the polarization vector of the off-shell gluon E� = i-/2 X2PA1t/ lkt l ·  This procedure is sufficient 
to render the result gauge invariant for a class of axial gauges in the high energy limit. 

The second independent calculation relied on the frameworks of colour ordered amplitudes 
and helicity methods. Each 2 -+ 2 amplitude in one of the three channels (4) is represented 
as a sum of two, gauge invariant subamplitudes corresponding to different colour flows. The 
squared amplitude consists of four terms, which however turn out be multiplied by only two 
unique colour structures. In terms of factorization formula, that means that only two TMDs are 
need in each channel, which results in the structure of the improved TMD factorization formula 
presented in Eq. (7). 

Table 1 :  The hard factors accompanying the gluon TMDs <I>��--+cd entering the improved TMD factorization 
formula (7). The Mandelstam variables are defined according to Eqs. (8) and (9). 

(i) Ne (s4 + t4 + u4) (uu + ti) Ne (s4 + t4 + u4) (uu + ti - ss) Kgg*-+gg CF tiuuss 2CF tiuuss 

(i) 1 (t2 + u2) (uu + ti) 1 (t2 + u2) (uu + ti - ss) Kgg*-+qq --
ssiu 

---
ssiu 2Nc 4N�CF 

(i) Kqg*-+qg 
u (s2 + u2) (l ss - ti) 

A + N2 A 2tts 'c uu 
CF s(s2 + u2) - -
Ne tiu 

Hence, the improved factorization has a simpler form than the generalized TMD formula of 
Eq. (6). The new TMDs, iJ!��-+cd' are related to the old TMDs, Fl�, as follows 

iJ!��-+gg _1_ (N2 F(1) - 2J:(3) + F(4) + F(s) + N2 F(6)) 2N� e gg gg gg gg e gg ' 

iJ!(2) gg-+gg _!_(N2 F(2) - 2F(3) + F(4) + F(s) + N2 F(6)) N2 c gg gg gg gg e gg ' e 
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(1) <I> gg-+qq 

T"(l) .rqg ' 
1 (N2 F.(1) _ F.(3)) 

Ng-1 c gg gg (2) q.gg-+qq 

_1_ (-F.(1) + N2 F.(2)) N;!-1 qg c qg 
_ N; ;:J�l + ;:J�l . 

Both of the above calculations, the one using traditional approach and the one employing 
colour ordered amplitude formalism, lea<l to i<lentical results for the hard factors and the new 
TMDs. Our formulae reduce to the generalized TMD results if the hard factors are taken in 
the limit of kt --+ 0 and only the leading Ne part is kept. Also, the HEF factorization and the 
collinear factorization are recovered in the respective limits. 

4 Summary 

We discussed the problem of theoretical description of the forward-forward dijet production in 
dilute-dense hadronic collisions. Our main result consists of a new, improved TMD factorization 
formula (7) , which unifies two complementary theoretical frameworks commonly used in the 
literature: the high energy factorization 2 and the generalized TMD factorization 3 . 

The improved TMD framework is valid for the jet transverse momenta f Pit f ,  f P2t f  » Q8 and 
an arbitrary value of the incoming gluon transverse momentum, kt . Our result incorporates 
full Ne dependence and complete kt dependence in the hard factors and it is written in terms 
of a minimal set of the gluon TMDs. Hence, it constitutes a robust framework for studies of 
saturation do111ai11 with hard object::;. 
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Strong Production SUSY Searches at ATLAS and CMS 

Z.L. Marshall on behalf of the ATLAS and CMS Collaborations 
Physics Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, 

Berkeley CA, United States of America 

The results of searches for strongly-produced supersymmetry at the Large Hadron Collider 
by the ATLAS and CMS collaborations are presented. Several of the historically strongest 
zero- and one-lepton final state searches have been updated to include multi-bin fits and 
combinations. In addition, new two-lepton final state search results are shown from CMS and 
ATLAS, which show 2.6 and 3.0 standard deviation excesses, respectively, above the standard 
model expectation, albeit in different regions of phase space. Both collaborations have also 
shown new searches that cover areas uncovered by previous searches, in both searches for light 
stops and searches for stealth supersymmetry. 

1 Introduction 

Supersymmetry (SUSYJ •2,3, one popular extension of the Standard Model (SM) , is the target 
of a diverse search programme at the Large Hadron Collider. This paper details the progress 
that ATLAs1 and CMg;, two general-purpose detectors, have made in searching for strongly­
produced SUSY in data collected at ...fS = 8 TeV in 2012. Strongly-produced SUSY includes the 
production of gluinos (squarks) , the superpartners of SM gluons (quarks) , which decay in one 
or more steps to the lightest SUSY particle (LSP) , typically a stable neutral particle that is also 
a dark matter candidate (e.g. the lightest neutralino, x�, or the gravitino, G) . The signatures 
of these events include jets, missing transverse momentum (Episs) , and frequently leptons. 

The previous searches for SUSY in 0- and 1-lepton final states, detailed in Section 2 have 
introduced combinations and fits in order to extend their reach up to 1.35 TeV in gluino mass. 
New searches in dilepton final states by ATLAS and CMS, described in Section 3, have shown 
moderate 3.0 and 2.6 a (respectively) excesses. Section 4 highlights some new searches that 
target particularly difficult-to-search regions of phase space. Finally, conclusions and prospects 
are given in Section 5. 

2 Combinations and Fits 

Using a large number of published and preliminary searches for strongly produced Supersymme­
try, ATLAS and CMS are extending search limits on squarks and gluinos by combining multiple 
independent searches and by performing more complex fits of the available dat:f>,7,s,9,lO _ Con­
ceptually, combinations and fits are the same; one can imagine a combination of 0-, 1-, and 
2-lepton individual search regions as a fit of the lepton multiplicity distribution, for example. A 
combination can provide stronger limits in the case of a single signal hypothesis. These fits and 
combinations rely on a detailed understanding of correlations between background estimates 
and systematics and require that the channels being combined are non-overlapping. As many 
of the searches were designed to provide the strongest limits in each individual channel, rather 
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than being amenable to a straightforward combination, significant work may be involved when 
combining multiple searches11 . 

Search limits are often shown in terms of "simplified models,'' unphysical models in which a 
subset of SUSY particles are included at masses accessible to the LHC. The other SUSY particles 
are decoupled and the decay modes are restricted, so that the models can be described with 
only a few parameters. Although in these simplified models quite high masses can be excluded, 
by introducing additional particles and decay modes these limits may weaken significantly. 

Combinations provide the greatest benefit when the searches being combined have compa­
rable sensitivity. This may occur in a "transition region" between the regions of phase space for 
which each individual search was optimized - although neither search is optimal, together they 
can still provide a strong limit. An example is shown in Figure 1 ,  where ATLAS has designed 
two complimentary searches in different final states that have comparable sensitivity to a gluino, 
in a SUSY model where the gluino decays through a xg and sleptons or neutralinos, producing a 
final state that may contain a large number of lepton�. The combination of searches with exactly 
one and two or more leptons provides a reach 50-100 GeV stronger than either search alone. 
CMS have performed a similar combination in searches for bottom squarks, with complimentary 
searches targetting different regions of phase space1°. 
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Figure 1 - The results of a combination of two ATLAS searche5' (left) and several CMS searches" (right) for gluino 
production. The exclusion limits combine several final states to provide strong, generic limits. 

Combinations also allow generic limits to be derived that are less dependent on the details of 
the final state. For example, CMS has set limits on gluino production, with the gluino decaying 
to bbx� or ttx� at varying rated'. Such decays can populate exlusively 0-lepton final states (bbx�) 
or provide a significant number of leptons (ttx�) .  The limits, shown in Figure 1, demonstrate the 
exclusion of a 1200 GeV gluino independent of the relative rates of these two decays. Similarly, 
ATLAS has set limits on stop production, with the stop decaying to either an on-shell or off-shell 
top at different rate:>9. The different decays can have significantly different kinematics that affect 
the searches' limits. 

3 Dilepton Searches 

Both ATLAS and CMS have recently published searches for SUSY in dilepton final states12,13. 
Both have separate analyses targeting signals with the production of Z-bosons, where the signal 
includes a peak in the dilepton mass (mu) spectrum, and signals with the production of an 
intermediate slepton, where the signal has an "edge" in the dilepton mass spectrum. In both 
cases, the signal produces events with two electrons (ee) or two muons (µµ). Both ATLAS 
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and CMS require some jet activity and large Episs in the events, although the details of the 
requirements differ. The results of these searches are shown in Figure 2. 
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Figure 2 - The results of the CMS dilepton SUSY search'3 (left) and the ATLAS dilepton search in events with 
a Z boson12 (right). 

Both searches rely on data-driven methods for the estimation of the dominant backgrounds. 
In both cases, the tt, WW, and Z --+ TT backgrounds are determined from a sample of events with 
an electron (e) and a muon (µ) , with small corrections applied to estimate these backgrounds 
in the ee and µµ channels. CMS uses two methods for the estimation of the Z f'y* background: 
a template method using events with an isolated "(, and a method that examines the balance 
of the Z PT and that of the jet activity in the event. In the general gauge mediation SUSY 
models studied by ATLAS, neither of these background estimation techniques are applicable. 
Instead, ATLAS uses a jet smearing method to estimate the same background, cross-checked 
with simulated events. This method is less sensitive to the details of the signal model but suffers 
from significant extrapolation uncertainties. Nonetheless, the Z/1* background in both searches 
is small in the regions of interest. 

Including all systematic uncertainties, CMS observes a 2.4u local excess of the data over the 
background in events with low mee (2.6u when considering only central leptons) .  The excess 
observed is consistent with a 350-400 GeV sbottom. ATLAS have performed a search in a 
similar region of phase space and observe no similar excess. Although the two experiments differ 
in methodology, the searches should be sensitive to the same signal. 

ATLAS observes a 3.0u excess in events with a Z boson. The excess is consistent with a 
900 GeV gluino and is present in both dielectron and dimuon events. Although CMS observes 
no similar excess, the searches have sufficiently different event selection that the ATLAS excess 
cannot be excluded by the published CMS results. 

4 Exploring Difficult Regions of Phase Space 

By exploiting new ideas and carefully designed searches, ATLAS and CMS are both exploring 
regions of phases space that had previously proven extremely difficult to explore. 

It was previously believed that the stop could have a mass only slightly larger than that of 
the top quark, and its decay would only be observable via a small increase in the top production 
cross section, which is not predicted in QCD with sufficient precision. ATLAS has recently 



published a search for the stop just above the top mass using both the cross section and the 
spin correlations in the top quark decays14. As the top squarks have spin 0, the distribution of 
the opening angle between the two leptons in a dileptonic decay differs between the top squarks 
and the SM top quarks. By using the normalization of the distribution as well as the shape, 
a stop quark with mt < mi < 191 GeV is excluded. The normalization and shape contribute 
equally to the strength of the limit. ·with a growing :;et of searches based on spin properties, it 
may soon be possible to exclude a top squark with mass near the top mass. 

A set of models known as "stealth" SUSY, were introduced as models that might be particu­
larly difficult to find at the LHC. These models introduce a scalar in the decay chain that results 
in additional particles in the final state, but lower Episs. By exploiting the relatively high jet 
multiplicity in these events and searching in events with either leptons or photons in the final 
state, CMS has produced limits on these models on squarks up to 1 100 GeV, comparable to the 
limits on standard SUSY models15 . Other variants of these "stealth" models populate different 
final states, but with well-targeted searches it maybe possible to exclude many of them. 

5 Conclusions and Outlook 

ATLAS and CMS are completing a detailed and broad search programme for strongly produced 
SUSY with the 8 TeV data that were collected in 2012. Many searches have been combined, in 
order to provide even stronger limits. Recent dilepton searches from both ATLAS and CMS show 
interesting excesses, and the data to be collected in 2015 should be sufficient to demonstrate 
whether these were large statistical fluctuations or the first hints of new physics. The experiments 
have also addressed several SUSY scenarios that are particularly challenging experimentally, 
demonstrating that with new ideas limits can be set on even rather stubborn signal models. 

The next run of the LHC, at a center of mass energy of 13 TeV, should provide even 
stronger limits on strongly-produced SUSY. ATLAS has produced a number of projections for 
the strength of searches after initial 13 TeV data taking16• Even with conservative assumptions 
about systematic uncertainties, these projections indicate that only a small amount of data, in 
some cases 1 fb-1 , is needed before the current limits will be exceeded. These data may be 
sufficient to finally resolve the question of whether natural strong SUSY is realized in nature. 
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Searches for weakly produced SUSY at LHC 

S. Folgueras for the CMS and ATLAS Collaborations 
Departmento de Fisica, Universidad de Oviedo, 

G/Galvo Sotelo s/n, 33005, Oviedo, Spain 

A summary of the different searches for weakly produced SUSY by both CMS and ATLAS 
is presented here. A review on the methodology of these searches, including event selection, 
background suppression and estimation methods, etc is covered. Other searches at the LHC 
already probe squarks and gluino masses up to 1.4 TeV, such scenario, may favour electroweak 
production of charginos and neutralinos, that will produce many-lepton final states accom­
panied by ET1" and very little hadronic activity. Latest searches include Higgs boson in 
the decay and exploits VBF associated production to probe scenarios with very small mass 
splittings. 

1 Introduction 

SUSY models are a possible extension to the very successful standard model (SM) that provides 
a solution to many problems such as fine-tuning and the unification of the couplings. The search 
for SUSY has become a major goal and one of the highest priorities searches for both ATLAS 1 
and CMS 2 . 

While most of LHC searches focus on strong production of SUSY with larger cross sections, 
electroweak production of SUSY may be the key to new physics, as the squarks and gluinos may 
be too heavy to be produced at LHC energies. The decay chain will produce sleptons (or W,Z 
and h bosons) and lead to multiple-lepton final states with little hadronic activity and significant 
missing transverse energy (ETiss ) from the lightest-supersymetric particle (LSP). 

As the production cross-section is very small, many final states are combined together tar­
geting different production mechanisms to reach enough sensitivity for new physics. A summary 
of the different searches performed by CMS and ATLAS Collaborations will be shown in these 
proceedings. 

2 Signature 

Very clean lepton signatures with low hadronic activity are expected in the final state when 
assuming direct chargino-neutralino production with both light and heavy sleptons. In the 
second case, the chargino/neutralino decays directly to W,Z or h bosons. Three lepton final 
states 3,4 are yielded naturally by most of these models, however, under certain conditions, two 
lepton signatures could be more sensitive, i.e. when the mass splitting is small. On top of 
the multilepton selection, a Z-veto is generally applied to suppress background from diboson 
production, a (b)jet-veto is applied to suppress tt background. Signal regions are defined in 
bins of ETiss , MT(2) and mu. Two remaining backgrounds have to be estimated: non-prompt 
lepton backgrounds are estimated using different data-driven techniques. Irreducible diboson 
backgrounds are estimated using simulation. Control regions are used for MC validation. 



3 Chargino-neutralino production 

Previous searches from both CMS and ATLAS have looked for chargino-neutralino production 
decaying via sleptons or W,Z bosons (if the sleptons are too heavy) . Many final states were used 
to probe electroweak production of charginos and neutralinos: the three leptons3•4 final state is 
the most natural signature. If the mass splitting between the particles is small, Lhe sensitivity 
of the three-lepton analysis is very poor, however some of this efficiency can be recovered by 
dilepton final sates (both opposite-sign 5 and same-sign 3) .  Finally, depending on the considered 
model, a final state with multiple taus can be hugely favoured, therefore a dedicated tau search 6 
is also particularly sensitive to these scenarios. 

The Higgs discovery opened up a new possibility in electroweak production of SUSY, the 
neutralino could decay, not only into sleptons, or W /Z bosons, but also into a Higgs boson, 
leading to many new different final states that could be used to probe for electroweak production, 
both considering a light or a heavy LSP. 

Considering different Higgs-decay-modes, various searches targeting chargino-neutralino pro­
duction will be summarized. A W boson is produced in the chargino decay chain, while the 
neutralino decays to a Higgs boson and the LSP. 
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Figure 1 - Transverse mass distribution in the 11+lepton search 7 (left) , mbb distribution in the single-lepton 
search 7 (middle) and m,11 for the same-sign search 3 (right) . All three searches target X�Xg --+ hW± X�X�-

3. 1 ·yy lepton search 

When the Higgs decays to two photons, the final state consists of two photons and a lepton. The 
signal region is defined using the transverse mass as a discriminating variable. The transverse 
mass is calculated with respect to the lepton in CMS 8 case and with respect one photon for 
ATLAS 7 case. 

Non-SM Higgs backgrounds are estimated using a fit on the sidebands of the diphoton 
invariant mass distribution. 

3. 2 Single lepton search 

To target the h --+ bb final state, events with a lepton (coming from the W) and two b-jets 
from the Higgs decay are selected. The search strategy divides the signal region into ETiss3 and 
mcT, mT bins 7 and looks for a resonance in the mbb spectrum. 

Background is estimated from MC, however, several control regions are used to constrain 
normalization and validation regions are used test background modelling. 

3.3 Same-sign search 

For searching in the h --+ WW channel, events with two same-sign leptons, no b-jets and 1,2 
or 3 jets are selected. Extra cuts on ETiss and mT2 are then applied to remove background 
contribution in the CMS search 3 while ATLAS 7 uses extra cuts on ETiss , 1�771, mr and meff· 

The search strategy is very similar, looking for a peak in the low mljj region. 
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3.4 Combination 

As no significant excess over the Standard Model predictions is seen in either channel, a com­
bination of all these searches together with the previous multilepton result4•6•3 to set limits on 
chargino-neutralino production when xg ---+ hx�. Chargino masses up to 250 (210) GeV are 
probed in ATLAS(CMS) search. 

1 0 · ��, 5�0��206-'.- ��,5=0��,,�,��,5�0 m,, �[GeV] 

10• 

CMS L = 1 9.5fb"1 1S = 8 TeV 
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Figure 2 - Left: Observed (solid line) and expected (dashed line) 95% CL upper limits on the cross section 
normalised by the simplified model prediction as a function of the common mass m - ±  -0 for xS = 0 GeV for the 

X1 X2 
ATLAS combination 7. Right: Observed and expected 95% CL upper limits on the cross section as a function of 
the mass m _ ±  -o for xS = 1 GeV for CMS combination 8 . In both cases, the solid band around the expected limit 

X1 X2 
represents the one-standard-deviation interval. 

4 Electroweak production of SUSY with VBF production 

More recent searches exploit the VBF topology, allowing a complementary route to probe the 
electroweak production sector, specially when trying to reach very compressed scenarios that 
are not accessible with more classic searches. 

4 . 1  Photon + ETiss search 

Events with one or two photons, no lepton, two VBF jets (large 1�771 gap between the two jets) 
and ETiss are selected in this analysis 9 . Signal regions are designed on top of this selection to 
fully exploit the VBF topology, the invariant mass 1�771 of the dijet system is used for the search 
region definition. 

Background processes are mainly multijets and 1+jets, they are estimated directly from 
data control regions. Having found no significant excess over the SM expectations, limits are 
set for a various of LSP and NLSP masses in a GSMB model where the Higgs boson decays to 
a pair of neutralinos. Although the analysis was optimized for the one photon+ETiss signature, 
most stringent limits arise from the di-photon search. 

4.2 Two lepton search 

In this CMS analysis 10 , events with 2 leptons, ETiss and two VBF jets (large 1�771 gap between 
the two jets) are selected. A broad excess in the tails of the invariant mass distribution of the 
two jets will be an indication for new physics. 

Main background for this search arises from tt, V + jets, diboson and QCD, although the 
tight VBF requirements on the two jets reject most of the backgrounds produced via strong 
interaction. Simulation is used for estimating the remaining background processes and control­
regions in data are used to constrain normalization of each process. 

No excess over the SM prediction is seen in data and limits on chargino-neutralino production 
both decaying to staus, for different mass splitting and LSP masses are set. Chargino masses 
up to 250 GeV are excluded for a model with chargino-neutralino production, decaying to staus 
for a given mass splitting of (m7 - mx� = 5 GeV) and a massless LSP. 



5 Summary 

A wide variety of searches for weakly produced SUSY have been shown. Current CMS and 
ATLAS searches probe chargino and neutralino masses up to 700 GeV. Latest searches include 
Higgs bosons in the decays, probing chargino masses up to 250 GeV. More recent searches also 
look for weakly produced SUSY in association with two VIlF jets, allowing to probe much 
compressed scenarios up to chargino masses of 250 GeV. The higher energy at the LHC will 
open up a whole new regime to look for SUSY. Figure 3 shows a the summary of all the searches 
performed by both collaborations. 
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Figure 3 - Summary of A . .TL..A_._S 11 (left) und C��1S 12 (right) searches of electroweak production uf diargiuos and 
neutralinos based of 20 fb-1 of pp collision data at ../8 = 8 TeV. Exclusion limits at 903 confidence level are 
shown in the chargino-neutralino mass plane for several decay modes of the charginos and neutralinos. 
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Supersymmetric particles that are long-lived or violate R-parity could evade many conven­
tional searches for supersymmetry. This talk presents the latest results of searches for super­
symmetry with long-lived particles or R-parity violation performed by the ATLAS and CMS 
collaborations using �20 fb-1 of proton-proton collisions at center-of-mass energy of 8 TeV 
delivered by the LHC. 

1 Overview 

Supersymmetry (SUSY) is an attractive theory because it could provide solutions to two big 
unsolved mysteries in particle physics: the identity of a dark matter particle and the stability of 
the Higgs mass against quantum corrections at very high energy scales. Many searches for SUSY 
have been performed, but no evidence of its existence has yet been found. Supersymmetric 
particles with long lifetimes could evade many conventional SUSY searches, which typically 
require the physics objects of interest to have a transverse impact parameter less than about 
a millimeter. R-parity violating SUSY particles could also evade many SUSY searches, which 
commonly require a large amount of missing transverse energy Episs . To cover these gaps, 
dedicated searches that target long-lived particles and R-parity violation have been performed 
with data collected by the ATLAS 1 and CMS 2 experiments, in most cases using �20 fb-1 of fa 
= 8 TeV proton-proton collisions delivered by the LHC in 2012. No significant excesses above 
the background expectation are observed, and limits are placed on a variety of models. 

The searches presented here cover a wide variety of signatures, including jets, leptons, pho­
tons, and tracks. These signatures depend on whether the supersymmetric particle is neutral or 
charged, and in what region of the detector it decays: the tracker, calorimeters, muon system, 
or outside the detector entirely. In general there are few standard model backgrounds that can 
mimic these signatures, but these searches have to confront unusual backgrounds from sources 
such as detector noise, cosmic rays, and reconstruction failure modes. The simulation is typ­
ically unable to describe these processes accurately, so the backgrounds are usually estimated 
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with data-driven techniques. 

2 Neutral long-lived particles decaying to jets, leptons, or photons 

A search for displaced dijets 3 requires two jets, each with at least one track, originating from 
a common displaced vertex. There are many ways to produce such a signature, including a 
single displaced jet with final state radiation, a decay to 3 or more jets, or a decay to leptons, 
which are included as jets. The dominant background is from QCD multijets, which is reduced 
by placing requirements on the number of prompt tracks and the fraction of energy they carry, 
as well as on a likelihood discriminant that combines four variables associated with the vertex 
and cluster information. The remaining background is estimated by using uncorrelated data 
sideband control regions. Two events are observed in a loose search region and one event is 
observed in a tight search region, both consistent with expectations. Limits are set on hidden 
valley models and on RPV SUSY for decay lengths of millimeters to several meters; an example 
is given in Fig. 1 .  

If the long lived particle decays in the hadronic calorimeter, it would produce the signature 
of a trackless jet, a narrow jet with few associated tracker tracks and very little energy deposited 
in the electromagnetic calorimeter. A search for such particles 4 estimates the dominant QCD 
multijets background from the data. In the search region, 24 events are observed, consistent 
with the expectation, and limits are set on a hidden valley model in terms of the decay length of 
the valley pion ranging from tens of centimeters to tens of meters; an example is given in Fig. 1 .  

Another search 5 selects events with two displaced vertices close to a jet, each with at least 
five tracks, with the vertices either in the tracker or in the muon system. The backgrounds from 
fake vertices are estimated from data control regions, and are predicted to be two events or less 
for five different event topologies. Limits are set on a hidden valley scalar boson Z' and on 
stealth SUSY, with sensitivity to decay lengths between tens of centimeters and tens of meters; 
an example is given in Fig. 1 .  

There are also models that predict a long-lived particle that decays predominantly into 
light leptons, producing collimated jets of electrons, muons, or both. A search 6 requires two 
such lepton jets in the event , each of which is isolated from other tracks, and also separated 
from each other in the azimuthal angle. The observation is consistent with the expectation, and 
limits are placed on a dark photon model with a maximum sensitivity to decay lengths of several 
centimeters. 

A search for a long-lived particle that decays to two opposite-sign, same-flavor leptons 7 
suppresses the large contribution from Drell-Yan processes by placing cuts on the transverse 
impact parameter of the two leptons. The additional background is estimated with a data 
control region in which dilepton momentum is opposite the flight direction from the primary 
to the secondary vertex. Zero events are observed in the control region as well as in the signal 
region, and limits are set on a hidden valley model and on RPV SUSY. This search using inner­
tracker tracks has recently been combined with a search that uses only muon tracks8; an example 
is given in Fig. 1 . 

ATLAS has performed searches for displaced vertices 9 within 30 cm of the beamspot in 
three dilepton channels and four multitrack channels. Vertices close to any detector material 
are vetoed in order to suppress the background from nuclear interactions. In all seven search 
channels, the main backgrounds originate from unrelated tracks or leptons that cross at a large 
angle to give a displaced vertex. In the multitrack channels, the vertex is required to have an 
invariant mass of at least 10 Ge V and at least 5 tracks. The backgrounds are predicted to be 
less than one event, and no events are observed in any of the search channels. Limits are placed 
on split SUSY, RPV, and general GMSB. 

A CMS search 10 motivated by a Displaced SUSY model selects events with an electron 
and a muon of opposite sign, each displaced, but not necessarily originating from a common 
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Figure 1 - Limits are placed on hidden valley models with a long-lived neutral particle, based on the signature 
of two jets from a common vertex (upper left 5 and upper right 3), two trackless jets (lower left 4), and two 
opposite-sign leptons from a common vertex (lower right 8) . 

vertex. This search defines three exclusive signal regions based on the lepton transverse impact 
parameter, in the range of 0.2 mm to 2 cm. In the first region there are 19 observed events, 
and in the other two regions there are no observed events. These observations are consistent 
with the background predictions, and limits are placed on the stop lifetime and mass with a 
maximum sensitivity for a stop lifetime of about 2 cm. 

If the long-lived particle decays to a photon it can be identified by the fact that the photon 
does not point back to the primary vertex and that it arrives late at the calorimeter. A search 
for displaced/delayed photons 11 exploits the pointing and timing resolution of the ATLAS 
detector's liquid argon calorimeter. The signal region is defined as two high-energy photons 
with large Episs, and the search is performed in the two-dimensional plane of the longitudinal 
impact parameter and calorimeter arrival time. A low-Episscontrol region is used to estimate 
the background. Limits are set on the GMSB model with a maximum sensitivity to lifetimes of 
about 2 ns. 

3 Charged long-lived particles 

If the long-lived particle is charged and has sufficiently low kinetic energy, it may come to rest 
in the detector. After some time, it may then decay. A CMS search for stopped particles 12 
selects events with a calorimeter cluster that is asynchronous with the proton-proton collisions. 
The search sample corresponds to 281 hours of trigger livetime. The backgrounds in this search 
arise from processes that are uncorrelated with the proton-proton collisions, such as beam halo 



muons, cosmic rays, and HCAL noise. Ten events are observed, consistent with the expectation, 
and limits are placed on the gluino and stop masses for over 13 orders of magnitude. A similar 
search has been performed by ATLAS 13 . 

A long-lived charged particle can also be identified if it does not come to rest in the detector 
and escapes the detector, based on the fact that it is moving slowly. A search for such particles 14 
identifies tracks with large ionization energy loss dE/dx in the pixel tracker or late timing 
measurements in the calorimeter or the muon system. Based on these measurements, the mass 
of the particle is reconstructed, which for signal is much larger than for Standard Model particles. 
The main background is from muons that have mismeasured dE/dx or timing information, and 
it is estimated by sampling the relevant distributions from data control regions. No excess is 
observed over the expectations, and limits are set on GMSB sleptons, LeptoSUSY squarks and 
gluinos, charginos, and R-hadrons. A related search 15 measures dE/dx from multiple subsystems 
and places limits on particles with a charge between 2 and 6 times the charge of the electron. 
A search for metastable charged particles 16 uses dE/dx measurements from the ATLAS pixel 
tracker and places limits on R-hadrons with lifetimes between 1 and 10 ns, stable gluinos (see 
Fig. 2), and stable and metastable charginos. Searches for particles with anomalous dE/dx 
measurements have also been performed by CMS 17. 

A search for charged long-lived particles is also performed using a disappearing track signa­
ture, that of a high-pr isolated track with several missing hits in the outer layers of the tracker 
and little energy deposited in the calorimeters 18 . The backgrounds in this search are estimated 
with tag and probe methods, and arise from reconstruction failure modes: unidentified elec­
trons or muons, tracks with mismeasured momenta, or fake tracks. Two events are observed, 
consistent with the expectations, and limits are placed on the chargino mass and lifetime, with 
maximum sensitivity to lifetimes of several nanoseconds, as shown in Fig. 2. A similar search 
has been performed by ATLAS 19 . 
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Figure 2 - Limits on charged metastable particles are placed using dE/dx information 16 (left) and by identifying 
disappearing tracks 18 (right). 

4 R-parity violating prompt decays 

A search for RPV SUSY in multijet final states 20 uses two strategies, a jet-counting analysis 
that looks for an excess of ;:::6 or ;:::7 jet events, with 0-2 b-jets, and an analysis based on the 
total jet mass, which is defined as the scalar sum of masses of the four leading large-radius 
jets, which would be formed from accidental substructure. The background is estimated from 
signal-depleted data control regions, in the jet-counting analysis by extrapolating with a scale 
factor from simulation, and in the total jet mass analysis by constructing the total jet mass from 
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single jet mass templates. No excess above the prediction is observed, and limits are placed in 
the plane of gluino-neutralino masses. 

Another RPV search 21 looks for a lepton flavor violating resonance of e± µ�, e±T�, or µ±T�. 
The search places lower limits on the T-sneutrino mass between 1.7 - 2.0 TeV and on the Z' vector 
boson between 2.2 - 2.5 TeV, depending on the channel. 

Finally, a search 22 is performed for pair-produced scalar tops that decay via an R-parity­
violating coupling to a final state with two opposite-sign leptons of any flavor and 2 b-jets. The 
signal signature is two lepton-b-quark resonances with a similar mass. Limits are placed on the 
scalar top mass between 0.5 and 1 TeV in the framework of a B - L extension of the Standard 
Model. 

5 Reinterpretations 

There are two new reinterpretations of searches that place constraints on long-lived particles. 
ATLAS reinterprets a prompt SUSY search for jets and ET1i88and sets mass limits on gluinos with 
lifetimes of up to over a microsecond 23 .  A CMS analysis 24 parameterizes the signal efficiencies 
of its searches for heavy stable charged particles, allowing a recasting in terms of the pMSSM 
and other models. 
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Some doubts have been expressed about low energy supersymmetry (SUSY) following the 
first run of the LHC. In this talk I will try to present a more upbeat view based on data, 
rather than theoretical expectations. In particular, I will make the following points: (a) in 
my opinion the most attractive candidate for dark matter (DM) is now the lightest neutralino 
with mass around 1 Te V and with well defined properties (a nearly pure higgsino); (b) this 
DM candidate will be nearly fully tested in forthcoming one-tonne DM underground search 
detectors; ( c) the CMS SM will be nearly fully tested in the next few years by a combination 
of expected data from LHC experiments and from direct DM searches, as well as potentially 
also by the Cherenkov Telescope Array; (d) fine tuning, which is very large in simple models 
like the CMSSM, can be significantly reduced (even down to 1 in 20) with properly selected 
boundary conditions at the unification scale; (e) the (g - 2),, anomaly can be accommodated 
not only in the context of the general MSSM but also of some unified SUSY models with some 
superpartners to be within reach of the LHC. 

The outcome of the first run of the LHC has brought some sense of confusion and disappoint­
ment to the ''new physics" community. Not even a remotely convincing hint of any signature of 
physics beyond the Standard Model (SM) emerged. In particular, direct limits on superpartner 
masses were pushed up significantly and, in the case of colored particles, reached and exceeded 
the ballpark of 1 TeV, except for the stops. Likewise, in flavor violating processes measured 
at the LHC and elsewhere SM predictions agree well with experimental data, again implying 
that any potential new physics contributions have to be suppressed, most likely by the large 
mass scale of new physics states. In particular, the measurements by LHCb and then also CMS 
of BR (Bs --+ µ+ µ-) , both agreeing with SM expectations suggest that the pseudoscalar Higgs 
boson is at or beyond 1 TeV, thus setting the scale for the heavy Higgs sector of the MSSM. 

These negative results (from the point of view of new physics searches) were actually in­
dependently reinforced by emerging properties of the Higgs boson discovered by ATLAS and 
CMS. Its couplings to SM fermions and gauge bosons came out to be SM-like, thus suggesting 
that the other MSSM Higgs bosons are heavy, and decouple. 

Of course, one can take the "I believe in what I can see" approach that the SM has been 
confirmed in light of the above and there is simply no new physics beyond the SM, at least up 
to the few TeV scale. I believe that it is too quick to jump to such conclusions. Firstly, the 
discovery of the Higgs boson is consistent not only with the SM but also with the frameworks 
that predict a SM-like Higgs boson, in particular with the MSSM. Secondly, apart from its many 
well known theoretical puzzles, the SM lacks explanations for big cosmological questions: dark 

aSpeaker. On leave of absence from the University of Sheffield. 
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Figure 1: Left: Marginalized 2-dim. posterior pdf in the (mo, m1;2) plane of the CMSSM for µ >  0, constrained 
by the experiments listed in Table 1 of Ref. 1 . The 683 credible regions are shown in dark blue, and the 953 
credible regions in light blue. The solid red line shows the ATLAS combined 953 CL exclusion bound. Right: 
Marginalized 2D posterior pdf in the (mx,<T�1) plane for the CMSSM constrained by the experiments listed in 
Table 1 of Ref. 1 . The current LUX (solid red) and XENONlOO (dash-dot gray) are also shown as well as projected 

1-tonne (dash magenta) limits. Both figures are taken from Ref. 1 . 

matter, baryogenesis, cosmic inflation, etc. Thirdly, within the framework of low energy SUSY, 
the mass of the Higgs boson of around 125 GeV requires large radiative corrections from the 
stop sector at, or above, the 1 TeV scale. In SUSY in the context of GUTs, where soft SUSY 
breaking parameters are unified, this sets the scale for the SUSY breaking scale Msusy in the 
multi- TeV regime, again consistent with direct SUSY search limits and flavor processes. 

An additional important, and robust, constraint on SUSY parameter space is provided by 
requiring that the relic density of the lightest neutralino assumed to be DM agrees with the 
experimentally determined value in the Universe. Since in constrained SUSY models this calcu­
lated quantity tends to be too large, it can be satisfied only in some specific regions of parameter 
space. The outcome is illustrated in the case of the CMSSM in the left panel of Fig. 1 (taken from 
Ref. 1 , which is an update of Ref. 2) where I present 1- and 2o- (credible) regions of Bayesian total 
posterior probability (pdf).b In the allowed bottom left corner, just above the red line marking 
the current strongest limit from ATLAS, one can recognize a "tiny" stau-coannihilation region 
(SC) , which appears at only 2o- , followed, at larger mo and m1;2 , by an A-funnel (AF) region 
(lo- region occupying about 30% of total Bayesian probability) . In both of them the neutralino 
is bino-like which in the pre-LHC era was considered to be the most attractive WIMP solution. 

Finally, at multi-TeV mo and m1;2 one can clearly see the largest (about 70%) high prob­
ability region which I will call a � i TeV higgsino DM region (ITH) since in this region the 
lightest neutralino is higgsino-like and its mass is set by the µ-parameter and is close to 1 TeV 
in order to produce correct relic abundance. For comparison, in the left panel of Fig. 1 dotted 
lines show the previously favored regions based on the data available before 2013. 2 

The � 1 TeV higgsino DM region is a new region relative to the pre-LHC studies of con­
strained SUSY models which explored much lower values of mo and m1;2, up to some 4 TeV and 
2 TeV, respectively, 3 although the existence of such a region in constrained SUSY was pointed 
out back in 2009, in the pre-LHC era, in the framework of the NUHM. 4 Remarkably, in this 
region the correct relic density is achieved simply by the µ-parameter being close to 1 TeV. No 

bDue to space limitation in this writeup I only summarize some of our main results and cite only our relevant 
papers. I skip the description of the procedure and of the constraints adopted in deriving our numerical results. 
The reader is referred to our papers for a detailed presentation of our analysis and a list of references. 
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special mechanisms for reducing the relic density are required, unlike in the SC or AF regions. 
In this sense the 1 TH region is most natural. All one needs is large enough bino, and wino, 
mass. In constrained models like the CMSSM this is achieved in regions of large enough m1;2 . 

In the likelihood function that we used in our Bayesian analysis and numerical scans all 
relevant constraints were actually included - they are listed in Table 1 of Ref. 1 where also the 
numerical procedure used in performing our scans is described - but it is primarily the Higgs 
mass value and the DM relic abundance that determine the shape of the favored regions. Some 
role is also played by direct limits on superpartner masses (which we include in our likelihood 
function through an approximate but accurate procedure described in Ref. 2) in setting a lower 
limit on m1;2 (and thus reducing the importance of the SC region to the mere 2u level) and 
by the updated measurements of BR (B, --+ µ+µ-) in giving more "weight" to the AF region 
relative to a previous study2 and by current upper limits on ug1 in basically ruling out the mixed 
neutralino DM region, characteristic of the hyperbolic branch/focus point region. 

The result shown in Fig. 1 for the case of the CMSSM is actually much more general. It 
applies both to unified, as well as phenomenological models, with gaugino masses taken above 
the higgsino mass of � 1 Te V. 5 In the right panel of Fig. 1 the favored regions shown in the left 
panel are mapped onto the (mx,ug1) plane. From left to right, we can see the "tiny" SC region 
(at 2u only), followed by the AF region and, the largest ITH DM region. For comparison we 
show also the current upper limits on ug1 from LUX and XenonlOO which exclude the mixed 
neutralino DM region of HB/FP at a few hundred GeV. 

The emerging picture looks to me highly encouraging. The most attractive � 1 TeV higgsino 
D M region falls basically all within the reach of upcoming one tonne detectors, like Xenon-1 T 
which is expected to produce new results by 2017 or so. This will provide the most robust way 
of exploring this region. This region should be independently probed within expected sensitivity 
reach of the forthcoming CTA due to start in 2018 or so, from observations of diffuse radiation, 
assuming 500 hours of observation time plus a steep enough DM density profile (close to the 
Einasto profile) towards the Galactic Center. (This being the case in simple constrained models, 
in phenomenological scenarios like the pMSSM there is, however, more freedom. 5) 

This can be seen in Fig. 2 which also shows an impressive complementarity of DM search 
experiments (both direct and indirect in CTA) with LHC searches for signatures of SUSY. Both 

197 



the SC and the AF regions will be probably beyond the reach of one tonne DM detectors but 
are expected to be accessible to the LHC14. The first of them will hopefully be explored by 
direct detection searches for SUSY. In the AF region, on the other hand, the superpartners are 
too heavy to be detected at the LHC. Fortunately, a precise enough, buL achievable (at the level 
of 5 - 73 of both experimental and theory error) determination of BR (Bs -+ µ+ µ-) ,  if it comes 
out to be consistent with SM predictions, would rule out most of the AF region. 

I will now briefly comment on two additional issues. The first is about so-called fine-tuning 
(FT) and is linked to "naturalness" . At Msusv � 1 TeV FT is expected to be significant and 
indeed in the CMSSM it is now very large, even in excess of 1 in 3000. However, by making a 
suitable choice of mass relations at the GUT scale among soft parameters and also by linking µ 
to mo one can reduce FT in unified SUSY down to even 1 in 20. 6 

The final point is about the (g - 2)µ anomaly which suggests that the measured value of 
(g- 2) µ is over 3<T above SM estimates. Explaining it in terms of SUSY would require low enough 
smuon and (at least one) neutralino and/or muon sneutrino and (at least one) chargino masses. 
It is therefore no surprise that one fails to reproduce o (g - 2)µ in simple constrained SUSY 
models where slepton are unified with squarks, while in the general MSSM this can be easily 
done. Hence there is "common wisdom" that constrained SUSY is incompatible with the (g-2)µ 
anomaly. However, this is not quite true. One way is to simply disunify sleptons and squarks, 
another, less known, is to disunify gauginos. Some such possible constrained SUSY models with 
relaxed boundary conditions at the GUT scale have been shown to reproduce o (g - 2)µ with 
the bonus that some light enough states must appear there and be for the most part accessible 
to LHC14. In other words, if the (g - 2)µ anomaly is real then either some light SUSY states 
will be seen at the LHC or those models will be ruled out. 7 

In conclusion, I've pointed out some distinct and well motivated phenomenological scenarios 
that can be put to a definitive experimental test at the LHC and in DM searches. While 
waiting for new data, and remaining open to surprises, I believe we have good reasons to remain 
optimistic. Long ago, before the LHC era began, I formulated the conjecture: "Low energy 
SUSY cannot be experimentally ruled out. It can only be discovered. Or else abandoned." 
Indeed, while some specific SUSY models could in principle be excluded, I could not think of 
any experimental measurement that can be made in currently available facilities that could rule 
out low energy SUSY as a framework. We should be able to know which way our field will go 
hopefully within the next few years. 
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Searches for other non-SUSY new phenomena at the LHC 
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The ATLAS and CMS collaborations collected datasets of approximately 20 fb-1 of pp col­
lisions at ys = 8 TeV produced by the LHC during the Run-1 period. The collaborations 
performed a thorough analysis of these datasets searching for physics phenomena beyond the 
Standard Model. These conference proceedings summarize the results of a selection of searches 
targeting non-Supersymmetry phenomena. 

1 Introduction 

The substantial dataset of approximately 20 fb-1 of pp collisions at ft = 8 TeV collected by the 
ATLAS 1 and CMS 2 collaborations during the Run-1 period of the LHC provided an unprece­
dented opportunity to search for phenomena beyond the Standard Model (SM) . A thorough 
signature-driven search program targeting non-Supersymmetry extensions to the SM was exe­
cuted by both collaborations. The collaborations used phenomenological models as benchmarks 
to optimize the event selection criteria and to interpret the data. These conference proceedings 
summarize the results of a selection of these searches, including searches for new massive res­
onances decaying to SM particles, searches for new phenomena in the angular distributions of 
dijet events, searches for vector-like partners of the third generation quarks, and searches for 
heavy neutrinos. 

2 Searches for heavy resonances 

Several extensions to the SM predict the existence of new resonances with masses at the Te V 
scale, for example, models with an extended gauge sector, models with warped extra dimensions, 
models with excited quarks, and compositeness models. 

The CMS Collaboration searched for new phenomena in the invariant mass distribution of 
dijet events 3. In this search, jets were constructed with the "wide-jet" technique that aims to 
include the complete radiation pattern of gluons by seeding the jet building with narrow jets and 
including objects within a distance of f),.R = ,/ l!i:ry2 + 1),.¢2 < 1 of the narrow jet seeds, where 
1) is the pseudo-rapidity, and ¢ is the azimuthal angle. To improve the sensitivity of the search 
to signals decaying to final states including bottom quarks, the selected events were classified 
according to their b-tag multiplicity. The background of this search was estimated using an 
empirical parametric model that assumes a smoothly and steeply falling dijet mass distribution 
for background events. The search was sensitive not only to new narrow resonances, but also 
to wide resonances and quantum blackholes. No significant discrepancies with respect to the 
SM background were observed and exclusion limits were set in the context of specific models, 
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excluding string resonances with masses below 5.0 TeV; excited quarks below 3.5 TeV; scalar 
diquarks below 4.7 TeV; W' bosons below 1.9 TeV or between 2.0 and 2.2 TeV; Z' bosons below 
1.7 TeV; Randall-Sundrum gravitons 4,5 below 1.6 TeV; excited bottom quarks, with masses 
below 1.2 or 1 .6 TeV depending on their decay properties; axigluons and colorons with masses 
below 3.6 TeV; color-octet scalars with a mass below 2.5 TeV, and lower bounds between 5.0 
and 6.3 TeV are set on the masses quantum black holes depending on the fundamental Planck 
scale and the number of extra dimensions of the quantum black hole production model. 

CMS also searched for new physics in the dilepton mass spectra with µµ and ee final states6. 
The search was sensitive to resonant and non-resonant new phenomena. The resonant analysis 
used an unbinned maximum likelihood analysis, while the non-resonant analysis used cut-and­
count approach. The dominant background to this search was Drell-Yan Z/1 production. The 
backgrounds were estimated using Next to Leading Order (NLO) simulation to determine the 
shape of the spectrum, and a data Control Region (CR) to determine the overall normalization. 
No significant deviations with respect to the SM were observed and exclusion limits were set 
on Sequential Standard Model Z' resonances lighter than 2.9 TeV, a superstring-inspired Z' 
lighter than 2.57 TeV, and Randall-Sundrum Kaluza-Klein gravitons with masses below 2.7, 
2.4, and 1 .3 TeV for couplings of 0.10, 0.05, and 0.01, respectively. Within the non-resonant 
analysis lower limits were established on Ms, the scale characterizing the onset of quantum 
gravity, which range from 3.3 to 4.9 TeV when the number of additional spatial dimensions 
varies from 3 to 7, and lower limits on A, the energy scale parameter for a contact interaction 
within the left-left isoscalar model; for dimuons the limits were set at 12.0 (15.2) TeV for 
destructive (constructive) interference, and for dielectrons the limits were set at 13.5 (18.3) TeV 
for destructive (constructive) interference. 

ATLAS searched for high mass resonances in the invariant mass spectra of TT final states 7, 
motivated by the possibility of lepton-flavor dependent new phenomena. This search used both 
leptonically and hadronically decaying T leptons. A kinematic variable based on the transverse 
mass of the reconstructed T's and missing transverse momentum, Episs, was used as a proxy 
to the actual invariant mass of the TT system. A cut-and-count approach was followed where 
the cut values were optimized for different sought after signals. No significant discrepancies 
with respect to the SM were observed and limits on the inclusive production cross section times 
branching ratio of a new Z' decaying to TT were set as a function of the Z' mass, excluding new 
Z' with SM couplings decaying to TT with masses up to 2 TeV. 

CMS and ATLAS also searched for new heavy resonances decaying to a vector boson and a 
Higgs boson. ATLAS searched for these resonances using the decay of the Higgs boson to bottom 
quarks and non-hadronic decays of the vector bosons 8 targeting resonance masses between 
0.3 and 1.9 TeV. In this search the data were classified according to the lepton and b--tagging 
multiplicity in the selected events. CMS searched for these resonances focus in a higher resonance 
mass regime covering from 0.8 to 2.5 TeV, and used the decays of the Higgs boson to T leptons in 
conjunction with the hadronic decay of a Z boson 9, or the decay of the Higgs boson to b quarks 
and the leptonic decay a W boson 10 .  To reconstruct and select hadronically decaying Z bosons, 
CMS used large-R jets, groomed to discard jet components from pileup and underlying event 
interactions, their mass and jet sub-structure properties. For the reconstruction and selection 
of the hadronically decaying Higgs bosons CMS also used large-R groomed jets in conjunction 
with the b--tagging multiplicity of associated narrow jets, and to reconstruct and select Higgs 
bosons decaying to T leptons both leptonic and hadronic T lepton decay modes were used. No 
significant deviations with respect to the SM prediction were observed by any of the analyses, and 
the results of these searches were interpreted with the Heavy Vector Triplet 11 phenomenological 
model as a benchmark. Under this model, ATLAS and CMS excluded minimal composite Higgs 
models (model B) with new resonance masses up to 1 .5 TeV. 
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3 Searches in the angular distributions of dijet events 

The angular distribution of jets relative to the beam axis in events with high dijet invariant 
mass are sensitive to the presence of new forces interacting with quarks and to the existence 
internal structure for quarks. CMS 12 and ATLAS 13 searched for new physics in dijet angular 
distributions analyzing the distribution of x = elY1 -Y2 I ,  where Yi is the rapidity of the leading or 
sub-leading jet in the event in bins of dijet mass. Both collaborations compared the data to NLO 
SM model predictions including electroweak (EW) corrections and no significant deviations with 
respect to these predictions were observed. The results by ATLAS and CMS were interpreted as 
95% CL lower limits on the scale of a new contact interaction between 8 and 12 TeV depending 
on the interaction model. CMS also interpreted the results as 95% CL lower limits on the scale 
of a virtual graviton exchange in the Arkani-Hamed-Dimopolous-Dvali (ADD) 14•15 model of 
extra dimensions between 6 and 8 TeV depending on the number of extra dimensions. 

4 Searches for vector-like quarks 

Several extensions to the SM introduce new fermion partners to the third generation quarks 
for which both chiralities transform in the same way under the SM gauge groups as a means to 
explain the lightness of the Higgs boson mass. These new states, commonly referred to as vector­
like quarks (VLQ) ,  could be produced at the LHC; light VLQs would be produced dominantly 
in pairs in strong interaction processes, while heavy VLQs would be produced singly in weak 
interaction processes. The decays products of the VLQs can involve top and bottom quarks, 
and Higgs and vector bosons, depending on the flavor, mass, and couplings of these new quarks. 

ATLAS and CMS searched for VLQ in different final states. ATLAS used events with b­
tagged jets, and two same sign leptons or three leptons 16. The analysis defined eight different 
signal regions optimized according to the lepton multiplicity, number of b-tagged jets, E¥!iss , 
and the scalar sum of transverse momenta of the different objects reconstructed in the event. 
The signal regions were optimized for different VLQ signals, and were also sensitive to the 
presence of other non-VLQ new phenomena such as four-top production, chiral bottom quarks, 
and flavor changing Higgs couplings. CMS searched for VLQ partners of the bottom quark 
in events with at least three leptons 17 . In this analysis, the events were classified according 
to the lepton multiplicity and flavor, including T leptons, b-tagging multiplicity, and kinematic 
quantities. ATLAS searched for VLQ partners of the b quark in events with an isolated lepton, 
large E¥!iss, and at least one b-tagged jet 18 •  The analysis targeted the decay of the new VLQ 
to a top quark and a W boson using multivariate analysis methods, but had sensitivity to other 
VLQ signatures. CMS searched for VLQ partners of the top quarks decaying to a top quark 
and a Higgs boson in the fully hadronic channel 19 .  In this analysis, boosted decays of the top 
quark and the Higgs boson were reconstructed and tagged using large-R jets, b-tagging and jet 
sub-structure information, and the analysis proceeded using a likelihood constructed from the 
mass of the Higgs boson candidate and a kinematic variable that characterized the hadronic 
activity in the event. No significant deviations with respect to the SM predictions were observed 
by ATLAS or CMS and both collaborations set lower limits on the mass of VLQ and their 
couplings to the Higgs, and vector bosons. 

5 Searches for heavy neutrinos 

The observation of neutrino oscillations has provided evidence that neutrinos have masses. The 
"seesaw" mechanism can explain the smallness of the SM neutrino masses. In the simplest 
"seesaw" model, the mass of the SM neutrinos is given by m,, � y'f,v2 /mN, where y,, is a Yukawa 
coupling between the SM neutrino and the Higgs field, v is the Higgs vacuum expectation value, 
and mN is the mass of a new heayy neutrino state, N. In this model, N is a Majorana particle, 
and hence processes that violate lepton number are possible. At the LHC, these heayy neutrino 
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states, N, could be produced through the charged weak interaction together with a charged 
lepton, and decay to a W and a lepton. 

CMS and ATLAS searched for heavy neutrinos in events with leptons and jets. The CMS 
search used events with two same sign muons and jets 20. In this search, the hadronic decay 
mode of the W resulting from the N decay was chosen to increase the signal selection efficiency. 
No significauL deviation with respect to the SM expectation was observed, and heavy Majorana 
neutrinos with masses between 40 and 500 GeV were excluded depending on their coupling 
with the µ lepton. ATLAS searched for heavy neutrinos in events with two same sign leptons 
and two jets 21 . In this search, no significant deviation from the SM expectation was observed, 
and exclusion limits on heavy neutrinos between 100 and 500 GeV were set depending on the 
coupling between the heavy neutrino and the SM charged leptons. 

6 Summary 

These proceedings presented a selection of signature driven searches for physics beyond the SM 
performed with approximately 20 fb-1 of pp collisions at ys = 8 TeV, collected during the 
Run-1 period of the LHC, by ATLAS and CMS collaborations. In the searches presented no 
significant deviations with respect to the SM expectation were observed, and exclusion limits 
were set on different benchmark models. 
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We study the electroweak phase transition and the critical bubble in the scale-invariant two 
Higgs doublet model taking the recent LHC data into account. The sphaleron energy in this 
model is evaluated for the first time. It is found that the strong first-order electroweak phase 
transition is the inevitable consequence to be consistent with the observed 125 Ge V Higgs 
boson. In such a case, the signal strength of the Higgs decay to two gammas and the triple 
Higgs boson coupling could deviate from the SM values by - 10% and +82%, respectively. 

1 Introduction 

Establishment of the Higgs sector is one of the primary issues in particle physics. In 2012, a 
scalar boson was discovered at the Large Hadron Collider (LHC), and the mass of the particle 
has been determined with 0.23 accuracy, mH = 125.09 ± 0.21 (stat.) ± 0.11 (syst. )  GeV 1 . 
Clarifying the properties of the particle is as important as its discovery since the discovered 
particle must have the important roles if it is really the Higgs boson, namely, the origins of the 
mass generation and the electroweak symmetry (EW) breaking. The experimental proof of the 
former is possible by measuring the Higgs boson couplings to the gauge bosons and the fermions 
precisely, and the LHC experiment is now accessing those couplings. The latter can be clarified 
by reconstructing the Higgs potential. In particular, the measurement of the triple Higgs boson 
coupling is enormously important since it can exist only after EW symmetry is broken. So far, 
we know much less about the Higgs potential. 

The EW symmetry can be broken if a tachyonic mass arise, which applies in the standard 
model (SM). On the other hand, as pointed out by Coleman and Weinberg2, quantum corrections 
could also induce the EW symmetry breaking in massless theories. One of the cosmological 
implications of such classical scale-invariant theories is that the EW phase transition (PT) is 
first order, which is needed for successful EW baryogenesis (BG) 3 .  As explicitly demonsrated 
by Funakubo et al, the scale-invariant two Higgs doublet model (SI-2HDM) accommodates the 
strong first-order EWPT 4. However, in their analysis the masses of the Higgs boson and the 
top quark were not fixed to their observed values since those particles were not discovered at 
that time. 

In this talk, we update the previous analysis in the light of the LHC data, and briefly discuss 
the phenomenological consequences in connection with Higgs physics. 5 
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2 Model 

The Higgs potential in the SI-2HDM is given by 6 

where the mass terms are forbidden by the classical scale invariance, and Z2 symmetry is imposed 
to avoid the Higgs-mediated flavor-changing neutral current processes at tree level. From the 
stationary conditions, one gets 

(2) 

where v1 = v cos f3 and v2 = v sin f3 with v � 246 Ge V, and A345 = )..3 + A4 + A5 . We analyze the 
radiative EW symmetry breaking along the flat direction using the Gildener-Weinberg method 7• 
The tree-level effective potential is 

(3) 

where <p1,2 are the classical background fields. Eq. (2) indicates that the energy of the minimum 
of Vo is zero. Fnrtherm.ort::\ from Eq. (2) , it follo\VS that the determinant of the mass matrix 
of the CP-even Higgs bosons is zero. Therefore, the tree-level potential has the flat direction. 
The massless scalar is the consequence of the classical scale invariance. The Higgs boson mass 
is generated after the EW symmetry is broken. Explicitly, one finds 

mh = S7r;v4 [miI + m� + 2miI± + 6mfv + 3m� - 12(m{ + mt)] . 

Note that mh becomes negative if the heavy Higgs bosons (H, A, H±) are absent. 

3 Sphaleron and Critical bubble 

(4) 

In the EWBG mechanism, the baryon number (B) is created by expanding Higgs bubbles. B can 
survive after the EWPT if the sphaleron process in the broken phase is quenched. Here, as the 
sphaleron decoupling condition, we adopt r�\T) � (prefactor)e-E•ph(T)/T < H(T), where r�) 
denotes the sphaleron rate in the broken phase, which is exponentially suppressed by Esph (T) /T, 
with Esph(T) being the sphaleron energy at a temperature T. H(T) is the Hubble parameter 
at T. We parametrize the sphaleron energy as Esph(T) = 47rv(T)E(T)/ 92, where 92 denotes the 
SU(2) gauge coupling constant. The sphaleron decoupling condition is then takes the form 

v(T) 92 [ . ] -T > 4m�'.(T) 42.97 + log correct10ns = (sph(T). (5) 

The log corrections mainly come from the fluctuation determinants about the sphaleron config­
uration, which will be dropped in our numerical evaluation of (sph since they are subleading. 
We evaluate vc/Tc and (sph(Tc) numerically, where Tc is a temperature at which the effective 
potential has two degenerate vacua, and vc is the Higgs vacuum expectation value at Tc. (For 
a recent study on (sph(Tc) in the SM with a real singlet scalar, see Ref. 8.) 

If the supercooling is large, the use of the above criterion would not be appropriate. As is 
done in the previous study, we also estimate a nucleation temperature (TN), which is defined by 

(6) 

where r N is the bubble nucleation rate per unit volume per unit time at TN. It should be 
emphasized that it is impossible to convert the entire region into the broken phase by only one 
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Figure 1 - (Left panel) Contours of mh and vc/Tc in the (mH, mA) plane. The solid line in black represents 
mh = 125 GeV. The each contour in white shows vc/Tc = 1 .1 ,  1.5, 2.0, 3.0 and 4.0 from top to bottom. (Right 
panel) The bubble wall profile at TN. 

bubble nucleated within the horizon volume. Therefore, the nucleation temperature defined by 
Eq. (6) should be thought as an upper bound of the temperature at which the EWPT developes. 

In studying Eqs. (5) and (6), we use the following resummed effective potential 

V: ( T) = �n· [M{(<p, T) (log M[(<p , T) _ ,.,) + �I (M[(<p, T) ) ]  (7) eff <p, � ' 64rr2 p2 "' 2rr2 B,F T2 ' 
' 

with Is,F(a2) = J000 dx x2 log ( 1 =i= e-vx2+a2) , where M[(<p, T) are the field-dependent boson 
masses with thermal corrections 5 

4 Results 

In the left panel of Fig. 1, mh and vc/Tc are plotted in the (mH, mA) plane. As seen from 
Eq. (4) , mh goes up according as the heavy Higgs boson masses increase. The black solid line 
corresponds to mh = 125 GeV. In other words, the 125 GeV Higgs predicts the scale of the 
heavy Higgs bosons. We overlay vc/Tc denoted by the white contours. From top to bottom, 
vc/Tc = 1 .1 ,  1 .5, 2.0, 3.0 and 4.0. It is concluded that the 125 GeV Higgs boson inevitably 
leads to the strong first-order EWPT in the SI-2HDM. 

In the right panel of Fig. 1, the bubble wall profile at TN is shown. Unlike the minimal 
supersymmetric SM case 9, the bubble wall width is thinner in the SI-2HDM. 

As a benchmark, we take mH = mA = mH± = 382 GeV. Our findings are listed in Table 1 .  
The sphaleron decoupling condition is satisfied at TN. In this case, the signal strength of the 
Higgs boson decay to 2 gammas (µ-y-y) is reduced by 10% owing to the charged Higgs boson 
loop lO ,  and the deviation of the hhh coupling from the SM value ( 6.>.hhh) is about +82%. The 
more detailed discussions on the phenomenology may be found in Refs. ll,l2 . 

5 Summary 

In this talk, the EWPT and the critical bubble in the SI-2HDM were revisited in the light of 
the LHC data. We also estimated the sphaleron decoupling condition in this model for the first 
time. To be consistent with 125 GeV Higgs boson, the EWPT is inevitably strongly first order. 
Some of phenomenological consequences of this model are µn = 0.1 and 6.>.hhh = +82.1%. 
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Table 1: The results in our benchmark scenario (mH = mA = mH± = 382 GeV) are summarized . For the 
evaluation of the cutoff scale A tan f3 = 1 is chosen as a reference value. , 

vc/Tc 211  GeV /91 .5 GeV = 2.31 
(sph (Tc) 1 .23 
VN/TN 229 GeV /77.8 GeV = 2.94 
(sph(TN) 1 .20 

Ecb(TN)/TN 151.7 
/i;v 1 .0 
/i;j 1 .0 
µTY 0.90 

fl>.hhh 82. 1% 
A 6.3 TeV 
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The CMS 1 and ATLAS 2 collaborations at the Large Hadron Coltider have collected approx­
imately 2ofb-1 of pp collision data with center-of-mass energy of 8 TeV and have performed 
targeted searches for Dark Matter and Extra Dimensions. No significant deviations from the 
standard model prediction have been observed. A summary of the latest experimental results 
is presented here. 

1 Introduction 

Although, the Standard Model (SM) describes remarkably well everything we see in the labora­
tory experiments, it is not an entirely satisfactory theory to explain all that we see in nature. For 
example, the SM Higgs sector is highly unnatural. Higher-order corrections to the Higgs boson 
mass are proportional to an arbitrary cut-off scale and are referred to as quadratic divergences. 
If the cut-off scale is high, the corrections become large compared with the on-shell mass of the 
Higgs boson. This is often called the fine-tuning or hierarchy problem of the SM. Furthermore, 
results from many astrophysical observations strongly indicate the existence of a Dark Matter 
(DM) particle that does not interact via the strong or electromagnetic forces, and with a velocity 
not close to that of light. However, no such particle has been observed in the laboratory. In 
this conference proceedings, latest experimental results addressing the experimental signatures 
of the mentioned mysteries from the CMS and ATLAS experiments with approximately 20/fb 
of pp collision data collected with center-of-mass energy of 8 TeV are presented. 

2 Searches for Dark Matter 

At the Large Hadron Collider (LHC), one can search for DM particles that are pair produced in 
pp collisions. These studies are sensitive to low DM masses smaller than 10 GeV, and therefore 
provide information complementary to direct DM searches, which are more sensitive to larger 
DM masses. Since DM particles do not interact in the detector, the main signature of DM pair 
production at colliders is large missing transverse momentum (MET). Initial-state radiation 
(ISR) of jets, photons, Z, or W bosons, are used to tag DM pair production at colliders. 

The interaction between the SM and the DM particles is mediated by a virtual particle 
mediator. If this mediator is heavier than the typical energy transfer at the LHC, an effective 
theory description is used to describe the process. If the mediator responsible for coupling of 
the SM and DM particles is light enough to be produced at the LHC, then a simplified theory 
description is used. The sensitivity of LHC searches tends to be independent of the mass of the 
DM particle and similar for spin independent and spin dependent couplings, which therefore 
provides an excellent complementarity to direct detection experiments. 



2.1 Dark Matter in Association with Mono jet/ I 
Both CMS and ATLAS experiments have performed a search for pair-produced dark matter 
association with an initial state radiated jet or photon using approximately 20/fb of y's =8 
TeV data. The events were accepted if there was a large energy jet/photon and also significant 
MET. To suppress various backgrounds, events with any additional hadronic or leptonic activity 
were vetoed. The number of observed events is found to be consistent with the standard model 
prediction. Limits are placed on the DM-nucleon scattering cross section using an effective theory 
description and on the the mass suppression scale (M* = Mmed/ .,/9ci[fX) using a simplified theory 
description as shown in Fig. 1 .  Limits for other interaction forms can be found in the CMS and 
ATLAS publications 3 4 5 6 .  

I 
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Figure 1 - CMS (left) 3 upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle mass 
and compared with previously published results, and ATLAS (right) 4 observed limits on the mass suppression 
scale assuming vector interactions and a DM mass of 50 GeV and 400 GeV. 

Apart from mono jet searches, events with at least two jets and no isolated leptons are also 
studied 7. For such events, the razor variables are used to quantify the transverse balance of the 
jet momenta. The study is performed separately for events with and without jets originating from 
b quarks. The observed data yields are consistent with the expected background predictions, 
however the sensitivity was found to be comparable to a mono jet search. 

2.2 Dark Matter in Association with Mono Vector Boson 

For W boson radiation there is interference between the diagrams in which the W boson is 
radiated from the u quark or the d quark. In the case of equal coupling, the interference is 
destructive and gives a small W boson emission rate. If, however, the up-type and down­
type couplings have opposite signs to give constructive interference, the relative rates of gluon, 
photon, W or Z hoson emission can change dramatically, such that mono-W-boson production 
is the dominant process. 

Both CMS and ATLAS collaborations also search for DM in association with a vector boson 
in leptonic 8 or hadronic final states 9 . The ATLAS collaboration searches for a hadronic large jet 
containing sub jets consistent with a W or Z boson whereas CMS experiment uses transverse mass 
as search variable and considers leptonic state only. In both searches, the data are consistent 
with the standard model expectations. Limits are set on the mass scale in effective field theories 
that describe the interaction of DM and SM particles. 

2.3 Dark Matter in Association with Heavy Quark(s) 

For a scalar interaction between dark matter particles and gluons, the coupling strength is 
proportional to the mass of the quark. Therefore final states with bottom and top quarks are 
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the most sensitive to these operators. 
Both in CMS and ATLAS collaborations such final states 10 11 12 13 have been searched in 

final states containing large MET and high-momentum jets of which one or more are identified 
as jets containing b-quarks. Final states with top quarks are selected by requiring a high jet 
multiplicity and in some cases a single lepton. The data are found to be consistent with the SM 
expectations and limits are set on the mass scale of effective field theories that describe scalar 
and tensor interactions between DM and SM particles. 

3 Searches for Extra Dimensions 

Arkani-Hamed, Dimopolous, and Dvali (ADD) in 1998 proposed a model to solve the hierarchy 
problem of the SM with finite-sized extra dimensions in space beyond the three known dimen­
sions. In this framework the SM particles are confined to 4-dimensional space-time where gravity 
is free to propagate into all extra dimensions which leads to the dilution of gravity. Furthermore, 
due to the compactness of the extra dimensions, Kaluza-Klein towers of excited graviton states 
occur which lead to enhanced cross section in signatures like diphotons. 

3.1 High-mass Diphoton Resonances 

Searching for high-mass diphoton resonances is an excellent way to observe the RS graviton, 
because of the larger branching ratio of the graviton decaying to photons and superior energy 
resolution of photons compared to the dijet case. ATLAS experiment has performed a search 
14 looking for large mass diphoton resonances. The observed diphoton mass distribution is 
compared to the background prediction, and no significant excess of events over the background 
is found and exclusion limits are set on the cross section and the branching ratio as a function 
of graviton mass as shown in Fig. 2 . 

rnrr[GeV] 

Figure 2 - Observed invariant mass distribution of diphoton events (left) and expected and observed upper limits 
on the cross section and the branching ratio as a function of graviton mass( right). 

3.2 Resonant Top Quark Pair Production 

Various extensions of the Randall-Sundrum model with extra dimensions predict Kaluza-Klein 
excitations of gluons or gravitons, both of which can have enhanced couplings to ttbar pairs. 
CMS has performed this search 15 in 5 different final states with various jet substructure tech­
niques such as subjet b-tagging which led to 503 improvement in sensitivity. The ATLAS 
experiment performed a search 16 in semi leptonic final state in boosted and resolved categories. 
Results from both of the experiments are shown in Fig. 3 
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Figure 3 - Events from the CMS search (left) have two subjet b-tags. The uncertainty includes all the statistical 
and systematic uncertainties. The ratio of data/background is shown below. ATLAS (right) observed and 
expected upper limits on the cross-section times the branching ratio as a function of the width of KK gluon. 

3.3 Lepton Flavor Violating Decays of Heavy Resonances 

CMS has performed the first search 17 for quantum black holes decaying into the eµ final state. 
This is the search for heavy state with lepton flavor violation in interactions involving charged 
leptons. No evidence for physics beyond the SM is observed, exclusion limit are set ranging from 
2.36 TeV to 3.63 TeV. 

3.4 WW /WZ Resonances Decaying to a Lepton, Neutrino and Jet 

ATLAS has performed a search for 18 narrow diboson resonances decaying to WW or WZ in 
the hadronic and leptonic final state using split filter substructure technique. And CMS has 
performed a similar search in the semi leptonic channel as well 19 . No evidence for resonant 
diboson production is observed, and resonance masses below 700 GeV are excluded at 953 
confidence level for the spin-2 Randall-Sundrum bulk graviton. 
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MOVING BEYOND EFFECTIVE FIELD THEORY IN DARK MATTER 
SEARCHES AT COLLIDERS 

GREG LANDSBERG 
Department of Physics, Brown University, 182 Hope St, Providence, RI 02912, USA 

In the past few years, the interest to collider searches for direct dark matter (DM) production 
has been growing exponentially. A variety of "Mono-X" signatures have been considered, 
where X stands for a probe particle recoiling against OM particles, which allows for the event 
to be triggerable. So far, the analysis of these signatures has been largely carried out in 
the framework of effective field theory (EFT), which allows for a comparison of the col!ider 
searches with searches in direct detection experiments. Unfortunately, as it has been recently 
pointed out by a number of authors, the EFT approach has severe limitations and may result 
in drastically underestimated or overestimated reach. I'll discuss these limitations and the 
new ideas in interpreting the collider searches for DM. 

1 Introduction 

Effective field theory (EFT) has been an important tool to study various processes where a 
detailed description of the interaction and its carrier is either unknown or model-dependent. 
The EFT is used to parameterize our ignorance of the fine details of the process and has been 
successfully applied to a number of cases, including Fermi's model of muon decay and searches 
for compositeness. It is therefore logical that the original theoretical papers l,z,3 that proposed 
the initial-state radiation (ISR) tagging to detect dark matter production (DM) at colliders, 
relied on the EFT description of the scattering process in order to allow for a comparison of 
the sensitivity of these searches with that for direct detection (DD) experiments. A classical 
example of such a collider process is production of a single jet recoiling against a pair of DM 
particles that escape the detection, resulting in a spectacular "monojet" signature. Similar, 
"monophoton" signature is also possible in the case of a photon ISR. 

Unfortunately, as has been realized recently, the use of EFT in this particular case is subject 
of a number of explicit and implicit assumptions, and important constraints, which severely 
limit the applicability of the EFT approach, sometimes to the point when it becomes all but 
useless. In this particular application, the EFT often fails in all three possible ways: 

• As an "E" - not being effective in probing certain regions of parameter space; 



• As an "F" - sometimes not even dealing with realistic fields; and 

• As a "T" - not even holding as a viable theory. 

The goal of these proceedings is to illustrate the limitations of the EFT approach and discuss 
more constructive ways of comparing the DM reach of collider exveriments with that of the 
DD experiments, and potentially also with the reach of indirect detection experiments. Such a 
proper comparison would become particularly important if a significant excess in any of these 
experiments is seen. 

2 EFT formalism and assumptions 

Collider experiments are capable of setting limits on production cross section of DM particles 
in !SR-triggered processes, e.g. production of mono jets 4,5 .  These limits only require theoretical 
calculations, which properly describe the ISR process. While next-to-leading-order calculations 
are available for many such processes, often leading-order precision with an extra jet emission 
included in the matrix elements, suffices, making it relatively easy to calculate collider cross 
sections. The real issue comes when collider limits are being translated into limits on DM-nucleon 
scattering cross section, which is the variable used by DD experiments to represent their results. 
Note that fundamentally the process responsible for pair production of DM particles at colliders 
is the same as for the DM-nucleon scattering, or annihilation of a pair of DM particles used in 
indirect detection experiments. Assuming that the former process is mediated via an s-channel 
exchange of a certain particle, which we will refer to as the "mediator" , the process is completely 
described by four parameters: the masses of the DM particle (m) and the mediator (M), and 
the two couplings of the mediator to quarks (gq) and DM particles (gx) , see Fig. 1 (left) . (A 
similar diagram can be drawn to describe collider DM pair production via a t-channel exchange 
of a mediator, with the caveat that in this case the mediator must be a colored particle. ) In 
order to compare the s-channel collider process with the t-channel DM-nucleon scattering, we 
"contract" the s-channel exchange in the EFT four-point interaction vertex, as shown in Fig. 1 
(right) , which then can be used to describe both. In order to perform this contraction we move 
from three fundamental parameters M, gq, and 9x to a single parameter A, the EFT cutoff, 
thus losing the full information about the underlying process, which is an inherent feature of 
the EFT approach. 

11111 Coll ider q ::<"/� <' x 
production 

q t ' " ' c: 
M ti 0 ij 

mx ;; � (J Cl) c -

~ 
Cl) "tl 

x q 
q x 

Freeze-out, • A 
indirect detection 

ij x 
Figure 1 - Left: Feynman diagram of dark matter interaction with quarks via exchange of a mediator. Right: 
"contraction" of the s-channel mediator exchange diagram for the monojet or monophoton production into an 
EFT four-point interaction. 



One can now directly equate the amplitude squared of the s-channel exchange in the limit of 
a heavy mediator (M2 » q2 in the event) with the one from the effective four-point interaction, 
which for, e.g. a mediator with scalar couplings, yields: 

I ig g 12 1 -ig g 12 1 1 12 q2 .!.. �2 (iJq)(xx) � ;!2 
x 

(iJq) (xx) = A2 (iJq) (xx) , 

leading to a crucial expression: p = f!lJf. 
The EFT approach is strictly valid for q2 « M2, which implies (from the kinematics of the 

s-channel exchange) M2 > (2m)2 . Furthermore, in order for theory to be calculable, each of 
the two mediator couplings has to be less than v'47f. Combining these two inequalities with 
the expression for A, we obtain: 2m < M < A..f!JQ!IX < 47rA, or A > ifir, which leads to an 
important conclusion that the validity region of the EFT grows when one deals with light DM. 
Similar validity regions in case of non-scalar couplings can be found, e.g. in Ref. 7 The case of 
light DM is particularly important for colliders as the sensitivity of DD experiments to light 
DM is reduced due to low-momentum recoil, and since for very light DM (m < 10 GeV), the 
DD experiments will soon reach the solar neutrino floor. Nevertheless, it's important to keep 
in mind that the above inequality really corresponds to the case when all the EFT assumptions 
break down spectacularly, and actual validity region really corresponds to A » lfir. 

The most tricky scenario is the case of  a light mediator, for which EFT certainly fails. This 
case was explicitly studied in one of the early phenomenological papers on collider searches 8 ,  
with an explicit use of the s-channel exchange diagram instead of the EFT approach. In this 
case, collider searches offer an increased sensitivity to the DM production as they can produce 
light mediator on-shell, and hence the production cross section receives a resonant enhancement. 
However, the problem with the approach taken in Ref. 8 is that it treats the mediator width 
as a free parameter, whereas one can't do this, as the width of the mediator depends on the 
3 .Lq g� + g� + . . .  , and if even one of the couplings approaches the v'47f limit, the width becomes 
comparable to the mass of the mediator, independent on how small the other coupling is. Since a 
single-resonance exchange description stops being physically reasonable for mediators that broad, 
this seemingly correct approach can still give incorrect comparison with the DD experiments 9• 

3 Beyond the EFT 

Given this situation, it is clear that EFT, while a convenient way to simplify the problem, has 
too many hidden caveats and simply does not allow for a fair comparison between the collider 
and DD experiments. The key to the proper comparison is to treat the problem as fundamentally 
four-dimensional and represent the reach of both the DD and collider experiments in various 
planes given by a pair of these parameters (e.g., M and m), with the other two (in this case 9q 
and 9x) being fixed to certain values, which can be scanned. In order to do this, one could use 
simplified models of DM, which assume certain type of couplings of the mediator to quarks and 
DM particles, e.g., vector or axial vector. Given that the number of such models is quite limited, 
one could rather easily span the relevant DM model space with just a handful of simplified models 
with s-channel or t-channel mediator exchange. Similar simplified model approach is successfully 
and broadly used in supersymmetry searches at the LHC. This is the approach advocated in 
the recent work 6•10 coming from the two groups of experimentalists and theorists (the first one 
generally affiliated with the CMS experiment, whereas the second one - with ATLAS). Both 
ATLAS and CMS are now transitioning to this approach to be used in the LHC Run 2. 

Figure 2 (left) shows how the limits set using a simplified model with axial-vector couplings 
of the mediator to both DM particles and quarks compare with the limits from the EFT approach 
based on the CMS monojet analysis 4, as well as with the limit from the LUX experiment 11 in 
the canonical plane of DM-nucleon scattering cross section vs. the DM particle mass. While for 
relatively large couplings 9q = 9x = 1.45 the EFT results are close to those from the simplified 



model calculations up to DM particle mass of about 300 GeV, for smaller values of couplings 
the EFT grossly underestimates the LHC reach for light DM and grossly overestimates it for 
relatively heavy DM. Figure 2 (right) shows the projection of the CMS monojet analysis for 
LHC Run 2 and High-Luminosity LHC, as well as projected sensitivity of the next generation 
of DD experiments, in the more relevant plane of M vs. m, for the case of axial-vector mediator 
couplings. One can see a nice complementarity between the reach of the two types of experi­
ments, with LHC winning over DD experiments for the case of small couplings and relatively 
heavy mediators and in the case of very light DM particles (with the mass less than about 5 
GeV) , while DD experiments offering higher reach for rather heavy DM with the mass above 
200-400 GeV. Similar comparison is possible with indirect detection experiments. 
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Figure 2 - Left: comparison of the EFT-based and simplified model limits on the DM-neutron scattering. Right: 
Comparison of the projected reach of the LHC and next generation of DD experiments. From Ref. 6 

To conclude, the simplified model approach allows for a fair comparison of the DM reach of 
different types of experiments and provides a more clear and advantageous way to present the 
results of future collider searches. 
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Inclusive W, Z and W /Z+jets production at the LHC 

Sabine Lammers 
Department of Physics, Indiana University, 
727 E Third Street, Bloomington, IN. 4 7401 

A review of recent W, Z and W / Z+jets (including heavy flavor) production measurements 
at the ATLAS and CMS experiments is given. 

1 Introduction 

Run I of the LHC has been extremely productive for improved understanding of EW and QCD 
physics. The measurements presented here are only a very small subset of the Run I results from 
the ATLAS 1 and CMS 2 experiments, but indicate the new level of kinematic reach as well as the 
high level of precision these types of measurements have achieved. 

2 Inclusive W and Z production 

Inclusive measurements of W and Z production are important tests of the EW and QCD theories. 
Direct measurements of W and Z properties at high precision can be compared with predictions cal­
culated to NNLO in the strong coupling constant 3,4 . Moreover, these measurements are important 
input to searches with W and Z backgrounds. The measurements of boson transverse energy5'7 is 
sensitive to the PT distribution of partons in the proton and initial state gluon radiation, and is, 
as such, a sensitive test of QCD. 

ATLAS has recently measured the transverse energy of the Z boson to high precision 7 . Z 
bosons are selected in data in a region where the reducible backgrounds can be minimized. Re­
maining irreducible backgrounds are less than 13 of the entire data sample, and are comprised 
of taus, W, diboson, tf and multijet events. These backgrounds are simulated with Monte Carlo, 
apart from multijet, which is simulated using a data-driven technique. The backgrounds are sub­
tracted, and the data are unfolded to particle level in three rapidity regions and using three different 
definitions of the final state kinematics: Born, bare and dressed. 

The Born-level results are compared to a variety of theory predictions. The comparison to 
a calculation with resummed multiple and collinear gluon emissions as implemented in Resbos is 
shown in Figure 1. CTlO PDFs are used for the theory predictions, and the theory uncertainties are 
dominated by PDF and scale uncertainties. The uncertainty on the data is significantly smaller 
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than the theory uncertainties, and less than 1% throughout most of the PT region measured. 
The breakdown of the experimental uncertainties for Z -+ e+ e- results is shown in Figure 1 .  
Taking account all the sources of theoretical uncertainty, the data i s  marginally in  agreement with 
Resbos predictions. The precision of the data should be useful in constraining future theoretical 
development. Measurements of the transverse energy of the W boson are performed using a similar 
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Figure 1 - Left: ratio of the predicted and measured Z-boson transverse momentum; right: breakdown of the 
experimental uncertainties on the ZpT in the electron decay channel. 

approach. A much larger multijet background makes this measurement more challenging, and the 
current experimental uncertainties on the W PT cross section vary from 3-25% 9. 

3 W / Z production in association with jets 

Measurements of W and Z bosons in association with jets are important processes for studying 
perturbative QCD, and are used to validate the main backgrounds to many other Standard Model 
measurements and beyond the Standard Model (BSM) searches. The Run I dataset has allowed for 
measurements of up to 7 associated jets s,lO, including heavy flavor production 12,13. ATLAS has 
published an extensive set of measurements of W +jets , confronting the data with NLO fixed-order 
QCD calculations, resummed calculations and matched matrix element + parton shower programs 
(MEPS) using data collected at fa =  7 TeV. These measurements examine jet transverse energies 
up to 1 TeV, and are made in 40 different variables to examine the QCD dynamics in detail. 

CMS has published extensive measurements of Z+jets observables, using 20 fb-1 of data 
collected at fa =  8 TeV . This large dataset allows for double differential measurements. Figure 2 
shows the differential cross section measurement dpr(j�'i�y(jl) ,  which measures the dependence of 
the cross section on leading jet PT in bins of the leading jet rapidity y. The measurements are in 
reasonable agreement with the predictions from Sherpa and MadGraph , which are both MEPS 
programs. 

In order to profit from reduced uncertainties, the ATLAS collaboration has published measure­
ments of the ratio Rjets 1itJ::: . The measurements probe the difference between the kinematics 
of the jet system recoiling against the W or Z boson. A very good description of the data by NLO 
pQCD is found, within the 1-15% experimental uncertainties over all jet bins (n :::; 4) considered. 

Another set of ratio measurements have been recently released by CMS, which analyze z �";_-;!t;ts ,  
the ratio of a Z boson or virtual photon produced in association with jets to real photon production 
in association with jets 14. This ratio is expected to be constant above a PT region where Z boson 
mass effects are important. It can also test for potential large log effects at high energy, which are 
not always included in the perturbative calculations used for comparisons with data. The data are 
compared to predictions calculated by BlackHat and MadGraph simulations 3. It is interesting 
that both LO Madgraph and NLO Blackhat predict a larger ratio plateau in the high PT tail than 
is seen in the data. 
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4 Z production in association with b-jets 

The ATLAS and CMS collaborations have recently released measurements of Z bosons produced 
in association with b-quark jets 12,13 .  Z + b production is sensitive to the b--quark content of the 
proton; Z + 2b production is an important background to many Higgs and BSM searches. Fiducial 
cross sections from both experiments are in reasonable agreement with predictions by NLO pQCD. 
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An example from ATLAS is shown in Figure 4. 
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Figure 4 - Fiducial cross sections for Z+b (left) and Z+bb (right) production compared to a variety of theoretical 
predidctions. 
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ELECTROWEAK PHYSICS AND QCD AT LHCB 

D. JOHNSON 
On behalf of the LHCb collaboration 

CERN, Geneva, Switzerland 

Data collected by the LHCb experiment allow proton structure functions to be probed in a 
kinematic region beyond the reach of other experiments, both at the LHC and further afield. 
In these proceedings the significant impact of LHCb Run 1 measurements on PDF fits is 
recalled and recent LHCb results, that are sensitive to PDFs, are described. 

1 Measuring parton distribution functions at LHCb 

The current experimental knowledge of proton structure functions carries large uncertainties, 
which are often the limiting factor in theoretical predictions for Standard Model (SM) pro­
cesses and those beyond it (BSM). This strongly motivates the continued experimental study of 
processes that provide sensitivity to parton distribution functions (PDFs). 

PDFs are typically parameterised using two kinematic variables, Q2 and Bjorken x, corre­
sponding to the squared interaction energy and the fraction of the nucleon's momentum carried 
by the parton, respectively. By consequence of the forward LHCb detector geometry, results 
obtained using LHCb data allow constraints to be placed on PDFs in kinematic regions that are 
inaccessible to those from other experiments at HERA and at the LHC. 

A significant effect is seen in PDF fits 1 even when employing only a small selection of LHCb 
Run 1 results. These proceedings describe three recently published studies of heavy vector boson 
production at LHCb which will constrain PDF fits further. In addition, a new analysis of Y 
photoproduction is presented, with particular sensitivity to the gluon PDF at low x. 

2 Forward production of heavy vector bosons in 7 and 8 Te V pp collisions 

Three analyses of pp collisions in LHCb are considered: W boson production at 7 TeV2; Z boson 
production, reconstructed in the e+e- decay mode at 8 TeV 3;  and 7 TeV Z boson production 
associated with a b-jet, where the Z decays to the dimuon final state 4• There are several 
common components to these analyses. Final state muons and electrons are required to lie in 
the pseudorapidity range between 2 and 4.5 and to have a PT greater than 20 GeV/ c2• In addition, 
most of these measurements benefit from a very precise integrated luminosity measurement 5 , 
with a relative precision of 1. 7% for 7 Te V data and 1.2% for 8 Te V data a. 

The first study exploits the full 7 Te V pp LH Cb data sample corresponding to an integrated 
luminosity of 1 fb-1 . A single, high-PT muon is required to be reconstructed. It must be well 
isolated, reducing background from hadronic QCD processes, and have a small impact parameter 
with respect to the primary vertex, suppressing background from leptonic T and semi-leptonic 
heavy flavour decays. Events containing a second muon with large transverse momentum (PT) 

"The Z + b--jet production cross-section relies on an earlier determination, with 3.53 relative uncertainty. 
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are rejected in order to reduce --y* / Z --t µ+ µ- background. The final sample contains 806,094 w± 
candidates. A fit to the candidate PT distribution is carried out in eight pseudorapidity ranges 
in order to identify remaining contributions from muons originating in K± or 7r± decays, other 
electroweak boson decays or from decaying heavy flavour, and the overall sample purity is found 
to be approximately 77%. The tag-and-probe method is employed to determine reconstruction 
efficiencies from samples of Z --t µ+ µ- decays, which are also used to determine selection 
efficiencies, after correcting for the difference in muonpT. The integrated luminosity uncertainty 
dominates the systematic uncertainty for the OW-+µv cross-section measurements, and is followed 
by the uncertainty on the muon reconstruction efficiencies. Both of these uncertainties cancel 
in the ratio, however, and in that case the main source of uncertainty arises from the template 
descriptions used in the fit to candidate PT· 

The total cross-sections (Figure 1 (a)) and differential cross-sections (Figure 1 (b)) demon­
strate good agreement between the data and a range of SM next-to-next-to-leading order 
(NNLO) calculations. 
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(b) Differential cross-section. 

Figure 1 - Total (a) and differential (b) cross-section measurements for w+ and w- production in pp collisions 
at 7TeV. 

The second result described concerns Z boson production reconstructed in the Z --t e+e­
channel, using the S TeV pp data set which corresponds to an integrated luminosity of 2 fb-1 . 
This result extends a previous previous analysis using only 7TeV pp collisions6 and is an attrac­
tive extension to the Z --t µ+ µ- channel, offering a statistically independent measurement with 
considerably different systematic uncertainties. The 65,552 Z --t e+e- candidates are selected 
requiring that the electrons should have a well-reconstructed momentum in the spectrometer and 
be associated to tracks leaving significant deposits in the electromagnetic calorimeter but not in 
the hadronic calorimeter. Nevertheless the principal background arises from randomly combined 
misidentified hadrons and is modelled using a sample of same-sign electron pairs reconstructed 
in data. 

Since the electrons pass through a significant amount of detector material, and the effect 
of irrecoverable bremsstrahlung occurring before the electrons pass the magnet is considerable, 
there is significant uncertainty on the measurement of their momenta. Although some energy 
correction is achieved using associated calorimeter deposits, momenta are still degraded by 
approximately 25%. Consequently, the result is presented in terms an angular variable </>* "" 
PT/M and boson rapidity, yz, instead of PT and yz. The largest systematic uncertainty, 1.6%, 
arises from the limited knowledge of electron tracking efficiencies and is obtained by comparing 
the efficiencies observed in simulation and data. 

The measured differential cross-sections are shown in Figure 2. Figure 2(a) demonstrates 
the good agreement of theoretical predictions with LHCb data, down to Bjorken-x "" 10-6, for 
a range of PDF sets. In Figure 2(b) the agreement is evident between theoretical predictions 
using different methods to treat soft gluon emissions 7,s,9 . 
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Figure 2 - Differential Z boson production cross-sections in 8 TeV pp collisions, reconstructed in the Z --+ e+ e­
channel. In (a) the differential production cross-section is shown as a function of Z rapidity whereas in (b) the 
ratio of prediction to measurement is shown as a function of the angular variable ¢* "" PT/ M. 

The third study concerns the production of Z bosons in association with a beauty quark and 
uses data collected in 7TeV pp collisions, corresponding to an integrated luminosity of l fb-1 . 
The measurement is normalised to the earlier LHCb measurement of Z boson production in 
association with a light jet 10 and forms a benchmark measurement to constrain backgrounds in 
SM Higgs analyses and BSM searches. The Z boson is reconstructed through its decay to µ+µ­
in the same way as the Z in the first analysis described in these proceedings. The associated 
jet is reconstructed using a particle flow algorithm with the following inputs: charged tracks 
and calorimeter clusters for neutral particles where deposits associated with charged tracks are 
subtracted. An anti-kT clustering algorithm is employed with distance parameter equal to 0.5. 
The identification of b-jets is achieved by searching for 2-, 3- and 4-particle secondary vertices 
(SV) within the reconstructed jet, with the characteristic topology and kinematics expected for 
b-hadron decays. A fit, shown in Figure 3(a), is performed to the corrected invariant-mass of 
the secondary vertex using templates for light, charm and beauty jets, and 72 ± 15 Z + b-jet 
candidates are identified with jet PT > 10 GeV / c. The reconstruction efficiencies obtained in 
the Z+jet analysis are applied to this study, and the extra b-tagging efficiency is studied using 
simulated samples. This additional efficiency determination is the largest source of systematic 
uncertainty, along with that arising from the fit to SV corrected invariant-mass. 

The measured cross-section is shown in Figure 3(b). Comparison is made with MCFM 
calculations 11 using massless and massive b-quarks at various orders of perturbative expansion, 
and good agreement with the data is seen in each case. 
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(b) Cross-section. 

Figure 3 - Separation between Z production in association with light, charm and beauty jets is obtained through 
a fit to the invariant mass of a secondary vertex reconstructed within the jet, shown in (a). The resulting Z + b--jet 
production cross-section is compared to various theoretical predictions in (b) and good agreement is seen. 



3 Exclusive production of heavy flavour states in diffractive interactions 

Exclusive photoproduction occurs when a state is produced by low-pT, colourless exchange of 
a pomeron and photon between the incoming protons, without dissociation of the protons or 
additional gluon radiation. Such processes can be perturbatively calculable and are sensitive to 
the square of the gluon PDF down to Bjorken-x of l .5x 10-5 .  Since the photon-pro Lon i11Leractio11 
energy depends exponentially on the produced meson rapidity, the forward geometry of LHCb 
allows the exploration of a new kinematic region compared to earlier measurements of exclusive 
Y photoproduction at HERA. 

The experimental signature of these processes is simple: two well-reconstructed muons and 
little other detector activity are required. Background from radiative Xb decays are quantified in 
data. The background from inclusive Y production where the additional activity occurs outside 
the LHCb acceptance is quantified by fitting the Y p� spectrum, for which exclusive production 
templates are derived using the SuperChiC generator 12 . This fit is the source of the largest 
systematic uncertainties. These will be reduced in Run 2 by virtue of the recent addition of 
forward shower counters, extending the pseudorapidity coverage around LHCb 13 . The measured 
production cross-section for the Y(lS) is shown in Figure 4(a) and the derived photo-production 
cross-section is given in Figure 4(b). Good agreement with perturbative predictions made at 
next-to-leading order is observed and the new kinematic region probed with the LHCb result is 
indicated. 

00 � 1 ·� 2- �  4 
T(lS) rapidity 

(a) Differential cross-section (b) Photo-production cross-section 

Figure 4 - The differential cross-section as a function of rapidity, measured for Y(IS) photoproduction, is shown 
in (a) and the derived photoproduction cross-section as a function of photon-proton interaction energy, W, is 
shown. 

References 

1. S. Alekhin, J. Bluemlein and S. Moch, Phys. Rev. D 89, 054028 (2014). 
2. LHCb collaboration, R. Aaij et al., JHEP 12, 079 (2014). 
3. LHCb collaboration, R. Aaij et al., arXi v: 1503 . 00963, submitted to JHEP. 
4. LHCb collaboration, R. Aaij et al., JHEP 01, 064 (2015). 
5. LHCb collaboration, R. Aaij et al., JINST 9, P12005 (2014). 
6. LHCb collaboration, R. Aaij et al. , JHEP 02, 106 (2013). 
7. T. Sjostrand, S. Mrenna and P. Skands, JHEP 05, 026 (2006) . 
8. P. Nason, JHEP 11 ,  040 (2004). 
9. G.A. Ladinsky and C.P. Yuan, Phys. Rev. D 50, 4239 (1994). 

10. LHCb collaboration, R. Aaij et al., JHEP 01, 033 (2014) 
1 1 .  J.M. Campbell and R. Ellis, Nucl. Phys. Proc. 557, 205 (2010) 
12 .  L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin and W.J . Stirling, EPJC 69, 179 (2010) 
13. FSC Team (CMS), HERSCHEL Team (LHCb), M. Albrow, P. Collins, and A. Penzo, Int. 

J. Mod. Phys. A 29, 1446018 (2014) 

??4 



Jet production at HERA 

D. BRITZGER 
(On behalf of the Hl and ZEUS Collaborations) 

DESY - Notkestrajle 85, D-22607 Hamburg, Germany 

New results on the measurements of jet cross sections and the hadronic final state in e±p 
collisions by the Hl and ZEUS experiments at HERA are presented. These are measurements 
of inclusive jet, dijet and trijet production as well as the production of v-± mesons in deep­
inelastic scattering (DIS). Furthermore new measurements of the production of exclusive dijet 
cross sections as well as inclusive dijet cross sections in diffractive DIS and in diffractive 
photoproduction are presented. 

1 Introduction 

At the HERA collider in Hamburg, Germany, electrons were collided with protons at a centre­
of-mass energy of 319 GeV. The two multi-purpose experiments Hl and ZEUS collected data 
until 2007 with an integrated luminosity of about 0.5 fb-1 per experiment. Several years after 
data taking, both experiments have successively refined their analysis techniques and now have 
achieved the final precision of their data with, for instance, a precision of the measurement of the 
jet energy scale of 1 %. 

2 Recent results of jet production measurements at HERA 

2.1 Measurement of multijet production in neutral current DIS 

In the neutral current DIS (NC DIS) kinematic region of 150 < Q2 < 15000 GeV2 and 0.2 < y < 
0. 7, where Q2 denotes the exchanged photon virtuality and y being the inelasticity, a simultaneous 
measurement of inclusive jet, dijet and trijet production, so-called multijet production, has been 
performed by Hl 1 . Furthermore, multijets normalised to the respective NC DIS cross section 
have been measured, which benefit from cancellation of the normalisation uncertainties and a 
significant reduction of many other systematic uncertainties. Jets are found using the kr or the 
anti-kr jet algorithm in the Breit frame and are required to have a transverse momentum exceeding 
Pft > 7 Ge V. The invariant mass of the two leading jets must further exceed Mi2 > 16 Ge V for 
dijet and trijet production. 

The measurement features an updated calibration of the measurement of the jet energy, which is 
based on calibration constants for jets derived using neural networks, as well as a multi-dimensional 
regularised unfolding method for the correction of detector effects. The latter is composed of a 
simultaneous unfolding of the three jet measurements together with the NC DIS cross sections 
where the statistical correlations are considered, thus also enabling to measure the normalised 
multijet production. The data are compared to predictions in next-to-leading order QCD (NLO) 
including corrections for hadronisation effects, and studying different parametrisations of the pro­
ton. The ratio of normalised kr-jet cross sections to their NLO predictions is displayed in figure 1 
as function of Pr in different Q2 bins, where Pr represents the transverse momentum of the jet, 
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Figure 1 - Ratio of normalised jet cross sections to Figure 2 - Values of as(Mz) (and corresponding values of 
NLO qr,n predktio!ls B.B B. function of Q2 and trans- :1'.,, (µr)) extracted from the normalised multijet cross sections 
verse momenta observables. at different values of µ, compared to values extracted from 

other jet data. The prediction for the running using the value 
of Dls(Mz) = 0.1165 {8)exp (38)pdf,theo is also shown. 

PJ;'t, in case of inclusive jets or the average transverse momentum, < Pj;t >2 ( < PJ;'t >3), of the 
two (three) leading jets in case of dijet (trijet) production. The data are in general found to be 
well described by the theoretical predictions and the precision of the data is considerably better 
than that of the NLO calculations, in particular for normalised jet cross sections. 

The measurements are used to extract values of the strong coupling constant a8 (Mz),  where the 
simultaneous extraction from the normalised multijet measurement yields the best experimental 
precision of 0.7 % with a value of a8(Mz) lk, = 0.1165 (8)exp (38)PDF,theo' where 'exp' denotes 
the total experimental uncertainty, 'PDF,theo' the uncertainty from the PDFs and orders beyond 
NLO. Values of a8 (Mz) are further determined at different values of the renormalisation scale µr 
and are compared in figure 2 to values from other jet measurements. The values are found to be 
consistent with the other values and also to be in good agreement with the expectations for the 
running from the renormalisation group equation. The value of a8(Mz) is the most precise value 
ever derived at NLO from jet data recorded in a single experiment. 

2.2 Trijet production in DIS 

The ZEUS experiment has measured 2 the production of inclusive trijets in the NC DIS kinematic 
region of 125 < Q2 < 120000 GeV2 and 0.2 < y < 0.6, where jets are found using the kT cluster 
algorithm and are required to exceed a transverse momentum in the Breit frame of E�� > 8 GeV. 
The double-differential measurement based on an integrated luminosity of 295 pb-1 e�hibits good 
agreement with predictions in NLO QCD. 

2.3 Exclusive dijets in diffractive DIS 

The ZEUS experiment has measured 3 the production of exclusive dijets in diffractive DIS for 
Q2 > 25 GeV and for 'Y*P centre-of-mass energies in the range 90 < W < 250 GeV. The exclusive 
dijet events, with jet transverse momenta greater than 2 GeV, have been reconstructed in the 
centre-of-mass system frame using the exclusive kT algorithm. The normalised cross section is 
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Figure 3 - The normalised differential cross 
section for the production of exclusive dijets 
as function of ¢. The cross section is pa­
rameterised with a simple function and com­
pared to two different theoretical models. 
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Figure 5 - Diffractive dijct cross sec­
tions in the PHP and DIS regime nor­
malised to the NLO calculation as a 
function of Q2• 

given as a function of the angle <f;, and is shown in figure 3, where <f; is defined by the 1* -dijet plane 
and the 1•-e± plane in the rest frame of the diffractive final state. The comparison of the shape to 
theoretical predictions based on the Two-Gluon-Exchange model or the Resolved-Pomeron model 
exhibits a preference for the former, which is further supported by the study of a parameterised 
function as motivated by theory. 

2.4 Inclusive dijet production in diffractive DIS (LRG) 

The Hl experiment has presented a measurement 4 of single- and double-differential dijet produc­
tion cross sections in diffractive DIS (4 < Q2 < 100 GeV2) ,  where diffractive events are identified 
by requiring a large rapidity gap (LRG), i.e. an empty interval in rapidity between the high-mass 
hadronic final state and the elastically scattered proton or its low-mass excitation. The fully 
unfolded measurement investigates the kinematic range of the fractional proton longitudinal mo­
mentum loss of XJP < 0.03, by identifying ky-jets with a minimum transverse momentum of 5.5 and 
4.5 Ge V of the leading and subleading jet, respectively. The comparison to NLO QCD predictions, 
employing diffractive parton distribution functions (DPDF), exhibits a good agreement as shown 
in figure 4, while theoretical uncertainties from higher orders beyond NLO and from the DPDFs 
overshoot the experimental precision in a wide kinematical region. 

The double-differential data is further used to determine the value of the strong coupling 
constant for the first time in diffractive DIS processes to a8 (Mz) = 0 .119 (4)exp (12)theo, thus 
illustrating the good agreement of theory to data and showing the experimental uncertainties to 
be significantly smaller than the uncertainties of the theory predictions. 

2.5 Measurement of dijet production in diffractive DIS and photoproduction with a leading proton 

Diffractive hadron-hadron interactions are found to be suppressed as compared to NLO predictions 
which are based on DPDFs obtained from HERA. Dijet production in diffractive photoproduction 
(PHP) allows the process to be studied in a similar environment to that of two interacting hadrons, 
where in the past discrepancies between the ZEUS and Hl measurements were a subject of debate. 

The Hl experiment has presented measurements of unfolded differential dijet production cross 
sections in diffractive PHP (Q2 < 2 GeV2) as well as in diffractive DIS (4 < Q2 < 80 GeV2) 
in the kinematic range of 0.01 < XJP < 0.0245 .  The leading final state proton is tagged in 
the Hl Very Forward Proton Spectrometer (VFPS) 220 m away from the interaction point, thus 
providing a complementary experimental method to previous analyses in PHP and DIS, which 
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were based on the LRG method. The DIS dijet data are found to be well described by NLO 
predictions using DPDFs. In PHP, NLO predictions convoluted with DPDFs and photon PDFs 
overestimate the measured total cross sections, as shown in figure 5. However, the shapes of 
the investigated differential cross sections are described within the experimental and theoretical 
uncertainties. A detailed study of cross section ratios and double-ratios to NLO predictions or 
parton-shower improved leading-order MC predictions, whfme onP profits from cancellations of 
uncertainties, confirms the previous Hl measurements based on the LRG method, while now 
possible contributions from proton-dissociative processes alone are excluded as an explanation for 
the observed suppression. 

2. 6 Measurement and combination of D* cross sections 

The Hl and ZEUS collaborations have combined their mea­
surements of the production of n-± mesons in NC DIS in the 
range 5 < Q2 < 1000 GeV2 and 0.02 < y < 0.7 into a com­
mon dataset 6 . This effort yields measurements as function of 
the transverse momentum, PT(D*) (see fig. 6), the pseudora­
pidity and inelasticity of the of the D* meson, as well as of 
Q2 and y, with significantly reduced experimental uncertain­
ties compared to a single dataset, since the measurements 
benefit from increased statistical precision as well as from 
the uncorrelated systematic uncertainties of the two experi­
ments. The combination exhibits that the individual datasets 
are consistent and the data are found to be reasonably well 
described by predictions in NLO QCD, while the combined 
data yields a much higher precision than the NLO predic­
tions. The combination is further extended to data taken 
during the HERA-I period which extends the kinematic range 
down to Q2 > l .5GeV2 and the double-differential cross sec­
tions obtained as function of Q2 and y are also well described 
by NLO predictions. 

3 Summary 
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Figure 6 - Differential D' production 
cross section as function of the transverse 
momentum of the D' meson, PT(D'). 
Data from the Hl and ZEUS experiments 
are shown together with the combined D' 
production cross section. 

Several new results on measurements of the hadronic final state in e±p collisions from HERA 
have been presented. In general good agreement between standard model expectations and data 
is observed, while the experimental uncertainties of the analyses presented here are often smaller 
than uncertainties on the predictions. Though, dijet production in diffractive photoproduction is 
not satisfactorily described by NLO predictions. The study of exclusive dijets in diffractive DIS 
sheds new light on the production principle of diffractive events. The Hl multijet measurements 
yields the most precise extraction of the strong coupling constant from jct cross sections reported 
so far. 
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HERAFitter - An Open Source framework to determine PDFs 

Stefano Camarda 
DESY - Notkestrafle 85 D-22607 Hamburg Germany 

On the Collaboration. 

The llERAFi tter project provides a framework for the determination of parton distribution 
functions (PDFs), and tools for assessing the impact of new data on PDFs. In this contri­
bution, llERAFitter is used for a QCD analysis of the legacy measurements of the W-boson 
charge asymmetry and of the Z-boson production cross sections, performed at the Tevatron 
collider in Run II by the DO and CDF collaborations. The Tevatron measurements are included 
in a PDF fit performed at next-to-leading order, and compared to the predictions obtained 
using other PDF sets from different groups. The measurements are in good agreement with 
NLO QCD theoretical predictions. The Tevatron data provide significant constraints on the 
d-valence quark distribution. 

1 Introduction 

According to the factorisation theorem, cross sections in hadron collisions are calculated by con­
voluting short distance partonic reactions with parton distribution functions (PDFs) . Discovery 
of physics beyond the Standard Model at hadron colliders relies on the precise knowledge of 
the proton structure. Moreover, PDFs are among the dominant uncertainties for the measure­
ment of the W mass, and for gg -+ H production. HERAFi tter 1 provides a framework for the 
investigation of various methodologies in PDF fits, and tools for assessing the impact of new 
data on PDFs. It is widely used by the LHC experiments to improve the sensitivity of new 
measurements to PDFs. Full information about the project, downloads and documentation can 
be found at herafitter.org. A schematic view of a PDF fit, as implemented in HERAFitter, is 
shown in Fig. 1 

In this contribution, HERAFi tter is used to perform a QCD analysis of the Tevatron Run II 
legacy measurements of the W-boson charge asymmetry and of the Z-boson production cross 
sections 2. At the Tevatron proton-antiproton collider, the production of W and Z bosons is 
dominated by valence-quark interactions. Whereas the primary source of information on the 
proton PDFs comes from deep-inelastic scattering (DIS) , Drell-Yan production of W and Z 
bosons in proton-antiproton collisions can provide additional information, particularly on the 
d-valence quark PDFs. 
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APPLGRID, Fas!NLO 

PDF parametrisation at 
the starting scale - 1 GeV 
with - 20 free parameters 

QCDNUM 
DGLAP � 

Various flexible parametrization forms 
Result: 
f(x,02) ... 

at all scales 

Figure 1 - Schematic representation of a PDF fit in HERAFitter. 

2 Tevatron W and Z measurements and QCD settings 

The most recent measurements of W-boson charge asymmetry and Z-boson inclusive produc-
tion performed in B.,un II of the Tevatron collider are considered. They include the Z-boson 
differential cross section as a function of rapidity, measured by DO 3; the Z-boson differential 
cross section as a function of rapidity, measured by CDF 4; the charge asymmetry of muons as 
a function of rapidity in W --+ µv decays, measured by DO 5; the W-boson charge asymmetry 
as a function of rapidity, measured by CDF 6; the W-boson charge asymmetry as a function of 
rapidity, measured by D0 7. Besides the Tevatron W- and Z-boson measurements, the HERA 
I combined measurements of the inclusive DIS neutral- and charged-current cross sections mea­
sured by the Hl and ZEUS experiments 8 are used. 

In general, the correlation model of the experimental uncertainties recommended by the 
Tevatron experiments is adapted and followed in the QCD analysis, with the exception of the 
experimental systematic uncertainties related to trigger and lepton identification efficiencies, 
which are treated as uncorrelated bin-to-bin. 

The QCD analysis and PDF extraction is performed with the open-source framework HERA­
Fi tter. The charm mass is set to me = 1 .38 GeV, as estimated from HERA charm production 
cross section 9, and the bottom mass to mb = 4.75 GeV. The strong-interaction coupling constant 
at the Z boson mass, a8(Mz) ,  is set to 0.1 18, and two-loop order is used for the running of a8. 

The PDFs for the gluon, u-valence, d-valence, u, d quark densities are parametrised at the 
input scale of Q6 = 1 .  7 Ge V2 . The contribution of the s-quark density is taken to be proportional 
to the d-quark density by setting xs(x) = r8xd(x), with r8 = 1.0. The strange and anti-strange 
quark densities are taken to be equal: xs(x) = xs(x). 

The impact of a new data sci on a given PDF set can be quantitatively estimated with a 
profiling procedure 10. The profiling is performed using a x2 function which includes both the 
experimental uncertainties and the theoretical uncertainties arising from PDF variations: 

N ( exp exp th th ) 2 
data (j. + "' . r . .  /31· exp - (j· - "'k r kj3k th 2 """ ' L.,J 2J ' 2 L., t ' """ 2 """ 2 X (/3exp, /3th) = � ,:l2 + �/3j,exp + �/3k,th · 

i=l 2 k (1) 

The correlated experimental and theoretical uncertainties are included using the nuisance pa­
rameter vectors f3exp and f3th, respectively. Their influence on the data and theory predictions 
is described by the r�_? and q� matrices. The index i runs over all Ndata data points, whereas 
the index j (k) corresponds to the experimental (theoretical) uncertainty nuisance parameters. 
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The measurements and the uncorrelated experimental uncertainties are given by o-:xp and Lli , 
respectively, and the theory predictions are o-1h. 

3 Results 

A QCD fit analysis performed on the Tevatron W- and Z-boson data, together with the HERA 
I data, is used to assess the impact of the Tevatron data on PDFs. The profiling is used to 
assess the impact of the Tevatron data on various PDF sets. 

The optimal functional form for the PDF fit, which corresponds to 15 free parameters, is 
found through a parametrisation scan, and is used for a fit to the HERA I data only, and for a 
fit to the HERA I and Tevatron W- and Z-boson data. Table 1 shows the x;;,in per degrees of 
freedom (dof) of the fit to the HERA I and Tevatron W- and Z-boson data. The contribution 
to the total x;;,in of each data set, referred to as partial x2 ,  is also shown. The partial x2 per 
number of points of each of the Tevatron and HERA I data set is close to unity. 

Table 1: Results of a 15-parameters fit to the to the HERA I and Tevatron W- and Z-boson data. The contribution 
to the total X;:,in of each data set and the corresponding number of points are shown. 

Data set x2 / number of points 

HERA I 
DO do-(Z)/dy 
CDF do-(Z)/dy 
DO muon charge asymmetry in W ---+ µv 
CDF W charge asymmetry in W ---+ ev 
DO W charge asymmetry in W ---+ ev 

Total x;;,in I dof 

515 / 550 
23 / 28 
33 / 28 
12 I 10 
15 / 13 
16 / 14 

615 / 628 

The central value and the uncertainties of the PDFs are evaluated with MC replicas 1 1 .  

Figure 2 shows the comparison of the PDFs extracted with the MC replica method by fitting 
the HERA I data, and by fitting the HERA I and Tevatron W- and Z-boson data. A significant 
reduction of the PDF uncertainties is observed in the fit which includes the Tevatron W- and 
Z-boson measurements, in particular for the d-valence quark. 

b a' =  1.7 GeV2 
>< 0 5 • HERA i i . HERA l + Tevatron W, Z 

(a) 

x 

(b) 

Figure 2 - (a) PDFs at the starting scale Q2 = 1.7 GeV2 as a function of Bjorken-x for dv determined with a 
fit to the HERA I data (blue), and with a fit to the HERA I and Tevatron W- and Z-boson data (yellow) . (b) 
Relative PDF uncertainties. 

'1'1 1  



The impact of the Tevatron W- and Z-boson measurements on the CT10nlo12 and MMHT201413 
is assessed by profiling. The uncertainties of the CTlOnlo PDFs are scaled to 683 confidence 
limit. The compatibility of the Tevatron data with the CTlOnlo, MMHT2014 and NNPDF3.0 14 
sets is tested by evaluating the x2 function of Eq. (1 ) .  The partial x2 per number of points of 
each of the Tevatron data set, and the total x2 / dof, are close to unity for all the PDFs. 

The CTlOnlo and MMHT2Ul4 PDFs are profiled to the Tevatron W- and Z-boson data. 
The results of the profiling on the relative uncertainty of the d-valence PDF are shown in Fig. 3. 
Significant reduction of the uncertainty is observed for both sets. 

10·' 

(a) 

<i'-= 1.7 GeV2 
• MMHT2014 
ill MMHT2014 profiled 

(b) 

x 

Figure 3 - Relative uncertainties of the d-valence PDF at the scale Q2 = 1.7 GeV2 as a function of Bjorken-x 
before and after profiling for the (a) CTlOnlo and (b) MMHT2014 PDFs. 

Tables of the Tevatron measurements, with updated correlation model, and corresponding 
APPLGRID theoretical predictions 15 are publicly available at herafitter.org. 
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Hadronic physics with light quarks at BAR4R and Belle 

A. Hafner (for the BABAR and Belle collaboration) 
Insitutfar Kemphysik, J.J.-Becherweg 45, 

Johannes Gutenberg-Universitiit Mainz, Germany 

The anomalous magnetic moment of the muon (g - 2)µ is one of the most precisely measured quantities 
in particle physics (0.54 ppm). There is a long-standing discrepancy of 3-4 standard deviations between 
the direct measurement of (g - 2)µ and its theoretical evaluation. This theoretical prediction is subdivided 
into three contributions: QED, weak and hadronic. The QED and weak parts can be determined in 
perturbative approaches with very high precision. Thus, the hadronic uncertainty dominates the total 
theoretical uncertainty. Within the hadronic uncertainty, the largest contribution stems from the vacuum 
polarization term, which can be evaluated with the measurement of the inclusive hadronic cross section 
in e+ e- annihilation. The second largest contribution to the hadronic uncertainty stems from the so-called 
Light-by-Light amplitudes. They have to be evaluated via theoretical models. These models require 
transition form factor measurements as input. Existing and future measurements of the relevant hadronic 
cross sections and transition form factors are presented. 

1 Introduction 

There are various ways to test the Standard Model (SM) of particle physics. Many approaches include 
searches for new particles or phenomena at the high energy frontier. Another approach is to measure 
SM observables with high precision and compare the measurement to the SM prediction. One particular 
test at this high precision frontier is the measurement of the anomalous magnetic moment of the muon 
aµ = 0.5 · (g - 2)µ- On the one hand, it is one of the most precisely measured observables in particle 
physics (0.54 ppm) 1 . On the other hand, there is a discrepancy of 3-4 standard deviations between the 
direct measurement of (g - 2)µ and its theoretical evaluation 2•3. 

This theoretical prediction is subdivided into three contributions: QED, weak and hadronic. The 
QED and weak parts can be determined in perturbative approaches with very high precision4. At low en­
ergies perturbation theory cannot be used to calculate the hadronic contribution a�ad. Thus, the hadronic 
uncertainty dominates the total theoretical uncertainty. Within the hadronic uncertainty, the largest con­
tribution stems from the vacuum polarization (VP) term. It is possible to relate this contribution a�ad,VP 

via a dispersion relation to hadronic cross sections, which typically are measured in e+ e- energy scan ex­
periments at low energies. The study of the Initial State Radiation (ISR) events at flavor-factories allows 
independent measurements of exclusive hadronic cross sections. Here, high statistics e+ e- experiments 



running at a fixed center-of-mass (c.m.) energy access processes at lower effective c.m. energies by 
studying events with a high energy photon emitted from the initial state. The use of this technique at 
high luminosity <f>- and B-factories has been discussed in detail in Refs. 5•6•7. The second largest contri­
bution to the hadronic uncertainty stems from the so-called hadronic Light-by-Light (LbL) amplitudes. 
They have to be evaluated via theoretical models. These models require transition form factor measure­
ments as input. 

The most recent relevant exclusive hadronic cross section and transition form factor measurements 
are presented in the following. 

2 Meson-Photon transition form factors 

The uncertainty of the hadronic LbL contribution 8 , L'l.a::ad,LbL = 2.6 · 10-10, to the theoretical estimate 
of (g - 2)µ is larger than the expected uncertainties of the upcoming direct (g - 2)µ measurements, 
- 1 .5 · 10-10 9• 10 . The LbL estimates can be improved with experimental input, especially from photon­
meson transition form factors (TFF). Here, the contribution of the n° TFF is dominating. 

2.1 n°-photon transitionfonnfactor 

Measurements of the JTo TFF are shown in Fig. l (left) 11•12•13•14. BilBl•R agrees with CLEO in the re­
gion 4 GeV2 < Q2 < 9 GeV2• However, it clearly exceeds the expected asymptotic limit by pQCD: 
limQ2__,00 F(Q2) = VZJ", taking into account systematic uncertainties of the efficiency (2.5%), back­
ground (0.3 - 6.0%), mostly due to e+e- -> e+e-n°n°, and additional model uncertainty (l .5%). The 
recent measurement by Belle with similar systematic uncertainties is in disagreement with BABAR at large 
Q2, but also exceeds the asymptotic prediction. The slope, however, is in better agreement with pQCD. 

Figure I - Meson-Photon TFFs for the Tr° (left), l/ (middle), and q' (right) mesons of various experiments 11•12•13 • The dashed 
lines represent the asymptotic limit expected by pQCD. 

2.2 TJ/r/-photon transitionfonnfactors 

The T/ TFF measurement as a function of momentum transfer Q2 from BABAR 1 1  and CLEO 14 is shown in 
Fig. 1 (middle). For BABAR the systematic uncertainty is 2.9%, dominated by model and n° reconstruc­
tion uncertainties of the T/ ->  n+n-n° final state 

The TJ1 -> n+lf-TJ " , with T/ -> yy measurements are shown in Fig. 1 (right). The BABAR systematic 
uncertainty of 3 .5% is dominated by model and T/ reconstruction uncertainties. The TJ'-TFF stays below 
the asymptotic expectation. 

More data is needed in order to solve this puzzling situation for the TFFs at large Q2 and as input for 
a�ad,LbL at small Q2, especially for the ;fl final state. 
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3 Hadronic cross sections 

The dominant contribution to the hadronic part of (g - 2)µ stems from the VP, requiring hadronic cross 
section measurements as input. The measurements of the dominating (- 75%) e+e- --> n+n- cross 
section has been performed with excellent precision and thus additional contributions with kaons and 
multihadronic final states are relevant. 

3.1 o-(e+ e- --> KK) 

Recently, the e+ e- --> K+ K- final state has been published by BABAR 15, see Fig. 2. In the <f> peak region, 
this measurement is in agreement within 2 standard deviations to the CMD216 and SND 17 data. At larger 
ems energies (right) a different shape in comparison to SND is observed. 

.. 

; • 

1.005 1.01 1.015 1.02 1.04 1.1  1.2 1.3 1.4 

Figure 2 - Cross section of e+ e- --> K+ K- in (left) and above (right) the if> peak region. 

1.5 1.6 

In Fig. 3 (left), the invariant KJ IQJ-mass distribution by the BABAR.18 experiment in the <f> peak region 
is shown, from which the partial electronic width of </> to KJ K2 is extracted. This observable is in 
agreement with the CMD2 19 result. At larger energies, Fig. 3 (right), a clear structure is visible, which 
might be due to the ¢(1680) resonance. 
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1.2 1.4 1.6 1.8 2 2.2 E,_m_ (GeV) 

Figure 3 - Left: invariant Kl'K2-mass distribution by the BABAR experiment in the if> region. Right: cross section of e+e- --> 
Kj' K2 above the if> region. 

3.2 Multihadronic final states 

In Fig. 4, we see the first measurement of the hadronic cross section of the KJ IQln+n- (left), KJ KJn+n­
(middle), and KJ K2 K+ K- (right) final states measured by BABAR. This will allow for the first time the 
direct extraction of the (g - 2)µ contribution of these final states. Up to date the value has been estimated 
by means of isospin relations. 
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Figure 4 - Hadronic cross section of the K'if<'/.Jr+Jr- (left), Kf KfJr+Jr- (middle), and Kf I<'/, K+ K- (right) final states measured by 
BAHAR. 

4 Conclusion and outlook 

Including hadronic cross section and TFF measurements the remaining difference between theoretical 
prediction and measured value of 3.0-3.5 standard deviations 2,3 for the muon anomaly still poses an 
open question and requires further studies. The measurements of KK(7r+lf-/ K+ K-) await to be included 
into the world averages. Additional direct (g - 2)µ measurements 9,w and hadronic cross section and TFF 
measurements wili help to shed more light in the observed difference. 
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FISRT OBSERVATION AND STUDY OF K± --+ 1r±1f0e+e­
DECAY AT THE NA48/2 EXPERIMENT 

M.H. MISHEVA a 

Joint Institute for Nuclear Research, Dubna, Russia 

A sample of almost 2000 K± _, 7r±7roe+ e- rare decays with a background contamination 
below 3% is observed for the first time by the NA48/2 experiment at CERN/SPS. The prelim­
inary branching ratio in the full kinematic region is obtained to be BR(K± _, 7r±7roe+ e- ) = 
(4.06 ± 0.17) x 10-5 by analyzing the data set recorded in 3-month NA48/2 run during 2003. 
The measured value is in agreement with the theoretical prediction within one standard de­
viation. 

1 Introduction 

The K± --+ 1f±1f0e+e- decay proceeds through virtual photon exchange which undergoes in­
ternal conversion into electron-positron pair, i.e. K± --+ 1f±1fo/'* --+ 1f+1f0e+e-. Two possible 
mechanisms can lead to this rare kaon decay mode: Inner Bremsstrahlung (IB) , where the /'* 
is emitted by one of the charged mesons and Direct Emission (DE) , when /'* is radiated off 
at the weak vertex of the intermediate state of the process. The K± --+ 1f±1f0e+e- amplitude 
consists of two terms: the dominant long-distance IB contribution (pure electric part) and the 
DE component (electric and magnetic parts) . As a result, the differential decay width is a sum 
of IB, DE and (electric and magnetic) interference terms. 
Detailed study of the various contributions to the amplitude of the considered rare process has 
been performed in the Ref. 1 whereas Ref. 2 provides identification of each dynamical contribu­
tion by a Dalitz plot analysis using a specifc set of kinematical variables. The K± --+ 1f±1f0e+ e­
differential decay width with respect the invarant masses of the dilepton and dipion systems has 
been also calculated in both the kaon rest of frame and in the ( e-e+) center-of-mass 3. 
The first observation of the K± --+ 1f±1f0e+e- decay and a preliminary result of the first ex­
perimental measurement of its branching fraction, using K± --+ 1f±1fjj with K]j --+ e+e-}' as a 
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normalisation channel, are reported in the present work. 

2 NA48/2 beam and detector system 

Two simultaneous K± beams were produced by 400 Ge V / c protons from the CERN /SPS imping­
ing on a beryllium target. Opposite charge particles with a central momentum of (60±3)GeV /c 
were selected by an achromatic system consisting of two dipole magnet pairs and a collimator 
between them. The small transverse size (�lcm) of the kaon beams was achieved by a sys­
tem of quadrapole magnets. The kaon beams passed through cleaning and defining collimators 
before entering the decay volume housed in a 114 m long evacuated tank closed by 0.3% ra­
diation lengths thick Kevlar window. The momenta (p) and positions of the charged decay 
products were measured in a magnetic spectrometer composed of four drift chambers and a 
dipole magnet. It was followed by a scintillator hodoscope consisting of two planes segmented 
into horizontal and vertical strips achieving a very good �150 ps time resolution. A liquid kryp­
ton calorimeter (LKr), 27 radiation length thick, was used to measure electromagnetic deposits 
(E) and to identify electrons through their E/p ratio. Additional detector elecments as the 
hadron calorimeter, the muon and the photon veto counters were not used the present analysis. 
A detailed description of the NA48/2 detector set-up is available in Ref. 4 . 

3 K± -+ 7r±7r0e+e- selection and reconstruction 

K± -+ 7r±7r0e+e- (denoted as K""ee below) event candidates are reconstructed from exactly 
three charged tracks and two photons, forming a neutral pion, pointing to a common vertex in 
the fiducial decay volume. The charged track is identified as electron/positron if its E/p ratio is 
greater than 0.85, and as a charged pion if the E/p ratio is lower than 0.85. Two independent 
clusters without associated track in the LKr (I-candidates), with energy more than 3 GeV and 
distance to the adjacent clusters greater than 10 cm are required to identify the two photons 
which reconstruct the nominal neutral pion mass within ±10 MeV/c2 . The invariant mass of 
the charged pion, the electron, the positron and the reconstructed neutral pion is computed and 
is requested to be in the range (0.484 - 0.504) GeV/c2 (±10 MeV/c2 from the nominal PDG 
K± mass 5). 
Two kaon decay modes are identified as background sources: K± -+ 7r±7r�'Y7ri (K3"v) , where 
one of the neutral pions is subjected to a Dalitz decay 7ri -+ e+e-1; K± -+ 7r±7ri (K2"v) and 
its radiative decay - K± -+ 7r±7ri/ (K2"v'Y) .  The suppression of the K3"v background events is 
achieved by requiring the squared invariant mass of the dipion system to be greater than 0.120 
Ge V2 / c4 . The invariant mass of the electron, the positron and one of the photons reconstructing 
the 7ro is demanded to be ±7 Me V / c2 away from the nominal mass of the neutral pion in order 
to reject K2"vh) background contamination. 
The data sample collected in a 3-month run in 2003 has been analysed. The number of the 
K± -+ 7r±7r0e+e- candidates in the signal region is 1916 while the overall background is below 
3% and composed of (26 ± 5.1) K2"vh) and (30 ± 5.5) K3"v events (Fig. 1 ) .  All background 
contributions are estimated with the help of Monte Carlo simulations generated for each kaon 
mode. 

4 Branching ratio measurement 

The K± -+ 7r±7r0e+e- branching ratio (BR) is determined as: 

BR(s) = 
Ns - Nb . An · En . BR(n) ,  

Nn As · Es 

where Ns is the number of the signal candidates (1916), Nb is the number of the estimated 
background events (55.8±7.4), As and Es are the geometrical acceptance and the trigger efficiency 
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Figure 1 - Left: Invariant mass distribution of the K± -+ 11'±1l'oe+ e- reconstructed candidates before the final 
mass selection ((494 ± 10) MeV/c2) .  Right: Invariant mass of the (e-e+)-pair. Simulated signal events are 
plotted in red while the simulated background K3�v and K2�v(�) events are superimposed in green and blue, 
respectively. The data distribution (black dots with error bars) is compatible with the sum of the simulated signal 
and background events. 

of the signal. The " Nn, An, En" notations are the corresponding quantities for the normalisation 
channel K± --+ 7r±7rlJi decay. The normalisation branching ratio BR(n) = (2.425 ± 0.076) x 10-3 
is the world average taken from 5. The acceptances are obtained by MC simulations: � 0.583 
for the signal mode and � 3.63 for the normalisation channel. The trigger efficiencies (Es and 
En) are similar (� 983), determined from control data sample. 

4.1 Normalisation channel 

Both the signal and the normalisation kaon modes are selected concurrently by using the same 
trigger logic. A common event reconstruction is considered as much as possible aiming partial 
cancellation of systematic effects such as particle identification and trigger inefficiencies. 
The event selection of the K± --+ 7r±7rlJi mode follows the same set of requirements used for the 
signal except for the 7r0-reconstruction and background suppression parts. In case of K2"v'f' the 
neutral pion is reconstructed by demanding only one ')'-candidate cluster, well separated from 
the adjecent clusters and with energy greater than 3 GeV, to be in time within 5ns with the 
electron and positron. The only background source for the normalisation channel is the K± --+ 

7rlJiµ±vµ. (Kµ.3v) ·  Almost 6.715 million K2"v candidates are selected with Kµ.3v background 
contamination smaller than 0.13. 

4.2 Signal mode acceptance 

The acceptances of the signal, the normalisation and the background channels are computed by 
GEANT3-based 6 Monte Carlo (MC) simulations which included the full detector and material 
description, stray magnetic fields, beamline simulation and local detector imperfections. 
The MC simulation for the different Knee contributions - the IB, the DE and the electric 
interference, have been generated on the basis of the theoretical description given in Ref. 2 .  The 
magnetic interference is not taken into account in the present measurement. The total Knee 
geometrical acceptance is calculated by using the theoretical fractions of different contributions 2 
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Figure 2 - The K± --+ 7r±7ro e + e- branching ratio obtained 
by the NA48/2 2003 data sample is plotted with its experi­
mental error (shaded blue band) and its total error (shaded 
green band). The total error iudu<le<l ::;tatit>tical, systematic 
and external errors. The small dashed line represents the the­
oretical prediction of the BR(Kuee) with no isospin breaking 
published in Ref. 2 • The big dashed line shows the expected 
branching ratio with isospin breaking (thanks to the authors of 
Ref. 2 , private communication). The experimental value of the 
BR(Kuee) is in a very good agreement with the theoretical 
predictions (within one standard deviation). 

as the present data sample is not large enough to measure them: 

AIB + ADE . F theory + AEl.Int . .  F theory 
A -

racDE racEl.Int. 8 -
1 + Fraci;"eory + Frac!Jl1����-

.A ... s radiative corrections to the .1T(7f7fee mode are not available, the signal 1vfC shnulation iruJu<l.e<l. 
the following effects: the classical Coulomb attraction/repulsion between charged particles and 
the real photon(s) emission as implemented in the PHOTOS package 7• 

5 Results 

A sample of 1860 genuine K± --+ 7r±7r0e+e- events has been collected by NA48/2 Collaboration 
analysing the 2003 data sample. The preliminary result of the K-rr-rree branching ratio is obtained: 

where systematic errors include uncertainties on acceptance, particle identification, trigger effi­
ciencies and radiative corrections. External error originates from the normalization mode BR 
uncertainties and it is the dominant error in the present result (Fig.2). 
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Geometry and Collective Behavior in Small Systems from PHENIX 

Julia Velkovska for the PHENIX collaboration 
Department of Physics and Astronomy, Vanderbilt University, PMB 401807, Nashville, TN 37235, USA 

Recent results from particle correlations in high multiplicity p+Pb collisions at LHC and 
d+Au collisions at RHIC indicate that collective phenomena similar to those found in col­
lisions between two large nuclei may also be present in small systems. To test competing 
theoretical interpretations of the data, the PHENIX experiment used collisions with differ­
ing initial geometries, such as 3He+Au and d+Au, in order to control the strength of the 
possible collective effects. We present the first measurements of elliptic v2 and triangular V3 
flow in high multiplicity 3He+Au collisions at �=200 GeV. Sizable v2 and v3 values are 
observed, as expected from geometric considerations. The results are compared to a variety 
of theoretical predictions. Models based on hydrodynamic flow are in good agreement with 
the data. 

1 Introduction 

A key feature of the Quark-Gluon Plasma (QGP) produced in high-energy collisions between two 
heavy nuclei at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) 
is the formation of a system that behaves collectively as a nearly perfect fluid. Initial anisotropies 
in the energy density deposition in the collision zone are manifested through the system evolu­
tion and translated into final-state azimuthal anisotropies of the produced particles. Turning this 
signature off by varying the system size or the beam energy is essential for understanding the 
properties of the QGP and how the strongly coupled liquid emerges. It has long been considered 
that in small systems such as p +  p, p+A, or d+A, equilibration can not be achieved and there­
fore the system cannot exhibit collective behavior. However, recent results from the LHC l,2,3,4 
and RHIC 5,6 challenge this paradigm. In high multiplicity p+Pb collisions, the correlations were 
shown to involve all produced particles 7, which is indicative of fluid formation. Mass ordering in 
the correlation strength, characteristic of hydrodynamic flow, has been observed both at RHIC 
and LHC energies in high-multiplicity d+ Au and p+ Pb collisions 6,8. While many of the observed 
features can be explained with formation of small droplets of QGP which then expand hydrody­
namically 9, alternative explanations involving novel initial-state glasma diagrams have also been 
shown to produce non-trivial particle correlations 10. To test these competing theories the PHENIX 
experiment studied d+Au, and 3He+Au collisions in order to control the initial size and shape 
of the interaction zone. In the case of collective final-state effects the latter system is expected 
to have enhanced triangular flow pattern 11 . We report on the first measurement of elliptic and 



triangular flow in high-multiplicity 3He+Au collisions at �=200 GeV. 

2 Experimental Details and Results 

The collective flow can be studied by measuring two- or multi-particle correlations, or by measuring 
the correlation of the observed particles with a global symmetry plane that is defined event­
by-event. In A+A collisions the collective flow induces a characteristic structure in the two­
particle correlations in relative pseudorapidity (b..17) and azimuthal angle (!::>.¢) known as "the 
ridge" . The ridge extends over a long range in b..17 and is concentrated around !::>.¢ � 0. The 
observation of the ridge in high-multiplicity p + p and p+Pb collisions at the LHC 1 •2•3•4 gave the 
first indications that collective phenomena may exist in smaller systems. Although the PHENIX 
experiment does not have a wide acceptance in pseudorapidity, the presence of a ridge could be 
tested using charged particles detected in the PHENIX central arms that subtend 1171 < 0.35, and 
the Beam-Beam Counters (BBC) or the Muon Piston Calorimeters (MPC) that cover forward 
and backward pseudorapidity and provide a pseudorapidity separation of at least 2.75 units. The 
results from the two-particle correlations measured in p + p collisions, and the 0-53 most central 
d+Au 6 and 3He+Au collisions at �=200 GeV are shown in Fig. 1 .  The correlations in p + p 

collisions exhibit a peak at !::>.¢ = 7r presumably dominated by particle production in jets that are 
back-to-back azimuthally. Particles produced within a single jet would yield a peak at !::>.¢ = 0, 
but the pseudorapidity separation between the particles of i:i17 > 2. 75 eliminates this contribution. 
On the other hand, in the central d+Au, and 3He+Au collisions the correlations contain a peak 
at !::>.¢ = 0, which indicates that a ridge-like structure is present in these systems. 
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Figure 1 - Two-particle correlations in p + p collisions, and the 0-53 most central d+Au and 3He+Au collisions 
at �=200 GeV. Charged particles detected in the PHENIX central-arm spectrometers covering 1'71 < 0.35 are 
correlated with towers of energy or charge detected in the forward detectors MPC and BBC. A near-side (!:!..¢ = 0) 
peak is seen in the d+Au and 3He+Au collisions, indicating a ridge formation. 



The azimuthal anisotropy of produced particles can be quantified by the Fourier coefficients 
Vn in the expansion of the particles' distribution as: dN / drf> ex 1 + 2=n=l 2vn cos( n( ¢> - \Jin) ) ,  where 
n is the order of the harmonic, ¢> is the azimuthal angle of particles of a given type, and \Jin is 
the azimuthal angle of the nth order event plane. The elliptic (v2) and triangular (v3) flow for 
inclusive charged hadrons produced at mid-rapidity 177 1  < 0.35 are measured with respect to \Ji2 
and \Ji3 event planes reconstructed in the South MPC, located in the Au-going direction in the 
pseudorapidity region -3.7 < 77 < -3.1 .  The results for the 53 most central events are shown in 
Fig. 2. In both d+Au and 3He+Au collisions, sizable elliptic flow is detected. The higher order 
moment v3 was found to be consistent with zero in the d+Au system, which has small initial 
triangularity. In the 3He+Au collisions significant third order eccentricity is present in the initial 
state of the collision and finite v3 is measured, as theoretically predicted 11 . 
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Figure 2 - Elliptic ( v2) and triangular ( va) anisotropies as a function of pr for inclusive charged hadrons at midrapidity 
in 0-53 central 3He+Au collisions (filled symbols) and d+Au (open symbols) at y"S;;=200 GeV. In the d+Au 
measurement 6 the third order coefficient va is consistent with zero. Error bars are statistical, and shaded bars and 
open rectangles represent the systematic uncertainties. 

In Fig. 3 the v2 and v3 measurements in central 3He+Au collisions are compared to theoretical 
calculations 12,13•14•15. Several different approaches to modeling the initial energy density in the 
collisions and the pre-equilibrium dynamics are employed, and then followed by viscous hydrody­
namic evolution 12,13•14 . The resulting elliptic and triangular anisotropies are compatible with the 
experimental results. In another approach 15, the initial energy density leads to string excitations 
from which partons emerge via a mechanism referred as string melting. Next, the system evolves 
through a parton cascade, partons coalesce into hadrons, and hadrons rescatter in a hadronic cas­
cade. This microscopic approach also yields results compatible with the data. Calculations that 
are based solely on initial-state glasma diagrams 10 are not yet available for the 3He+Au system. 

3 Summary and Outlook 

The PHENIX experiment has measured azimuthal anisotropies in particle emission in high-multiplicity 
d+Au and 3He+Au collisions. The measured elliptic anisotropies are of similar magnitude in the 
two systems, while the triangular flow is sizable only in the 3He+Au collisions, as expected from 
the initial geometry of the collision zone. Models incorporating hydrodynamic flow are in good 
agreement with the data and may indicate that droplets of QGP with small viscosity are being 
formed in the small collision systems. In 2015 the PHENIX experiment collected data from high­
multiplicity p+p and p+A collisions. The forthcoming results will provide a full suite of geometries 
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Figure 3 - Elliptic ( v2) and triangular ( v3) anisotropies as a function of pr for inclusive charged hadrons at midrapidity 
in 0-5% central 3He+Au collisions at �=200 GeV are compared to several theoretical models 12"3"4•15 , 

in order to constrain the origin of the observed anisotropies. 
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Beam Energy Scan Results from STAR 

Bingchu Huang for the STAR collaboration 
Department of Physics, 845 W Taylor St, M/C 273 

Chicago, IL, USA 60607 

The STAR experiment has collected data in Au+ Au collisions in the Beam Energy Scan (BES) 
program at the Relativistic Heavy Ion Collider (RHIC) .  We present some selected recent results 
from STAR, which may be related to the turn-off signatures of quark-gluon-plasma (QGP), 
first order of phase transition, and critical point searches. 

1 Introduction 

The most successful theory to describe the strong force interaction is Quantum Chromodynamics 
(QCD). Exploring the QCD phase diagram, which is usually illustrated by temperature, T, vs. 
baryon chemical potential, µB, is one of the most important goals of heavy-ion collision exper­
iments 1 . The phase diagram shows a partonic phase at high temperature and low µB at top 
RHIC energy. Assuming a thermalized system is reached in heavy-ion collisions, the T and µB 
can be varied by changing the collision energy 2• Thus, we can explore the phase diagram and 
search for possible phase transition from partonic to baryonic degree-of-freedom dominant phase. 

Lattice QCD 3 calculations show a rapid crossover at µB=O, and several QCD based models 4 
suggest a first-order transition at large µB. The end point of the first-order phase transition 
is called the QCD Critical Point (CP). Searching for the first order phase boundary and QCD 
CP becomes the major goal of RHIC Beam Energy Scan (BES) program. The well established 
QGP signatures at 200 GeV are expected to turn off when the T and µB are crossing the phase 
boundary. Theoretically, the fluctuation of conserved quantities (net-baryon, net-charge and 
net-strangeness) would be enhanced near the QCD critical point. 

2 Results 

There are many interesting observables to search for the turn-off of QGP signatures and the 
critical point. Here we select the results of freeze-out parameters, first and second coefficients ( v1 , 
v2) of the Fourier expansion of angular distributions, net proton higher moments, and dielectron 
productions. 



2. 1 Freeze-out parameters 

There are two types of freeze-out usually discussed in heavy-ion collisions, chemical freeze-out 
and kinetic freeze-out. The stage after the collisions when the inelasetic interactions stop is 
referred to as chemical freeze-out. The chemical freeze-out temperature Tch and baryon chemical 
potential µn can be extracted by the statistical thermal models which have successfully described 
the experimental data for many different beam energies 1 .  

After the chemical freeze-out, the elastic interactions last for some time till the distance 
becomes large enough. The system is said to have undergone kinetic freeze-out. The transverse 
momentum PT spectra of the produced particles remain unchanged, thus we can extract kinetic 
temperature and collective velocity from the spectra by a blast-wave model fit 1 .  Figure 1 shows 
the chemical and kinetic freeze-out parameters from fit. The Tch has a small dependence on µB 
for most central Au+ Au collisions. It is nearly constant above 19.6 GeV, and increases from 7.7 to 
19.6 GeV which is consistent with a model prediction from Ref. 5. The Tkin has an anti-correlation 
with collective velocity < f3 > ,  lower in central collision and/or at higher collision energies. It 
suggests increased hadronic interactions in central and higher collision energies. 
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Figure 1 - Left: The chemical freeze-out temperature as a function of baryonic chemical potential µB. Right: The 
kinetic freeze-out temperature as a function of collective flow velocity < fJ >. 

2.2 Directed flow v1 and Elliptic flow v2 

The directed flow v1 is considered as one of the most promising observables for the search of a 
first order phase transition, as it carries the early collision information and is sensitive to the 
Equation of State (EoS) 6. Figure 2 left shows the directed flow slope dvif dy at mid-rapidity as a 
function of y1SNN for anti-proton, proton, and net protons. The net-proton measurements show 
a decreasing trend of dvif dy from 7.7 to 11.5 GeV, with a minimum between 1 1 .5 and 19.6 GeV7. 
Then it is monotonically increasing towards higher energies. The result is different from UrQMD 
calculations which do not contain first order phase transition. Hydrodynamic calculations predict 
such a minimum of dvif dy in the presence of a first order phase transition, however, the expected 
minimum is at lower energy than we observed. 

The elliptic flow v2 is the second order harmonic of the azimuthal particle distribution relative 
to the reaction plane. It probes the early stage of the reaction because it is formed by the pressure 
gradient of the created hot medium of the collisions. The number-of-constituent-quark (NCQ) 
scaling of v2 at top RHIC energy is a signature of the QGP phase. Figure 2 right shows the 
difference in v2 of particles and corresponding anti-particles as a function of beam energy 8. The 
v2 difference between particles and anti-particles is observed as an increasing trend when collision 
energy decreases. The difference between particles and anti-particles suggests that the NCQ 
scaling is broken. However, some models can qualitatively explain the data without a phase 
transition 9 . 
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Figure 2 - Left: dv1/dy at mid-rapidity as a function of ylSNN for 10-40 3 central Au+Au collisions for (a) anti­
protons, (b) protons, and (c) net-protons. Right: Difference in v2 between particles and anti-particles as a function 
of the collision energies in 0-80 3 Au+ Au collisions. 

2.3 Higher moments of net-proton distributions 

The correlation length of particles is expected to diverge when the T-µB trajectory of a system 
comes close or passes a QCD critical point. The divergence leads to a significant increase of event­
by-event fluctuations of observables that are sensitive to the correlation length compared with 
variance. It was suggested to study the higher moment distributions of conserved quantities, such 
as net-baryon, net-charge, and net-strangeness. In Fig. 3, the net-proton moment products Ka2 
and Sa as a function of beam energy are shown in different centralities 10 . For peripheral (70-803) 
and mid-central (30-403) collisions, the Ka2 are close to unity and the Sa show strong monotonic 
increase with decreasing energy. For 0-53 most-central collisions, the Ka2 start to deviate from 
unity and show deviation below unity at 19.6 and 27 GeV. Then it increases towards lowest beam 
energy 7.7 GeV. The Sa of 0-53 centrality shows a large drop at 7.7 GeV. However, there are 
only statistical errors shown in the figure, and systematical uncertainties, which are dominated 
by the efficiency correction and the particle identification, are being studied. 
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Figure 3 - Energy dependence of 
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C3/C2 of net-proton distributions 
in Au+Au collisions at different 
centralities (0-53, 5-103, 30-403, 
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Dielectron is produced through the whole evolution of the fireball created in the collisions, and it 
has minimal interactions when traveling through the medium. It contains the information from 
QGP thermal radiations, such as QGP temperature, and in-medium modifications of particles, 
such as p and heavy flavor quarks which may have a possible link to chiral symmetry restoration. 

Figure 4 (left) shows the di-electron excess spectra with hadronic cocktail subtracted and 
acceptance corrected for 0-803 Au+Au collisions at 200 and 19.6 GeV11 • The result of 19.6 GeV 
is compared with model calculations incorporating a broadened p spectral function and thermal 



dilepton rates in the QGP and hadron-gas (HG) phases convoluted with a fireball evolution 12 . 
The model can describe the low mass region of dielectron spectra over a wide range of energies 
at STAR quite well. The integrated yields of low mass dielectrons is sensitive to the lifetime of 
the hot medium. The yield would be larger if the medium interaction lasts longer. Therefore, we 
compare the yields of dilepton excess scaled by charged particle density to the theoretical lifetimes 
that are used to calculate Lhe dielectron spectra in the model 13 .  It shows fair consistency in the 
right frame of Fig. 4, which might indicate the longer lifetime in central than that in peripheral 
Au+Au collisions. However, the deviation is only about 2a. More data are needed in further 
studies. 
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Figure -4 - Left: Didcctron cx;::css invariant mass spectra in 0-80% Au+ Au at 19.G a11<l 200 GeV. Right: Integrated 
yields of the normalized dilepton excesses as a function of dNch/ dy. 

3 Summary and outlook 

STAR has produced many important results from the Beam Energy Scan program at RHIC. 
Freeze-out parameters, collective motions, net-proton higher moments and dielectron production 
have been shown. There are non-monotonic behaviors observed for directed flow v1 and higher 
moments of net-proton. In the future, a BES phase II at RHIC with increased luminosity and 
upgraded detectors will improve statistical and systematic uncertainties of current measurements. 
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HARD PROBES AT ATLAS 

V.N. POZDNYAKOV for the ATLAS Collaboration 
Joint Institute for Nuclear Research, Veksler and Baldin Laboratory of High Energy Physics, 

Joliot-Curie 6, 141980 Dubna, Moscow region, Russia 

Recent experimental results on hard probes in Pb+ Pb and p+ Pb collisions from the AT­
LAS Collaboration at the LHC are presented. They include electroweak boson production in 
Pb+ Pb where the scaling with nuclear thickness was observed; Z production in p+Pb showing 
an excess of Z at Pb-direction rapidity; direct modification of the jet fragmentation function 
in central Pb+ Pb events was observed and the nuclear modification factor RAA was measured 
as 0.8 in peripheral events and 0.5 in central ones. 

1 Introduction 

Ultra-relativistic heavy-ion collisions at the Large Hadron Collider (LHC) provide a fruitful 
tool to study dense matter created at extreme temperatures. It is expected that strongly in­
teracting matter takes the state of quark-gluon plasma (QGP) and the partons generated in 
hard-scattering processes during the initial stages of nuclear collisions have to lose their energy 
when passing through the QGP. Both RHIC and LHC experiments have observed a suppression 
of charged hadron yields at high transverse momenta in heavy-ion collisions and jet suppression 
as well 1 . The ATLAS experiment 2 has an extensive heavy-ion program to take advantage of 
this opportunity. 

The LHC carried out two Pb+Pb runs which took place in 2010 and 2011 at .,fSiiN=2.76 
TeV per colliding nucleon pair and one p+Pb run in 2013 at .,fSiiN=5.02 TeV. 

Results on heavy-ion collision studies are presented in terms of event centrality which reflects 
the overlap volume (impact parameter) of the two colliding nuclei. Collisions with a small (large) 
impact parameter are referred to as central (peripheral) .  The overlap volume is closely related to 
the average number of participant nucleons which scatter inelastically in each nuclear collision, 
(Npart), and to the average number of binary collisions between the nucleons of the colliding 
nuclei, (Ncou) .  Equivalently, (Ncou) may be defined as the average nuclear thickness function, 
(TAA) , multiplied by the total inelastic pp cross section. Glauber model calculations relate 
centrality to (Npart) and (Ncou) ,  following the procedure described in the paper 3. 

This document presents results of the inclusive jet and electroweak boson measurements 
obtained by the ATLAS experiment. These results give additional insight into behavior of jets 
in the QGP and confirm that electroweak boson production rates scale with the number of 
binary collisions. 

2 Z and W production in Pb+Pb collisions 

An understanding of any phenomenon on the energetic color-charge carriers propagating through 
a medium produced in the heavy ion collisions requires measuring the unmodified production 
rates of the particles before they lose energy. The appropriate candidates to perform such 



measurements are particles that do not interact via the strong force. The ATLAS experiment 
measured Z 4 and W 5 boson production in Pb+ Pb collisions using the lepton decay channels. 
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Figure 2 - W boson production yield per binary colli­
sion as a function of the mean number of participants 
(Npart) for W bosons 5. 

To examine the expected binary collision scaling of the data, the Z boson per-event yields, 
divided by (Neall ) ,  were measured and shown in Figure 1 as a function of (Npart) ,  in several P¥ 
bins. It is seen that the electron and muon decay modes are consistent within their uncertainties 
for all P¥ and centrality regions. Within the statistical significance of the data sample, the Z 
boson per-event yield obeys binary collision scaling. 

Figure 2 presents the W boson production yield per binary collision for each charge separately 
as well as inclusively as a function of (Npart) for the combined data. Comparisons to QCD NLO 
predictions 6 are also shown. The NLO predictions are consistent with the data for both the 
charge ratio and production yields. 

3 Z production in p+ Pb interactions 

The study of p+Pb collisions is utilized at the LHC in order to differentiate between initial and 
final state effects in heavy-ion collisions under the assumption that the hot and dense QCD state 
cannot be formed in such collisions and all measured effects on the particles should originate 
from the initial state of the nucleus. This assumption was challenged by the very first results 
from p+Pb collisions at VSNN = 5.02 TeV produced by the LHC in 2012. 

The study of the Z boson production in p+Pb collisions is a way to compare the initial state 
effects between the p+Pb and Pb+ Pb collisions. The yields of Z bosons measured as function 
of their transverse momentum and rapidity are sensitive to any initial state nuclear effects. 

The ATLAS experiment measured rapidity differential cross-section 7 shown in Figure 3 
alongside the baseline model with Z boson production modeled via the incoherent superposition 
of many nucleon-nucleon collisions. Unlike the model, the data are not symmetric about the 
centre of mass, but express a relative excess at backward (Pb-going beam direction) rapidity. 
CTIO PDF 6 expectations shown in Figure 3 are scaled to have the total cross-section predicted 
by MSTW2008 PDF 8 at NNLO. This asymmetry in central events (not shown here) is more 
pronounced than in peripheral events which are roughly symmetric. 



ATLAS Preliminary 
p+Pb 2013, L. = 29 nb·1 

30"-'";� = s.02 Tait + 
� + + 

2 

+ + 
--0---0---<'>--+ + --11-

--0- T T+ 
-- Data 

o CT10 Model 

..... 9 .... �----� . ... R ... -9 .... � . ... JJ •. D O --r:r--·o· ·  ¢ •·••••·· 

6 
-2 0 2 4 

Figure 3 - The do'fdy distributions for Z -'> z+z- in 
the data compared with CTlO 7• The lower panel is 
their ratio. The bars indicate statistical uncertainty 
and the shaded boxes systematic uncertainty. 

ATLAS Preliminary 
�+�b 2013, L1nt � 29 nb·

1 

:C 30_\s,., = 5.02 Tev + + + 
.s 

+ 
+ 

--0---0---<'>--++ --11-� 20 - --0- T T+ t 
-8 1 0-

-- Data 
o CT10 Model 

� 2 f-
� ..... + .. .. �----�----�---.si .... � . . . JJ •• 
0 I 

-2 0 

¢ ....... . 
" 

2 4 

Figure 4 - Jet RAA as a function of jet PT 9. The 
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4 Nuclear modification factor for jets in Pb+Pb interactions 

Hard scattering processes occurring in hadron collisions produce high transverse momentum 
partons. In case of heavy-ion collisions, partons propagate through the produced medium and 
lose their energy. This results in so-called jet quenching phenomenon. The partonic energy 
loss can be probed through jet production rate suppression relative to pp collisions, where there 
are no quenching effects. Hard scattering rates are enhanced in central collisions - the larger 
nuclei overlap results in a higher integrated luminosity of partons able to participate in hard 
scattering processes. Thus these hard scattering rates are expected to be proportional to the 
nuclear overlap function. 

The suppression is quantified by the nuclear modification factor RAA - the ratio of the jet 
yield in heavy-ion collisions to that in pp interactions divided by total number of heavy-ion 
events and average nuclear thickness function (TAA) · 

The measured jet RAA as a function of jet PT is shown in Figure 4 for different domains 
of collision centrality and jet rapidity 9. In most central events (0-103 of event centrality) and 
along all jet rapidity intervals, the RAA is around 0.5, that is the jets are suppressed by factor 
two. The jet nuclear modification factor, obtained from these measurements shows a weak rise 
with jet PT and a slope that varies with collision centrality, while no significant slope is observed 
in the most peripheral collisions. 

5 Inclusive jet charged particle fragmentation functions in Pb+ Pb collisions 

Jet quenching effect can both soften the spectrum of the momentum of hadrons inside the jet and 
decrease the total energy of the reconstructed jet. A description of jet quenching phenomenon 
requires measurements of both the single-jet suppression (shown in previous section) and the jet 
fragments. 

The ATLAS experiment measured the jet fragmentation function D(pr) 10 for the charged­
particles with the transverse momentum above 2 GeV produced within an angular range �R = 

0.4. Here, �R = J !::,,.¢2 + �'f/2 where �¢ (�'T/) is the difference in azimuthal angles (pseudora­
pidities) between the charged particle and jet direction. 

Figure 5 shows ratios of D(PT) distributions for the events from six centrality bins to those in 
the peripheral, 60-803 centrality bin. Jets used for the fragmentation measurements presented 
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Figure 5 - Ratios of unfolded D(pT) distributions in different collision centrality bins to those in peripheral 
(60--80%) collisions, D(PT) I cent / D(PT) lso-so, for R = 0.4 jets rn The error bars on the data points indicate 
statistical uncertainties while the yellow shaded bands indicate systematic uncertainties. 

here were required to have i)�1 > 100 GeV and they were reconstructed by anti-kT algorithm 
with distance parameter value R=0.4. The ratios in Figure 5 show an enhancement at low PT, a 
suppression at intermediate PT, and an increase above one at large PT of the charged particles. 

In summary, this paper presents the ATLAS experiment results for the electroweak boson 
production in Pb+ Pb where the scaling with nuclear thickness was observed; Z production in 
p+Pb showing the scaling with (TA) and an excess of Z at Pb-direction rapidity was found; 
direct modification of the jet fragmentation function in central Pb+ Pb events was observed and 
nuclear modification factor RAA was measured to be 0.8 in peripheral events and 0.5 in central 
ones. 
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Flow measurements in p+Pb and their comparison with Pb+Pb at ATLAS 

Krzysztof W. Wozniak on behalf of the ATLAS Collaboration 
Institute of Nuclear Physics, PAS, ul. Radzikowskiego 1 52, 31-342 Krakow, Poland 

Particle anisotropic flow observed in the collisions of heavy nuclei is one of the signals of 
creation of the Quark-Gluon Plasma. The analysis of p+Pb collisions at yB;:;; = 5.02 TeV 
provides an opportunity to study the interactions between nucleons in a much smaller volume, 
but unlike the pp collisions, affected by nuclear effects. This report describes measurements 
of flow harmonics, v1 to v4, and their dependence on event centrality and particle transverse 
momentum. 

1 Introduction 

In the collisions of heavy nuclei a large energy is released in a relatively small volume, comparable 
with the overlap of the nuclei. Strong interactions of partons in the resulting Quark-Gluon 
Plasma lead to collective expansion of the system. The initial shape of the volume is reflected 
in the correlations between produced particles. In the p+ Pb collisions the overlap volume is 
small and the creation of a QGP is thus not expected, but effects of collisions of the incoming 
proton with more than one nucleon are present. This allows the study of particle production 
and correlations in a system more complicated than that in pp collisions. 

In 2012 and 2013, the Large Hadron Collider provided the p+Pb collisions at the energy 
of vs;;;; = 5.02 Te V which were measured using the ATLAS detector ? . Charged particles 
are reconstructed in the 117 1  < 2.5 range in the Inner Detector comprised of several layers of 
silicon pixel sensors and silicon strips sensors surrounded by the Transition Radiation Tracker. 
The centrality of the collision is determined using signals from Forward Calorimeters (FCal), 
covering 3.1 < 1171 < 4.9, but in the presented p+Pb studies the total reconstructed number of 
charged-particle tracks is also used to characterize the event activity. 

The particle anisotropic flow is studied using the Fourier expansion of the distribution of 
the azimuthal angle of tracks relative to the event plane. In the case of p+Pb events with 
relatively low multiplicities equivalent methods based on two- or more particle correlations are 
more appropriate. For pairs of particles, the coefficients Vn,n are defined according to the formula: 

dNpairs/d.6.cjJ � 1 + L 2v;,n cos(n.6.cjJ) (1) 

where .6.cjJ is the difference between the azimuthal angles of particles forming a pair. The 
coeficients Vn,n depend on the transverse momenta, p� and pf , of the particles in the pair. In 
the absence of non-flow effects they are related to the flow harmonics, Vn, by the formula: 

(2) 

In p+Pb collisions, the correlations originating from jets, mini-jets and resonance decays 
dominate. Their contribution is the largest for pairs close in pseudorapidity, thus in the analysis 
the pairs with l.6.171 < 2 are excluded. In addition, it is necessary to subtract the remaining 
recoil component, estimated from the most peripheral collisions 7 .  
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Figure 2 - The centrality dependence of Vn, n = 2 - 4, represented as a function of the number of reconstructed 
charged particles, N�[.c, for particle pairs with 0.4 < p;-:b < 3 and 2 < lll.'71 < 5. The Vn values before and after 
recoil subtraction 7 are shown as lines and symbols, respectively. The statistical and systematic uncertainties of 
Vn are presented separately as error bars and shaded boxes, while in the case of v�nsub only the total combined 
error is shown. 

2 Results 

The largest anisotropic flow in p+Pb collisions is observed in the most central ewmts, charac­
terized by the highest activity, and selected according to the transverse energy registered in the 
Forward Calorimeters in the Pb-going side of the ATLAS detector, �E,j'.b, or the multiplicity of 
reconstructed charged particles, N�l,c. The dependence of the flow harmonics on the transverse 
momentum for such events is shown in Fig. ?? . The harmonics increase with PT reaching a 
maximum at 3-4 GeV. In this region the results obtained with and without recoil subtraction 
start to deviate significantly. The corrected coefficients decrease for large PT, while the v�nsub 
without recoil subtraction do not follow a common pattern: v�nsub values do not change much 
for large PT, v�nsub decreases rapidly while vrsub continues the increasing trend. The maximal 
values of the corrected Vn are decreasing with n. 

The magnitude of the flow harmonics can be studied after integration over the 0.4 < PT < 3 
Ge V range where the uncertainties of the recoil subtraction are the smallest. Such integrated v2 , 
v3 and V4 values as a function of event multiplicity are presented in Fig. ?? . All flow harmonics 
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Figure 3 - The elliptic flow calculated from the two-particle correlations, v2{2PC} (squares) , using the two-particle 
cumulants, v2{2} (circles) , and four-particle cumulants, v2{4} (stars) , as a function of transverse momentum in 
four different activity intervals 7 • v2{2PC}(p�) was obtained after integrationg over 0.5 < p� < 4 GeV, The 
statistical and systematic uncertainties are shown as error bars and shaded boxes, respectively. 

shown there increase with event centrality, the strongest increase is observed for v3, while v2 
seems to saturate at the largest multiplicities. 

The elliptic flow calculated from two-particle correlations, v2{2PC}, is compared in Fig. ?? 
with those from the cumulants method (v2{2} and v2{4}) 7 for several centrality classes (in 
this case selected according to the value of the transverse energy registered in the Forward 
Calorimeter on the Pb-going side, �E�b) .  v2{2}, which contains non-flow contributions from 
two-particle correlations, is much larger than v2{2PC} and v2{ 4}. Similar values of v2{2PC} 
and v2{4} confirm that two-particle correlations are predominantly short-range and can be 
suppressed either by neglecting pairs with l.6.ryl < 2 in v2{2PC} or explicitly in v2{4} . 

The comparison of flow harmonics in p+Pb collisions at yts;:;; = 5.02 TeV and Pb+Pb 
collisions 7 at yts;:;; = 2.76 TeV, for events with similar multiplicities 7, needs to account for the 
energy difference between these data. The mean transverse momentum is lower in the latter case 
so, for the comparison, the PT in Pb+ Pb collisions has to be rescaled and vn(PT/1.25) has to be 
used 7 .  After that a very good agreement of v3(PT) is reached, while for v2(PT) and V4(pT) an 
additional scaling of the magnitude of flow harmonics from Pb+ Pb collisions by a factor of 0.66 
is necessary 7• This larger magnitude in the peripheral Pb+ Pb collisions used for comparison is 
due to the elongation of the overlap area of nuclei that is not present in p+Pb collisions. 

The dipolar flow, v1 , is studied separately, as it has quite different characteristics than the 
other harmonics. The vrJ.sub coefficient before recoil subtraction has negative values (Fig. ?? , 
left panel) .  The correcti�n introduces substantial changes, especially for large Pr and p� , for 
which the initially negative coefficients become positive (Fig. ??, right panel). The v1,1 (Pr) 
dependences have very different slopes (both negative and positive) for different p� ranges. 
However, v1 ,1 always changes sign at the same value of Pr � 1 .5 GeV. The dependence on p� 
range disappears in the dipolar flow, v1 , calculated as 

(3) 

where 
(4) 

with the positive sign of v1 (p�) for p� > 1 .5 GeV and negative otherwise. In Fig. ??, left 
panel, one can see that for events with largest multiplicities, N�i,c 2: 220, for all p� ranges the 
vn(Pr) values are very similar. There is also no indication on any dependence of v1 (pr) on event 
multiplicity, at least for N�i,c 2: 140 (Fig. ??, right panel) .  The absolute values and properties 
of v1 in p+Pb collisions yts;:;; = 5.02 TeV are very similar to those for Pb+Pb collisions 7 at 
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,,fs;;;; = 2.76 TeV, only the PT value at which v1 crosses zero is slightly lower, due to lower 
energy of Pb+ Pb collisions. 

3 Summary 

In two-particle correlations analysis of the p+Pb collisions at ,,fs;;;; = 5.02 TeV significant long­
range correlations are observed. The v2, v3 and v4 coefficients increase with event multiplicity, 
while the magnitude of the Vn decreases with n. There is a remarkable similarity of the PT 
dependence of these harmonics in p+Pb and Pb+ Pb collisions with similar multiplicities. The 
di polar fl.ow coefficient v1 increases approximately linearly with PT crossing zero at PT � 1 .5 Ge V . 
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Soft physics and collective phenomena in p-Pb collisions from ALICE 
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New ALICE results concerning soft physics and collective phenomena in p-Pb collisions at 
yBiiN = 5.02 TeV are briefly discussed. First, the particle-multiplicity dependence of the flow 
coefficients v2 and V3 derived via multiparticle curnulants is reviewed. Then, results on the 
multiplicity dependence of jet-like two-particle correlation structures are shown. Finally, p-Pb 
femtoscopic radii of the pion-emitting source are compared with different colliding systems, 
such as pp and Pb--Pb. 

1 Introduction 

Heavy-ion collisions have provided striking evidences for the existence of collective phenomena 
involved in particle production 1 . Sources of collectivity can be several: a common source of 
produced particles, rescattering between constituents and/or hydrodynamics. The latter seems 
rather successful in describing heavy-ion results. 
Lately, collective phenomena have been investigated also in p-Pb collisions. Given the multiplic­
ity reached in this collision system (high multiplicity p-Pb is comparable to peripheral Pb-Pb), 
the "fireball" (if present) is expected to be small. Initial state fluctuations, then, are foreseen 
to play an important role. 
Surprisingly, p-Pb and Pb-Pb collisions have revealed interesting similarities. As first astonish­
ing results, the double ridge z,3,4 and the mass ordering of the v2 of pions, kaons and protons 5 

from two-particle correlations have raised the question whether collective effects are also present 
in such small systems. 
New measurements from ALICE investigating the multiplicity dependence of soft physics ob­
servables in p-Pb collisions are presented in these proceedings: flow coefficients v2 and V3 from 
multiparticle cumulants 6 ( 2), jet-like two-particle correlations 8 ( 3) and femtoscopic radii of the 
pion-emitting source 13•14 (4) .  

2 Multiplicity dependence of flow coefficients v2 and v3 

As collectivity is a correlation between many particles, multi-particle correlation methods are 
used to investigate it. Multi-particle azimuthal correlations, though, also contain contributions 
from jets and resonances. An effective approach to reduce such contributions is the use of 
multi-particle cumulants en{ m} a, which can be qualitatively depicted as standard correlators 
averaged over all the events. The effectiveness of this approach increases with a higher number 
of correlated particles m, since all non-flow contributions up to m - 1  are removed, and/or with 
a larger pseudo-rapidity gap between them. 

"n is the order, m is the number of correlated particles. 
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Figure 1 - Midrapidity multiplicity dependence of v2 in p-Pb (left) and in Pb-Pb (middle) and vs (right) in p-Pb 
and Pb-Pb.6 

From the cumulants, one can directly calculate the flow coefficients 7: for instance, the relation­
ship between the second-order two-particle cumulant and the elliptic flow is v2{2} = Jc2{2}. 

Figure 1 shows the v2 in p--Pb (left panel) and Pb-Pb (middle panel) and the V3 (right panel) 
in p-Pb and Pb-Pb as a function of midrapidity ( l77labl < 1 )  charged particle multiplicity in the 
range 0.2 < PT <  3.0 GeV/c. As expected, the v2{4} values are systen1atically lower than the 

v2{2} ones, since non-flow contributions up to the third order are removed. A first remarkable 
observation is the agreement between v2{ 4} and v2{6} in Pb-Pb collisions, supporting the 
picture of collectivity. We then observe that v2{2} and v2{4} in p-Pb are smaller that v2{2} 
and v2{ 4} in Pb-Pb at similar multiplicities. On the contrary, v3 does not differ between p--Pb 
and Pb-Pb in the overlapping multiplicity region. This would suggest that the V3 could be 
mainly dominated by a common physics process in the two collision systems. 

3 Multiplicity dependence of jet-like two-particle correlations 

The long-range two-particle correlations in p-Pb collisions have been extensively studied 2•5 . 
However, useful information for the physical interpretation of the double-ridge structure comes 
also from the jet-like structure, which emerges in both long- and short-range correlations. Jet­
like two-particle correlations create a peak in the near side (A(/)=0,.6.77=0) and an elongated 
structure in .6.77 in the away side (Ll'P = 1f) . Therefore, to extract these jet-like contributions in 
the near side it is enough to apply a .6.77 cut and to subtract the long-range (1 .2 < J.6.771 < 1 .8) 
from the short-range ( l.6.771 < 1 .2) correlations. On the away side, though, the jet- and ridge-like 
contributions are mixed together. However, one can mirror the near-side long-range correlations 
in the away-side and subtract them from the total correlations in the away-side. The underlying 
assumption is that the double ridge is symmetric around A(/) = 1f /2. The effects due to the 
non-symmetric v3 affect the away side only. The yields of the jet-like peaks extracted using this 
technique are then studied as a function of multiplicity. 
A useful way of characterizing the multiplicity is by classifying events according to multiplicity 
classes, which are defined as percentile intervals of the multiplicity distribution measured with a 
specific detector 9 . The 0 - 53 class corresponds to the highest multiplicity, while the 95 - 1003 
to the lowest one. 
In Fig. 2 the near-side per-trigger yield evaluated in 0.7 < PT,assoc < PT,trig < 5 GeV /c is 
presented as a function of multiplicity class measured with the forward detector VO-A lO. The red 
points are obtained after the aforementioned subtraction of long-range correlations is performed. 
Their flatness in 0 - 603 can be interpreted as if higher multiplicity events are not built up by 
a higher number of associated particles per trigger particle (i.e. per minijef), but rather by a 

•Minijets are jets in the low-pr region, where QCD is non perturbative. 
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Figure 3 - Femtoscopic radii in three directions (out, side, long) as a function of the cube root of the measured 
charged-particle multiplicity density for many collision energies and systems.13 

higher number of minijets per event. This is compatible with a model of minijets stemming from 
incoherent fragmentation of multiple parton interactions (MPis) . The black points, instead, are 
obtained if the long-range correlations are also included and they show an increasing trend with 
multiplicity. Thus, this is a possible hint of a different physical origin for jet- and ridge-like 
phenomena. 

4 Femtoscopic radii of the pion-emitting source 

One of the observables characterizing the bulk collective system is the size of the particle-emitting 
region at freeze-out, which can be extracted for pions from femtoscopic techniques 11•12 . 
Two-pion correlation functions are extracted 13 as a function of the momentum difference of 
the pair q in three different directions (long along the beam axis, out along the pair transverse 
momentum, side perpendicular to the other two). Femtoscopic effects become important for q 
below 0.4 GeV/c. 

The radii extracted with a Gaussian fit of the correlation functions in the three directions are 
shown in Fig. 3 as a function of (dNch/dry)113 , since it has been observed that they scale roughly 



with the cube root of the measured charged-particle multiplicity density for many collision 
energies and initial system sizes. In fact, the pp, p-Pb and Pb-Pb radii evolve linearly with 
it, but with a significantly different scaling. The p-Pb radii agree with the pp ones at low 
multiplicities, but they diverge at higher multiplicities. Consistent results are found with a 
three-pion cumulants analysis 14 , where radii in p-Pb are observed to be 5-15% higher than in 
pp and 35-55% lower than in Pb-Pb. 

5 Conclusions 

The soft physics observables in p-Pb collisions measured by ALICE add new information for the 
interpretation of results such as the double ridge in two-particle correlations, and in general for 
addressing the question whether collectivity is formed in such small systems. The multiparticle 
cumulants method has proven to be very effective in isolating genuine correlations among many 
particles. At similar multiplicity, the elliptic flow v2 obtained in p-Pb is observed to be smaller 
than in Pb-Pb, while the triangular flow v3 overlap, suggesting for the latter a common physics 
process in the two collision systems. A study of the jet-like correlations above the double ridge 
and of the minijet-yield evolution with multiplicity has shown that jet- and ridge-like phenomena 
likely arise from different physical mechanisms and are additive. This analysis also allows for 
a better characterization of the particle production in terms of minijets and multiple parton 
interactions. Finally, femtoscopic techniques grant the possibility of estimating the size of the 
source of pion emission and of comparing it among different collision energies and systems. In 
p-Pb, it is found to be larger than in pp, though comparable at low multiplicities, and smaller 
than in Pb-Pb. The combination of these results provide a strong challenge and constraints for 
theoretical models. 
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PARTON ENERGY LOSS AND PARTICLE PRODUCTION AT HIGH 
MOMENTA FROM ALICE 
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Princetonplein 5, 3508 TA Utrecht, The Netherlands 

Partons, produced in the early stages of heavy-ion collisions, lose energy while propagating 
through the collision medium. This energy loss can be studied by comparing particle yields 
in different systems (pp, p-Pb, Pb-Pb). In addition, particle yields in different systems can 
be used to study hadronization mechanisms. 

1 Introduction and analysis 

The heavy-ion program at ALICE is aimed at studying strongly interacting matter in ultra­
relativistic nuclear collisions where the formation of a Quark-Gluon Plasma (QGP), a deconfined 
state of quarks and gluons, is expected 1 .  Hard partons that propagate through this matter 
are predicted to lose energy via (multiple) scattering and gluon radiation. As a result, PT 
spectra of final state hadrons and jets will be modified with respect to yields derived from a 
simple superposition of incoherent proton-proton collisions. This modification, quantified by the 
nuclear modification factor, RAA, is used to study parton energy-loss mechanisms and medium 
properties. Disentangling energy-loss signatures from initial state nuclear effects which may also 
modify transverse momentum spectra - such as nuclear PDF shadowing2 - requires a comparison 
of the RAA to the nuclear modification factor for proton-nucleus collisions, called RpA· These 
proceedings give an overview of recent ALICE results on the nuclear modification factor for 
Pb-Pb collisions as well as p-Pb collisions. 

ALICE3 is a general-purpose heavy-ion experiment at CERN. Its central barrel includes an 
Inner Tracking System (ITS), Time Projection Chamber (TPC), Transition Radiation (TRD) 
and Time Of Flight (TOF) detector used for tracking (ITS, TPC) and identification (TPC, 
TOF, TRD) of charged particles. At high momenta (> 1 GeV /c) identification is complemented 
by a small acceptance ring imaging Cherenkov detector. Neutral mesons are reconstructed using 
an electromagnetic calorimeter; muons with a forward muon spectrometer. 

The nuclear modification factor RAA is defined as 

RAA = 
d2NAA/dpTd7] 

(TAA) · d2o-pp/dPTd1J 
(1) 



� 2 " r  
etc. 1.8 : �:: ��� :����} 
� 1_6 \Js;�2.76TeV, 0-5% 

eta. 1.4 

• h�. p-Pb \Js; �-�.,;2TeV, NSD (ALICE) 

* y,P1>-Pb ys;;;.276TeV, 0-10% (CMS) 

'� w�. Pl>-Pb 'IS;· 2.76TeV, 0-10%(CMS 

• z", Pt>-Pb 'fS;.;= 2.76TeV, 0·10%{9MS} 

:i': -I Ltl ... 

' l  
����so:-o �.�o ' "  50 ' 60 70 80 so 100 

Pr (GeV/c) or mass (GeV/c'-) 

Figure 1 - Charcd hadron RAA in central col­
lisions and RpA at mid-rapidity 6 . 

<>: 1.2 �--------�--------� r[ ALICE Pb-Pb \05NN= 2 76 TcV 

1 -1- - - - -

+ Data 0 - 10% 

O.B 
- JEWEL 

- YaJEM 
0.6 

0.4 

0.2 

ocorrela!edunC13r1amty 
llShapeuncertainty 

Artt1-k,- R = 0 2  1'110/ < 0.5 P;adoh:>5 GeV/c 
- - - - - - - - - - - -1 

+ Data 10 - JO% 
1·:carrelatedunCl3rta1nty 

Shape uncertainty ··· · JEWEL 
- - YaJEM 

o������������������� 
0 50 100 

PT.iet(GeV/c) 
50 100 

Pr.iet(GeV/c) 
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peripheral collisions compared energy-loss models 9. 

where d2 NAA/dpTdT/ represents the differential particle yield in nucleus-nucleus collisions and 
d2app/dpTdT/ is the cross-section in proton-proton collisions. The nuclear overlap function (TAA) 
is derived from a Glauber model 4 and proportional, in each centrality class, to the number of 
binary collisions (Neon) .  At high PT and in the absence of medium effects the RAA is expected 
to be 1 ;  at low momenta, the spectral shape is dominated by soft processes and such a scaling 
is not expected to hold �- As QGP formation is not predicted in pA collisions, RpA (measured 
similarly) can be used to disentangle (cold) nuclear effects from QGP effects. 

2 RAA and RpA of (identified) particles and jets 

Fig. 1 shows the charged particle RAA measured at y'SNN = 2 .76 TeV in central collisions 
compared to the charged hadron RpA at y'SNN = 5.02 TeV and the RAA of particles which are 
not sensitive to QCD dynamics (I, w±, z0) .  RAA of the /, w± and z0 is 1 within uncertainties, 
confirming the (Neon) scaling. The suppression of the charged hadron yield (RAA < 1) in Pb-­
Pb collisions is not seen in p-Pb collisions (RpA = 1 ) ,  which indicates that the suppression in 
Pb-Pb collisions is a result of final state effects, most likely parton energy loss. Similar behavior 
is observed in the RAA of jets, shown in Fig. 2. The suppression of the jet yield indicates strong 
out-of-cone radiation of jet energy for central and semi-central collisions. Comparisons to jet 
energy-loss models JEWEL 7 and YaJEM8 show a qualitative agreement (x2 of 0.368 and 1 .690 
respectively 9) with the data. Models based on gluon saturation 10111 (Fig 3, top panel) and 
nPDF shadowing 12113 (lower panel) predict small initial state nuclear effects at mid-rapidy in 
p-Pb collisions; this is confirmed by data as the measured RpA is in agreement with unity for 
PT > 4 GeV/c. 

The RAA and PT spectra of identified particles can be used to study hadronization mecha­
nisms. Fig. 4 show the ratio of proton to pion spectra and kaon to pion spectra in Pb-Pb and 
pp collisions. For PT < 5 GeV /c the Pb-Pb ratios are strongly enhanced with respect to the 
pp measurement. This enhancement is consistent with a common velocity boost 14 (radial flow) 
which leads to a mass-dependent modification of the PT spectra. The Krakow and EPOS 15•16 
models, based on a hydrodynamic collision medium, are in better agreement with the data than 
the Fries 17 model, which assumes recombination as the dominant hadronization mechanism. In 
central collisions, the ¢>-meson spectrum (not shown, see 18 ) is similar in shape to the proton 
spectrum, supporting the dominance of radial flow as the </J is a meson with a mass close to the 
proton mass. At high momenta (> 10 GeV /c) the particle ratios in pp and Pb-Pb collisions are 
equal, indicating vacuum-like hadronization through fragmentation. 

Fig. 5 shows the RpA of identified hadrons ( 1f±, K±, pp and BB, the latter reconstructed in 
the B -+  A +  1f channel) . For PT > 10 GeV /c the RpA is consistent with unity (and therefore no 
final state effects); at intermediate momenta however, a mass ordering similar to that in Pb-Pb 
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collisions is observed, prompting the question of whether or not this ordering is the result of 
collective behavior in small systems. 

3 Centrality dependence in small systems: QpPb 

To characterize dynamics of small systems more precisely, a 'centrality'-dependent nuclear mod­
ification factor, QpPb, is introduced in p-Pb collisions. Multiplicity fluctuates strongly for a 
given impact parameter 19 ,  leading to a biased QpPb when centrality and (Neon) are derived 
directly from the number of tracks in the same T/ range. This is illustrated in Fig. 7, where such 
a measurement (points) is compared to a model (lines) comprising incoherent PYTHIA 20 events 
coupled to Glauber geometry. The observed agreement shows that the centrality dependence of 
the QpPb is an artifact of multiplicity fluctuations and not a result of nuclear effects. 

Separating the centrality determination and the estimate of the (Neon) in T/ is expected to 
suppress the bias from multiplicity fluctuations. Fig. 8 shows the QpPb measured by estimating 
the centrality via Zero Degree Calorimeters (situated 116 m from the interaction point) and 
deriving (Neon) from the charged particle multiplicity at mid(left)- or forward(right) rapidities 
using VZERO scintillators 3. In both figures, QpPb shows no centrality dependence and is in 
agreement with unity above PT "'=' 10 GeV /c . . The same is seen in Fig. 6 where QpPb of jets 
is shown - the agreement with unity at high PT in all centrality classes confirms that the jet 
suppression seen in Pb-Pb collisions is a medium effect. 
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Figure 8 - QpPb with Zero Degree Calorimeter as centrality 
estimator for two (Nc0u) estimates 19 .  

4 Conclusion 

The nuclear modification factor of hadrons and jets is measured in Pb-Pb and p-Pb collisions. 
A strong suppression is observed in Pb-Pb, but not in p--Pb measurements, confirming that 
partons lose energy in the medium that is formed in the collision. The RAA shows that relative 
PnPrgy loss decreases with increasing parton momenta. 

From ratios of identified particle spectra it is concluded that mass rather than recombination 
determines the shape of spectra at low PT, whereas at higher PT fragmentation is likely to be the 
dominant hadronization mechanism. The RpA of identified hadrons exhibits a mass ordering 
similar to the one observed in Pb-Pb, raising interesting questions about the observation of 
collective effects in small systems. 
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HEAVY QUARKS AND QUARKONIA FROM PHENIX 
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The PHENIX experiment at the Relativistic Heavy Ion Collider has studied production of 
open and closed heavy flavor using a broad set of observables in various collision systems, 
p+p, d+Au, Cu+Cu, Cu+Au, Au+Au, U+U, with some of the measurements repeated at 
different beam energies. Such a rich set of results is important to disentangle the effects of the 
cold and the hot nuclear matter. We present the recent results on J/\lfproduction in Cu+Au 
collisions and T measurement in Au+Au collisions at y'SNN=200 GeV, where suppression of 
the yields compared to p+p collisions was observed, with a rapidity dependent asymmetry 
found for the former system. We also present the results of the open heavy flavor production 
in Au+Au collisions at y'SNN=62 GeV, measured through the single electron channel, where 
we found an enhancement of the yield and a non-zero elliptic flow. Finally, we report the 
newly extracted bb cross-section measured in d+Au collisions at y'SNN=200 GeV. 

1 Introduction 

Heavy flavor probes, i.e. hadrons carrying charm or bottom quarks, are powerful tools to study 
nuclear matter under extreme conditions. Since the heavy quarks are mainly produced in the 
initial hard scattering of partons, they are subject to signatures from all phases of evolution of 
nuclear collisions. Some of the heavy quark-antiquark pairs form bound quarkonia states and 
some hadronize into particles with one heavy quark or antiquark, denoted as open heavy flavor. 

Signatures of the quark-gluon plasma (QGP) formation, such as suppression of the quarkonia 
yields or sequential melting of bound charmonium or bottomonium states have been established, 
however the extraction of medium properties from these observations is not easy, since many 
competing mechanisms can result in enhancement or suppression of the yields. The modification 
of yields in nuclear collisions is quantified by the ratio to the yields in p+p collisions, scaled by 
the number of expected binary collisions, Ncoll ·  This ratio is known as the nuclear modification 
factor: 

(1 )  

In addition t o  QGP effects, the heavy quark production can b e  modified i n  the nuclear 
target, by the so called cold nuclear matter ( CNM) effects such as modification of part on density 
functions in a nucleus (nPDF), initial state parton energy loss, Cronin effect or quarkonium 
breakup in hadronic medium. To disentangle those effects, measurements of different collision 
systems at different energies are desirable. The PHENIX experiment capitalizes on RHIC's 
capabilities to provide such collisions systems. Here we report four recent results, which address 
the above-mentioned topics. 



2 Recent results 

2.1 J /\II in Cu+ Au collisions at ..JSNN=200 Ge V 

The asymmetric collisions use the fact that the CNM effects will have a different rapidity de­
pendence - e.g. parton distribution modifications should be different at backward aud forward 
rapidities due to the asymmetric masses of the colliding nuclei. In addition, the different path 
length of the J /\II in the colliding nuclei should affect the magnitude of the initial state en­
ergy loss and cc breakup in nuclear collisions. PHENIX measured Cu+ Au collisions at y'SNN= 
200 GeV during the 2012 run. The J/\II particles were measured in the Jj\II ---+ µ+µ- channel 
in two rapidity regions 1 .2 < y < 2.2 (forward, Cu-going) and -2.2 < y < -1.2 (backward, 
Au-going). The obtained nuclear modification factor1 in the two regions is shown in Fig. 1 
(left), along with the results from Au+Au collisioni! for reference. The observed suppression 
is systematically larger for forward rapidities, which one would not expect in the QGP, where 
the suppression should be higher in the backward region with a larger particle density. More 
insight can be obtained from the forward-to-backward RAA ratio, shown in Fig. 1 (right). It is 
in a fair agreement with the expectations from a model of cold nuclear matter effectSJ,4 ,  based 
on EPS09 nPDFs and cc breakup cross section. Hence, one can conclude that the CNM effects 
are primarily responsible for the forward/backward suppression asymmetry. 
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Figure 1 - Left is the nuclear modification factor, RAA, as a function of number of collision participants, Npart· 
Values for J/\Jiat forward (Cu-going) rapidity are shown as closed circles and at backward (Au-going) rapidity as 
open circles'. Data from Au+Au collisiorni' are also shown for reference. Right is the ratio of forward-to-backward 
rapidity (Cu-going/ Au-going) J /\Ji yields, together with a modeP•4 of the cold nuclear matter contributions. 

2.2 Y in Au+Au collisions at ..JSNN=200 GeV 

The Y is an excellent probe of QGP temperature since its three states (18, 28, 38) have different 
binding energies, the higher mass states being more loosely bound. Hence the hot medium will 
more strongly dissociate the more loosely bound states. However, the regeneration of quarkonia 
in QGP directly competes with the suppression from the dissociation. In principle, the regen­
eration can happen by coalescence from independent b and b quarks or by their recombination 
from the original dissociated quarkonium. However, the former has a negligible probability at 
RHIC energies since the average number bottom quark pairs in a collision is much smaller than 
one. The latter is a small effect at RHIC energies". 

PHENIX has measured the nuclear modification of the combined Y (18+28+38) states in 
Au+Au collisions y'SNN= 200 GeV at mid-rapidity ( ly l < 0.35), where the Y particles were 
reconstructed through the Y ---+ e+e- channel. The result' is shown in Fig. 2, along with the 
measurement of the same collision system by STAR? and the measurement of Pb+ Pb collision 
at y'SNN=2.76 TeV by CMS". The result is consistent with the full suppression of the 28 and 
38 states at this energy. 
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Figure 2 - Nuclear modification factor measured by PHENIX" a.s a function of Npact compared to STAR result7 
for Au+Au at y'sNN=200 GeV and CMS result' for Pb+ Pb collision at y'sNN= 2.76 TeV. 

2.3 Open heavy fiavor in Au+ Au collisions at y'siiii=62 Ge V 

PHENIX has measured open heavy flavor at mid-rapidity using electrons from semi-leptonic 
decays of hadrons containing one heavy quark. These electrons are identified by subtracting the 
cocktail of photonic electrons from the integral electron yield. While the resultSJ from Au+ Au 
collisions at y'SNN=200 GeV indicated a suppression in the most central events, compared to 
Neall scaled p+p collisions, the new result1° from Au+Au collision at y'SNN=62 GeV shows a 
systematic enhancement as depicted in Fig. 3 (left) , although with large uncertainties. One could 
speculate that this difference in modification can be due to a larger Cronin enhancement and 
smaller energy loss at the lower energy. We have also determined the elliptic flow of the heavy 
flavor electrons and compared it to models11•12 , which describe it well for transverse momenta 
below 2 GeV /c, as shown in Fig. 3 (right) . 
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Figure 3 - Left is the nuclear modification factor, RAA for electrons from heavy-flavor decays in 0-20% central 
Au+Au collisions at y'sNN= 62.4 GeY.0. Right is the heavy-flavor electron v2 in Au+Au collisions at y'sNN= 

62.4 GeY.0 compared with modelsn,iz . The RAA is calculated using the ISR p+p baseline13•14•15 • 

2.4 bb cross-section from d+ Au collision at y'sNN =200 Ge V 

In addition to single electrons, the open heavy flavor at mid-rapidity can be accessed through 
the dielectron (e+e- ) channel. The heavy flavor yield is obtained by subtracting the cocktail 
of pseudoscalar and vector mesons along with the Drell-Yan contribution from the invariant 
dielectron yield. The remaining yield is fit with the simulated shape of open charm and bottom 
decays. The simulations were done using two different generators, Pythia16 and MC@NLC>17 and 
both describe the data18 reasonably well, as demonstrated in Fig. 4. The cross-section for the 
cc could not be extracted due to strong model dependence of the generators, but this model 
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Figure 4 - The left panel compares the mass dependence of e+e-pair yield with Pythia16 and MC@NLo'7 calcu­
lations and the right panel shows the comparison for the PT dependence. The gray region in the left panel is not 
used for the fitting and is excluded from the PT projection'8 . 

dependence was shown to be negligible18 for the bb, since it is kinematically smeared out due 
to the large b quark mass. Hence, we report the invariant cross section for the bb production 
in d+Au collisions at y'SNN=200 GeV of a�tu = 1 .27 ± 0.28(stat) ± 0.46(syst) mb or in terms 
of nucleon-nucleon equivalent cross section arr = 3.4 ± 0.8(stat) ± 1 .l(syst) µb. 

3 Summary 

PHENIX has added four new results to the very rich set of heavy flavor measurements. The 
measurements of quarkonia, J/w, and Y show they are suppressed in nuclear collisions compared 
to p+p collisions, as expected at energies of y'SNN=200 GeV. In addition, the results of the 
asymmetric Cu+Au collisions offer the possibility of disentangling the CNM effects from those of 
the QGP. The open heavy flavor measured through the dielectron channel allowed the extraction 
of the bb cross section from the d+Au collisions at y'SNN=200 GeV. At lower energy, y'SNN=62 
GeV, we observed an enhancement of the open heavy flavor yield measured by single electrons 
and a non-zero elliptic flow. 
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QUARKONIA AND HEAVY-FLAVOUR RESULTS FROM ALICE 

M. GAGLIARDI for the ALICE Collaboration 

Universita degli Studi and Sezione INFN, Torino, Italy 

Quarkonia and heavy flavour are important probes of the hot and dense QCD medium formed 
in high-energy heavy-ion collisions, through the modification of their yields and kinematical 
distributions. Measurements of their production in proton-nucleus collisions are crucial for 
the interpretation of heavy-ion results, as they allow one to study cold nuclear matter effects. 
Quarkonia and heavy-flavour production in Pb-Pb collisions at the LHC is measured in ALICE 
at both forward and mid-rapidity, by exploiting several experimental techniques. The main 
results obtained in Pb-Pb and p-Pb collisions are presented. 

1 Introduction 

The ALICE 1 experiment at the Large Hadron Collider (LHC 2) studies QCD matter in ultra­
relativistic heavy-ion (Pb--Pb) collisions at energy densities much larger than that of ordinary 
nuclear matter. Under these conditions, finite temperature QCD calculations on the lattice (see 
e.g. 3) predict a transition to a deconfined state of matter known as Quark-Gluon Plasma (QGP). 
Heavy-flavour particles (open-charm and open-beauty hadrons) are a major tool for probing the 
properties of the QGP. They are sensitive to the medium density, through the mechanism of in­
medium parton energy loss, which causes modifications of the momentum distributions in Pb-Pb 
collisions with respect to those in pp. The sensitivity of heavy quarks to collective effects in 
the medium can be studied via the azimuthal angle distribution of heavy-flavour particles in 
non-central collisions (elliptic flow) . Quarkonium production suppression by colour screening 
was one of the first signatures proposed for the QGP 4. Charmonium (re)generation due to 
the recombination of initially uncorrelated c and c quarks may also become relevant at LHC 
energies 5 . In p-Pb collisions, where no long-lived QGP is expected to be formed, heavy-flavour 
and quarkonium production can be affected by cold nuclear matter (CNM) effects, in both 
the initial and the final state. Since these effects are also present in Pb-Pb collisions, their 
measurement in p-Pb collisions is crucial for the interpretation of the results. Heavy-flavour 
particles produced at mid-rapidity ( IYI < 0.9) are detected in ALICE by full reconstruction of 
D-meson decay topologies with displaced vertices, and by measuring the spectra of electrons 
from decays of heavy-flavour hadrons. At forward rapidity (2.5 < y < 4), their production is 
studied via their semi-muonic decays. Quarkonium production is measured at mid-rapidity via 
di-electron decays and at forward rapidity via di-muon decays; for both channels, the acceptance 
extends down to transverse momentum PT = 0. 
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2 Heavy-flavour results 

2. 1 Highlights from Pb-Pb collisions 

The D-meson nuclear modification factor (RAA) in Pb-Pb collisions 6 is shown as a function 
of PT in Fig. 1 ,  left , for two centrality classes. A suppression by a factor up to !"> in cientral 
collisions is observed for PT > 5 GeV /c. The RAA of electrons and muons 7 from heavy-flavour 
decays is shown in Fig. 1 ,  right, where a suppression by about a factor of 3 is observed. The 
pattern and the magnitude of the suppression are very similar for mid- (electrons) and forward 
(muons) rapidity. Measurements (not shown) of the elliptic flow of D mesons9 and leptons from 
heavy-flavour decays show non-zero v2 at intermediate PT in semi-central collisions, pointing to 
a participation of charm quarks in the collective expansion of the medium. Theoretical models 
struggle to reproduce simultaneously the heavy-flavour RAA and v2 9 . 
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Figure 1 - Left: D-meson nuclear modification factor as a function of PT in p-Pb and Pb-Pb collisions 6 8. Right: 
nuclear modification factor of muons 7 and electrons in Pb-Pb collisions as a function of PT · 

2.2 Results from p-Pb collisions 
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Figure 2 - Nuclear modification factor of muons from heavy-flavour decays in p-Pb collisions as a function of PT 
at forward (left) and backward (right) rapidity, compared to theoretical models. 

The nuclear modification factor RpPb of D mesons in p-Pb collisions 8 is shown in Fig. 1 ,  
left. It is compatible with unity, and reproduced within uncertainties by perturbative QCD 
(pQCD) calculations including CNM effects such as shadowing and energy loss, or Colour Glass 
Condensate8 (not shown) .  The Rppb of muons from heavy-flavour decays is shown as a function 
of PT in Fig. 2 for two different rapidity ranges: backward (Pb-going direction) and forward 
(p-going direction). The RpPb of electrons at mid-rapidity is shown in Fig. 3, left . For both 
electrons and muons, the results are compatible with no suppression, and are reproduced by 
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Figure 3 - Left: nuclear modification factor of electrons from heavy-flavour decays in p-Pb collisions as a function 
of PT at mid-rapidity, compared to a theoretical calculation. llight: heavy-flavour electron-hadron correlation 
function in azimuth and pseudo-rapidity, for 1 < PT < 2 GeV /c and for the 0-20% multiplicity class, after 
subtraction of the 60-100% class. 

pQCD calculations including CNM effects. These results suggest that the nuclear modifications 
of heavy-flavour production seen in Pb-Pb collisions are due to effects from the hot and dense 
medium. Figure 3, right, shows the azimuthal correlations between electrons from heavy-flavour 
decays and charged hadrons, in the trigger-particle (electron) transverse momentum range 1 < 
PT < 2 GeV /c and for the highest event-activity class, after subtraction of the lowest class to 
remove jet-like correlations. A double-ridge structure (not seen at higher P1:) appears, similar 
to what was observed for hadron-hadron correlations 10 . These results point to the presence of 
collective effects in p-Pb collisions, although a solid theoretical interpretation is not yet available. 

3 Quarkonium results 

3. 1 Highlights from Pb-Pb collisions 

The J/'lj; RAA at forward rapidity in Pb-Pb collisions 11 is shown as a function of PT in Fig. 4, 
left. A suppression is observed, more pronounced at high PT and relatively small at low PT· 
Such a PT dependence, not observed in lower-energy experiments at the Relativistic Heavy 
Ion Collider where a constant RAA was observed 12 , is compatible with models where part of 
the J/'lj;s are produced via (re)generation in the QGP or at the phase boundary (see references 
in 11) .  Such a hypothesis is corroborated by a hint of non-zero J /'1/J v2 at intermediate PT in semi­
central collisions 14 (not shown). Figure 4, right, shows the Y(lS) RAA at forward rapidity as a 
function of the number of participants in Pb-Pb collisions 15 . A suppression is observed, larger 
than expected from suppression of feed-down from higher-mass resonances alone. The measured 
suppression is larger than the one observed at mid-rapidity by the CMS experiment 16. 
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Figure 4 - Left: J / ,P nuclear modification factor as a function of PT in Pb-Pb collisions 11 , compared to the 
product of the backward- and forward-rapidity RpPb 13. Right: T(lS) nuclear modification factor in Pb-Pb 
collisions as a function of the number of participants, compared to the CMS result 16 15 .  



3.2 Results from p-Pb collisions 

The J / 1/; RpPb 17 in two rapidity ranges is shown in Fig. 5, left. The results are compatible with 
no suppression at backward rapidity and slight suppression at forward rapidity, in agreement 
with models including shadowing and energy loss. Assuming factorisation of CNM effects, one 
can comparP. RAA with the product of RpPb in the forward and backward regions, as a function 
of PT (Fig. 4, left). It emerges that the magnitude and trend of the suppression in Pb-Pb 
collisions are not accounted for by CNM effects alone, and can hence be ascribed to the hot and 
dense medium. The 1/;(28) RpPb 18 in two rapidity ranges is shown in Fig. 5, left. At backward 
rapidity, the observed suppression is significantly larger than that of J/1/;. An event-activity­
dependent analysis (not shown) has shown that the suppression occurs in the most "central" 
collisions. A possible explanation for such observations is the suppression of the 1/;(28) resonance 
by interaction with co-moving particles 19 .  The Y(lS) Rppb 20 in two rapidity ranges is shown 
in Fig. 5, right. The suppression is compatible with that of J/1/; in the same ranges. Models 
including shadowing and energy loss tend to overestimate RpPb at backward rapidity. 
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Figure 5 - Nuclear modification factor of Jj'lj;, 7f;(2S) (left) and Y(lS) (right) in p-Pb collisions 17 18 20 , compared 
to theoretical models. 
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The origin of thermal component in the transverse momentum spectra in high 
energy hadronic processes 

A.A. Bylinkin 
Laboratory of High Energy Physics, Moscow Institute of Physics and Technology, 

Institutsky per. 9, Dolgoprudny, Russia 

The transverse momentum spectra of hadrons produced in high energy collisions can be de­
composed into the two components: the exponential ("thermal" ) and the power ( "hard" ) 
ones. Recently, the Hl Collaboration has discovered that the relative strength of these two 
components in Deep Inelastic Scattering depends drastically upon the global structure of the 
event - namely, the exponential component is absent in the diffractive events characterized by 
a rapidity gap. We discuss the possible origin of this effect, and speculate that it is linked 
to the mechanism of confinement. Specifically, we argue that the thermal component is pro­
duced in the fragmentation of the color string due to the effective event horizon introduced 
by confinement, in analogy to the Hawking-Unruh effect. In diffractive events, the t-channel 
exchange is color-singlet and there is no fragmenting string - so the thermal component is ab­
sent. Analyzing the data on non-diffractive pp collisions, we find that the slope of the thermal 
component of the hadron spectrum is proportional to the saturation momentum that drives 
the deceleration in the color field, and thus the Hawking-Unruh temperature. 

The transverse momentum spectra of hadrons produced in high energy collisions can be 
accyrately described by the sum of power ( "hard" ) and exponential ("soft" ) components. The 
hard component is well understood as resulting from the high momentum transfer scattering 
of quarks and gluons, and their subsequent fragmentation. The "soft" one is ubiquitous in 
high energy collisions and has the appearance of the thermal spectrum - but its origin remains 
mysterious to this day. Indeed, while in nuclear collisions one may expect thermalization to take 
place, it is hard to believe that thermalization can occur in such processes as Deep-Inelastic 
Scattering or e+e- annihilation. Moreover, not only the transverse momentum spectra but also 
the abundances of hadrons in these elementary processes appear approximately thermal i,2,3 . 

The universal thermal character of hadron transverse momentum spectra and abundances 
in all high energy processes can hardly be a coincidence and begs for a theoretical explanation. 
One attempt to understand it is based on the hypothesis that confinement is associated with 
an event horizon for colored particles. The quantum effects then produce the thermal spectra 



of hadrons, similarly to the Hawking evaporation of black holes or Unruh radiation. The color 
string stretching between the colored fragments in a high energy collision contains the longi­
tudinal chromoelectric field. This field deccelerates the colored fragments producing a Rindler 
event horizon. Quantum fluctuations in the vicinity of the event horizon then result in the 
thermal production 4•5•6 . A novel prospective on this phenomenon is offered by the holographic 
gauge/gravity correspondence, in which high energy collisions lead to the creation of trapped 
surfaces (with corresponding event horizons) in the bulk AdS space 7•8•9•10 . In string approach, 
the inelastic processes are accompanied by deceleration, and thus the thermal emission 11•12•13. 

The effective temperature of the hadron spectrum in this picture is proportional to deccel­
eration that is driven by the confining chromoelectric field. The strength of the chromoelectric 
field at low collision energies is determined by the string tension. At high energies, the quantum 
evolution effects come into play, increasing the number of gluons in the wave functions of the 
colliding hadrons; therefore the chromoelectric field becomes stronger. 

An economic and theoretically consistent way to describe this phenomenon is offered by 
the parton saturation 14, or color glass condensate 15 , picture. In this approach the density of 
partons in the transverse plane inside hadrons, and thus the strength of the color field after 
the hadron collision, is parameterized by the saturation momentum Q8(s, 17) that depends on 
the c.m.s. collision energy squared s and (pseudo-)rapidity 17. The decceleration a then appears 
proportional to the value of the saturation momentum, a � Q8• The temperature of the radiation 
from the resulting Rindler event horizon is thus given by4 

T, Qs 
th = c 27r '  (1) 

where c is a constant of order one; in 5 an estimate c co: 1.2 was given. 
The dependence of the saturation momentum on c.m.s. energy squared s and pseudo-rapidity 

17 is given by ( s ) >./2 Q; (s; ±17) = Q; (so; 1/ = 0) � exp(±.\17); (2) 
where ,\ co: 0.2 -;- 0.3 is the intercept (see e.g. 16) .  In the saturation scenario, Q8 is the only 
dimensionful parameter, so the transverse momentum spectra F(pT) have to scale as a function 
of dimensionless variable PT/Q8 17•18 : 

F(PT) = F(PT/Qs) ;  (3) 

for massive hadrons of mass m, we have to replace PT --+ ffiT = J Pf + m2. 
In ref. 19 it was found that the following parameterization describes well the hadron trans­

verse momentum distribution in hadronic collisions and deep-inelastic scattering: 

da A hard -d- = Atherm exp (-mT/Tth) + 2 , PT PT (l + �)n 
The typical charged particle spectrum fitted to this function ( 4) is shown in the Fig. 1 .  

(4) 

Within the framework described above, the parameter T is the saturation momentum, 
Q8 = T, and the effective temperature Tth is proportional to Q8 as well, as given by (1) .  
Therefore, basing on the picture outlined above, we expect the linear relation between Tth and 
T. Remarkably, such linear relation T = (4.26 ± 0. 15) · Tth has also been observed in 19. 

Moreover, since the presence of the thermal component signals deceleration in longitudinal 
color fields, we can now understand a striking experimental observation 21 : in diffractive events 
characterized by a rapidity gap, the thermal component in the hadron transverse momentum 
spectrum is absent. In our present framework, this is a straightforward consequence of the color­
singlet t-channel exchange that is responsible for diffraction - in this case there is no fragmenting 
string - and thus no deceleration. 



Figure 1 - Charged particle spectrum fitted to the function (4): the red (dashed) curve shows the exponential 
term and the green (solid) one stands for the power-like term. 

Let us now check whether the relation between 'I'th and T is indeed linear. Since the variations 
of the temperature-like parameters T and Tth as a function of pseudorapidity are expected from 
(2) , it is desirable to exclude their influence when studying the dependences of these parameters 
on the c.m.s. energy in a collision. This is possible if one combines only the data in more or 
less the same pseudorapidity intervals. Hence we look first at ISR 22, PHENIX 23 , ALICE 24 and 
UAl 20 data in the most central ( 117 1  < 0.8) pseudo-rapidity region. 
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Figure 2 - Variations of the T, Tth parameters of (4) obtained from the fits to the experimental data (full points) 
as function of c.m.s. energy ..jS in a collision and the measured pseudorapididty region 'f/· Solid lines show 
power-law fits (2) of these variations. In addition, open points show parameters for the data measured in different 
pseudorapidity intervals with dashed and pointed lines showing predictions calculated according to (2). 

The figure 2 shows the resulting from this analysis values of T and Tth as a function of c.m.s. 
energy in a collision. One can describe the energy dependence by the power-law fits (2) shown 
in figure 2: 

T = 409 . (vs)0·06 MeV, Tth = 98 . (vs)0·06 MeV. (5) 

We find a rather good agreement between the values extracted from the fit (4) of experimental 
data and expected on the basis of (2). Remarkably, from (5) one can again notice the linear 
relation between T and Tth with the proportionality coefficient 4.16 ± 0.2, which is not far from 
(2rr)/1.2 � 5.23 predicted in 5 , so c is definitely of order 1 .  

To study the variations of T and Tth parameters as  a function of pseudorapidity one can use 
the data published by the UAl experiment 20 which are presented by charged particle spectra 
in five pseudorapidity bins, covering the total rapidity interval 1111 < 3.0. Figure 2 shows how 
the parameters T and Tth vary with pseudorapidity together with the lines standing for the 



exponential behaviour predicted from eq. (2) with .>.. = 0.12 as obtained from the fits (5) to the 
experimental data. Though the data measured by the UAl experiment have been measured only 
in five pseudorapidity intervals, one can clearly notice the growth of T and Tth values, which 
is also in a good qualitative agreement with the formula (2) . Further precise measurements on 
double differential charged particle spectra should be performed at LHC to test the observed 
behaviour. 

In addition, figure 2 shows U Al 20•25 , BRAHMS 26 and CMS 27 data measured under different 
experimental conditions. In these measurements the pseudo-rapidity interval was much wider 
than in 22•23•24• Therefore, one can compare the parameter values obtained from the fits of these 
data (open points in figure 2) to the values calculated according to (2) with .>.. = 0.12, T0 and 
T1� taken from (5) and '// taken as the mean value of the measured pseudorapidity interval. 
Rather good agreement between these predictions and the experimental data can be observed 
from figure 2 further supporting the proposed behaviour described by eq. (2). 

We hope that our analysis sheds some light on the origin of the thermal component in 
hadron production. The established proportionality of the parameters describing the "thermal" 
and "hard" components of the transverse momentum spectra supports the theoretical picture 
in which the soft hadron production is a consequence of the quantum evaporation from the 
event horizon formed by deceleration in longitudinal color fields. The absence of the thermal 
component in diffractive interactions lend further support to our interpretation. It will be 
worthwhile to extend this analysis to other high energy processes. F11tur1e precise measurements 
at LHC are needed to further study the proposed picture for hadron production. 
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This talk gives a brief review of the calculation of the expectation value of a magnetic Wilson 
loop in the transverse plane of ultra-relativistic heavy-ion collisions. The average of the Wilson 
loop is determined in the first moments after the impact. 

1 Introduction 

A complete description of high-energy collisions requires a precise understanding of the initial 
conditions. The initial conditions are given by the nuclear structure of the participants in the 
collision, as well as by the structure of the matter formed in the first moments after the impact. 
How the system evolves at later times depends on the fluctuations in these first two stages. These 
conditions are the point of interest of many recent works attempting to explain the transition 
of the collision system from a quantum state far from equilibrium, before the interaction, to the 
Quark Gluon Plasma that is believe to be formed in experiments at the Large Hadron Collider 
and the Relativistic Heavy Ion Collider. 

In this talk we present the calculation of the expectation value of a spatial Wilson loop in the 
initial time of heavy-ion collisions. The computations are based on the Color Glass Condensate 
(CGC) theory for nuclear structure at high energies. The starting concept in the CGC theory 
is the classical description of the gauge fields, i.e. the McLerran-Venugopalan (MV) model for 
a large nucleus 1 .  The form of the classical field of the individual nuclei before the collision and 
of the resulting field 2, as well as the form of the chromo-electric and chromo-magnetic fields 
formed at early times3, have been calculated previously. We place a non-Abelian magnetic Wil­
son loop in the transverse plane normal to the longitudinal component of the chromo-magnetic 
field and compute its average. The numerical result gives an area law behaviour of the loop and 
indicates a presence of positive and negative domains of chromo-magnetic flux in the plane of 
the loop 4. The fluctuations of the chromo-magnetic flux may be viewed as uncorrelated vortices 
with a typical radius � 0.8/Q5• Qs denotes the saturation momentum which is the scale where 
the gluon field exhibits non-linear dynamics 5 . A perturbation theory without screening gives a 
leading non-trivial term proportional to the square of the area of the loop 6 . 

In the MV model one assumes a momentum scale that separates the partons in the wave 
function of the nucleus: the partons with large longitudinal momentum act as static sources for 
the degrees of freedom with a small longitudinal momentum fraction x. The color charge squared 



per unit transverse area, µ2, scales as µ2 � A�cvA113,  where A is the nucleon number. The 
momentum µ drives the running of the strong coupling constant, a8(µ2) ,  so for a nucleus with 
large A the coupling is small and parton distribution functions can be calculated perturbatively. 
The transverse gluon density in a large, Lorentz contracted, ultra-relativistic nucleus is high 
and the gauge fields are approximated as classical fields. Their form is obtainable from the 
classical Yang-Mills equations of motion. Quantum corrections are implemented by including a 
non-linear small-x evolution of the wave function of the nuclei. 

In the picture of classical fields, the solutions of the Yang-Mills equations for a collision 
of two nuclei are the following. Before the impact, both, the gauge fields of the target and 
the projectile are a (different) gauge transformation of the vacuum. They are the non-Abelian 
analogue of the Weizsacker-Williams field and in light-cone gauge their form is: 

a; = i_ u fiut m g m m (1) 

The subscript m, with values 1 and 2, denotes the projectile and the target respectively. Intro­
ducing the gauge potential as 

the solution to (1) can be written as 2 : 

g <Pm = - \72 Pm , 
_]_ 

(2) 

(3) 

In the forward light cone one needs to solve the equations of motion with two color currents 
representing the sources in the two nuclei, and with boundary conditions on the light cone. 
Analytical solution has been found only at proper time T = Jt2 - z2 = 0 2 . The resulting 
transverse field is a sum of two pure gauge fields: Ai = at +  a�. 

At T = 0 the transverse components of the chroma-magnetic and chroma-electric fields are 
zero. The longitudinal components are 3: 

where Eij is the antisymmetric tensor. 

2 Magnetic Wilson loop in the classical field of heavy-ion collisions 

(4) 

The non-Abelian Wilson loop is gauge invariant and is defined as an exponential of an integration 
of the gauge field matrices, Aµ, ordered along the path. The magnetic Wilson loop is given by: 

M(R) = P exp (ig f dxiAi) = 'P exp [ig f dxi (at + a�)] , (5) 

with R the radius of the loop. Note that M(R) = l1 if evaluated in the field of a single nucleus (at or a�) as those are pure gauges. 
In 4 it was shown that the expectation value of the magnetic Wilson loop in the field Ai 

produced in a collision of two nuclei is proportional to the exponent of the area A of the loop: 

1 
WM(R) = Ne (tr M(R)) � exp (-aMA) . (6) 

Here, aM is the magnetic string tension. For the SU(2) gauge group its value was estimated 
to be aM c:= 0.12Q� from the fit to the lattice data. The result (6) was obtained for areas 
A ;2'.; 2/Q;. It indicates that the structure of the chroma-magnetic flux at such scales corresponds 
to uncorrelated vortex fluctuations. This is shown in fig. 1 for proper time T = 0. For comparison, 
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Figure 1 - Expectation value of the magnetic flux loop right after a collision of two nuclei (time T = +O) as 
a function of its area A' = A Q;.  We define Q; = (CF/27r) g4µ,2. Symbols show numerical results for SU(2) 
Yang-Mills on a 40962 lattice; the lattice spacing is set by g2 µL = 0.0661. The solid and dashed lines represent 
fits over the range 4 2 A' 2 2. The short dotted line shows cos 2A' for A' < 0.3. 

in the same figure we plot he expectation value of the Z (Ne) part of the loop. The two fits have 
a similar behaviour, confirming the independent domain structure of the flux. 

The expectation value in (6) refers to averaging over the color charge distributions in each 
nucleus. For large nuclei the color sources are treated as random variables with Gaussian 
probability distribution, Physical observables are then averaged with a Gaussian (McLerran­
Venugopalan) action: 

S [ a] - � !d2x [Pi(x)phx) + p�(x)p�(x) ] d P  - 2 � � , (7) 

where µ2 is the color charge squared per unit area, related to the saturation scale via Q; � g4 µ2 . 
To obtain WM(R) we need to determine the deviation of Ai from a pure gauge: 

(8) 

where: 
(9) 

rbc are the structure constants of the special unitary group and h2 corresponds to a four gluon 
vertex of the fields, In addition, we expand the fields ai from eq. (3) perturbatively in terms of 
the coupling constant: 

i - i ig ( ij i 1 ·) [ . l ( 3 ) am - -8 <l?m + 2 6 - 8 V'}_
ffl <l?m, ffl<l?m + 0  <l?m .  (10) 

A non-trivial result for the Wilson loop gives the term of quadratic order: ai,a � gfabccpbf}i<l?c: 
The expectation value (h2) that enters in the expression for the magnetic loop involves the 

fields of both nuclei. The leading diagram is shown in fig. 2 corresponds to two sources, for both 
projectile and target, whose field is evaluated at second order in the gauge potential. The final 
result we obtain for the expectation value of the magnetic Wilson loop for classical fields ai: 7r2 Ng Q!1 Q!2 2 WM(R) c:e 1 - 64(N� - 1)3 A4 A . (11)  

In this result, A is  the area of the loop, and Q81 and Q82 are the saturation scales of the projectile 
and the target, respectively, We use the relation: 

Q2 _ g4Cp 2 
s - 27r µ ' where : (12) 



Pl � y..J p,;;��p, a 
_tr� P2 

Figure 2 - Classical contribution to the expectation value of the magnetic Wilson loop. 

The cut-off A regulates the infrared divergence of the integrals over the gluon momentum k 
shown in diagram 2. It sets the mass scale for the gluon propagator. 

The perturbative result for the expectation value of the magnetic Wilson loop gives a first 
non-trivial contribution that is proportional to the square of the area, and therefore does not 
reproduce the numerical result . The analytical expansion of the magnetic loop holds only for 
small areas, and not in the onset of area law behaviour. A term proportional to the area of the 
loop would involve single powers of the target's and projectile's saturation scales: � A Q81 Q82 4 . 
However, Gaussian contractions can only give powers of Q;1 and Q;2: 

(13) 

and therefore a term � A 2. Area law scaling of the Wilson loop presumably requires resumma­
tion of screening effects 7. "Naive" perturbation theory cannot capture the presence of screening 
corrections. 

In summary, the magnetic Wilson loop at proper time zero in heavy-ion collisions shows an 
area law behaviour which indicates a presence of independent domains of magnetic flux. The 
perturbative result for the average of the loop gives a term proportional to the area squared. 
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EARLY DAYS DISCOVERIES AND MORIOND 

K. GOULIANOS 
The Rockefeller University, 1230 York Avenue, New York, NY 10065-6399, USA 

Launched into particle physics space in 1966, the Moriond conference has been extremely 
successful in providing a forum for young and mature physicists alike, both experimentalist 
and theorists, to report results and discuss ideas for future research. Having attended 22 of 
the past "Morionds" since 1976, I present my reminiscences of the early days of Moriond. 

1 Introduction 

I am honored to be invited to speak on Early Days Discoveries and Moriond in the 50th Moriond 
celebration session. My experience is based on the conferences listed in Fig.I . 

Mostly persona/ memories from . . .  
o MORIOND - 22 attended (why Moriond?) r:· · ·•· ·�.· 

D Flaine, France 1 976-77 :ii' \ · ·1t·s 'a� about 
D Les Arcs 78-79-80-81-83-85-90-91-97-99 

. 
phyJSics & fun 

D La Plagne 1 983-84 "' 
D LaThuile 2000-1-2-3-6-8-9-11-15 7''r 

D BLOIS I EDS - 1 1  attended (why Blois?) 
· .  ..  . : i' ,.,.. 

D Chateau de Blois, France 1985 .6 · 
�·-_ 

D Rockefeller U. New York. USA 1 987 ;.--· 
·• · · . .  D Elba, Italy 1991 .... 

D Brown U, Providence, USA 1993 ------------
0 Chateau de Blois, France 1995 
D Pruhonice (Prague), Czech Rep. 2001 
D Helsinki, Finland 2003 
D Blois, France 2005 
D Desy, Hamburg, Germany 2007 
D Quy Nhon, Vietnam 2011 
D Saariselka, Finland 2013 

40��-Morlond 

Konstantinos 

Goulianos 
The Rocldeller Univ. 

New York 

It's about Tran! 

Figure 1 - Moriond-Blois Conferences I attended. 



Figure 1, as well as the other figures in this paper, has been extracted from the talk I 
presented at the conference. The original text and images of the talk were obtained either from 
files produced in a web search of from my own personal files (e.g., my talk at Moriond 1976). 

There are two items in this figure that need to be explained: 
Why Blois? The creation of the Blois (EDS, Elastic and Diffractiv<> ScattPring) conference series 

highlights the genius of Tran (Jean Tran Thanh Van) , the creator of Moriond. When he 
sensed that the subject of EDS was growing fast, he created a branch dedicated to it. He 
wisely decided to hold the EDS series not in a ski resort, like the Moriond, but in some 
interesting non-ski-oriented city, in order to widen the participation of groups around the 
world as local hosts. Blois, France, was the first such place. 

Conference name-tag. This is my first Moriond's name-tag: note the "40" inside the (red) circle. 
In the interest of saving money to make the Moriond more affordable, Tran collected all 
name-tags at the end of a conference for recycling. I had to beg him to let me keep mine, 
citing my service in advertising the conference in a Moriond legacy talk that I had given. 

Figure 2 shows that the strong mountain sun can turn one's hair from brown-black to white. 
No need for a hair dresser to make you respectable by bleaching your hair, just go to Moriond! 

Figure 2 - My ski pass from Les Arcs in 1981 (left) and 
my portrait from a Moriond talk in 2009 (right). 

Physics. Moriond is known as a ski­
conference, but physics comes first! Skiing 
provides a physical release for the participants 
from an intense program of presentations of 
new results by young and mature physicists 
and engineers. The conference is open to both 
experimentalists and theorists participating in 
a common session. It is this model that intro­
duced me to theorists and inspired my inter­
est in phenomenology, which helped me bet­
ter understand my experimental results. With 
discussions at breakfast, lunch, and dinner, 
and often heated arguments on the ski lifts, 
it builds friendships that last for a lifetime. 

2 Moriond 1976 in Flaine - My first Moriond 

I was invited to Moriond 1976 by John Illiopoulos, who was then at Rockefeller to talk on the 
observation of vpµ --+ Pµ in pp collisions in the CIR (Columbia, Illinois, Rockefeller) experiment 
at the Brookhaven AGS. To fulfill the skiing "requirement," he said, bring along your ice-skates. 

Well, when I went to the outdoor Rkating rink the day I arrived in F!aine, I saw skiers coming 
down the mountain and was fascinated. The next day I arranged for a skiing lesson, and the 
instructor put me on two-foot-long skis. I did well on them, skiing on a baby slope. After the 
lesson, he told me that I could go on my own on a certain chair and come slowly down the slope. 

I took the wrong chair by mistake and ended up on the very top of the mountain. Coming 
down was impossible, so I decided to descend by sliding on my butt. A friendly skier with a 
German accent stopped by me and asked if I needed help "to get up." No, I replied, I am doing 
OK sliding on my butt and using my skies as brakes. "Ah so!" he said and gave me a strange 
look! 

Moriond 1976 was packed with physics results and proposals for the future, too many to list 
here. The Moriond experience committed me to be coming back, and I gladly accepted Tran's 
invitation to the 1997 Moriond as a summary speaker of the "Electromagnetic and Leptonic 
Interactions" session. 



3 Moriond 1977 in Flaine - My ski-enhanced Moriond 

Excited about skiing in Flaine again, this time I brought along a pair of two-meter-long purple 
Head skis with bindings preset to expert mode. My friends, Illiopoulos and the Baltays (Charlie 
and his wife Ginnie) among them, conspired to take me to Diamond Noir, the steepest slope 
in Flaine (Fig. 3) . Ginnie goes first, falls, tumbles all the way down, breaks one ski and both 
poles, loses the other ski, and falls flat at the bottom of the slope. Oh, no! I cried, thinking of 
the worst. But then, to my great relief, she stands up and waves with her broken poles. 

Figure 3 - Flaine 1976-77: my first time on long skis (left) and the ski-run plan (Diamond Nair story in text) . 

"Your turn is next," ordered the team with a smirk. "No problem," I said and threw myself 
down the slope, making a wide turn and getting stuck on the right side of the tube-like slope 
pondering what to do next. A skier stopped by and yelled, "What on earth are you doing on this 
slope?" Recognizing him as my last year's ski instructor, I replied, "I am practicing the tips you 
gave me last year." "Good luck," he said with shaking his head in disbelief, and disappeared 
skiing down into a passing cloud. Swinging from one side of the tube to the other, I came down 
after multiple falls to the delight of my friends for my entertaining performance. 

Physics at Moriond 1977. Neutral currents, charm, and dileptons dominated the con­
ference. Martin Perl's talk confirming the discovery of the T-lepton brought down the house! 
In 1976 he show a preliminary result on the subject that raised a lot of interest, but also some 
doubts. If a third lepton were to exist, it would be probably paired with a neutrino, which would 
clash with the existing prejudice favoring the two-neutrino theory of the standard model. This 
would be revolutionary! Yet, Perl presented evidence for a third lepton in 1976 and, after more 
studies, he promoted his result to a discovery of the T in 1977. I remember him telling me about 
it on the conference bus from CERN to Flaine. I will never forget that moment. 

Figures 4, 5, and 6 present, respectively, the general categories of physics topics covered in 
Moriond 1977, Perl's contribution, and the concluding remarks of my summary talk. 
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Figure 4 - Original slide 1 of my Moriond 1977 summary talk (left) and reported discoveries (right) . 

The 't ( 'tpt'tov) Lepton 
EVIDENCE FOR, AND PROP�RT IES Or , THE NEW CHARGED HEAVY LEPTON* t 

Martin L .  Perl 
S t anford Linear Ac ce lerator Center � 

Stanford , Ca1ifornia 94305 , USA � · 

*Paper preseuted at the XII Rencontre de Moriond (Flaine , March 6-l B ,  1977 ; tn be 
published in the Proceedings of the XII Recontre de Moriond , edited by 
Tran Thanh Van , R.M. J . E  . .'I. Orsay . --- · 

Figure 5 - Nobel Laureate Martin Perl announcing the T (triton) discovery at Moriond 1977. 
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Concl ud i ng remarks at the Lepton i c  I nteractions  s e s s i o n  of the 
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Figure 6 - Concluding remarks of my summary talk "The Finish" at Moriond 1977. 

4 Moriond 1978 in Les Arcs - what an experience! 

After two years in Flaine, Tran moved the Moriond Conference to Les Arcs, another French 
resort. The physics experience was still dynamic, featuring, among others, Steve Ellis and 
Gordon Kane on gluons, Fig. 7; Leon Lederman (Leon) on the Upsilon observation, Fig. 8 (left) ; 
and myself (the Peon), Fig. 8 (right) , on diffractive hadron dissociation. 

Skiing in Les Arcs was, to say it kindly, more intense. Remembering my encounters with 
the rather unfriendly mountain slopes brings a mixed feeling of fear and accomplishment. There 
are many cutting-edge adventures to report - please query me the next time we meet. 

XIII th Rencontre de Moriond · Session 
(Savoie) France · March 12 · 1 8, 1978 

WllAT %S .:1.u GOOO l'O�i' er Gt.Uot;'S � Ol:T OF THE Cl.OBST 
STUDYING GLUOO' PROPERTIES EXPERIMENTALLY* , t 

S, D,  Bllia t 
DetHtrbnent Of Pt:.ys;.i;'5 

Urii•'Jt'lll1.ty O! Wa•hin.<]ton 
Sea-tt.lc , 1f'llll'hL1\r�, u.s  . .A� 99US 

G. L .. Rane 
Physics Department 

University of Michigan 
11nn 1'rbor, MI 48109 USA 

Figure 7 - The Moriond Proceedings 1978 cover page (left), Steve Ellis (middle), and Gorgon Kane (right). 

?SN 



Figure 8 - Leon and the Peon: Leon Lederman with Steve Ellis and unidentified participant (left), and the Peon 
(myself) demonstrating a spaghetti-eating technique I invented, with Rosana Regge (right) ignoring me! 

5 My Moriond 

Moriond is the conference that shaped my life by its ingredients: :  

Participants: All welcome: 
Professors, Students, Scientists, Engineers. 

Prerequisites: A passion for science - and skiing! 
=? Ancient Greece: healthy mind in healthy body. 

Rewards: Meet other scientists, make life-long friends. 
Meet Kim and Tran, and your hard work will be fun! Figure 9 - Tran and Kim. 
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Experimental Summary - Moriond QCD 2015 

Thomas J. LeCompte 
High Energy Physics Division 

Argonne National Laboratory 9700 S. Cass Avenue Argonne, IL 60439, USA 

A summary of the main experimental results presented at the 50'h edition of the Rencontres 
de Moriond - QCD held in La Thuile (Italy), March 21-29, 2015 is presented. 

1 Introduction 

For nearly fifty years, the Rencontres de Moriond and its spiritual godfather, Jean Tran Than 
Van, has served as a venue not just for the presentation of the newest results, but also for 
fitting these results into a larger framework. In my summary talk, and in the corresponding 
proceedings, I attempted to do just that. Inevitably some prejudice and personal opinion has 
leaked in; I hope both audiences will forgive me. 

The discovery of a Higgs boson at the LHC was a major accomplishment of the field, but 
at the same time its mass of 125 GeV presents us with something of a puzzle. It is too light to 
be heavy, and too heavy to be light. By "too light to be heavy" , I mean that it is not at the 
Planck scale, so some symmetry mechanism appears to be in place to keep the mass small, and 
by ''too heavy to be light", I mean that something is keeping this symmetry from working too 
well and making the Higgs boson even lighter than it is. That something is generally thought to 
be new physics at the TeV scale. However, flavor physics is telling us that any deviations from 
the Standard Model that affect low-energy observables is at a higher scale: 10 TeV or higher. 
One of the key tasks is to reconcile this - a task that includes challenging this picture I have 
just painted. 

The second challenge is that most of the matter in the universe is now known to be composed 
of a kind of matter not present in the Standard Model. At a minimum, this needs to be identified. 
Ideally we should be able to produce and study it in the laboratory. 

Apart from this, this is the Moriond QCD conference. QCD plays an important role in 
answering the above questions - one needs it to understand background, initial conditions and 
in many cases the signal being searched for - but it is also a beautiful theory in its own right. 
QCD provides an opportunity to study - and marvel at - a non-Abelian gauge theory in its 
purest form. 



2 Heavy Ion Physics [1-10] 

The basic paradigm of heavy ion physics is the following: 

• In A-A (nucleus-nucleus) collisions one expects to see new phenomena, such as production 
of quark-gluon plasma, or collective phenomena such as flow. 

• pp (proton-proton) collisions serve as reference data. 

• pA (proton-nucleus) collisions also serve as reference data, but in this case, nuclear size 
and structure effects are included, at least for one side of the collision. The recent p+Pb 
run at the LHC has provided a new source for this data. 
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Figure 1 - Elliptic flow measurements in d+Au at RHIC and p+Pb at the LHC. 

Limits to this paradigm are starting to show. Perhaps the best evidence for this is displayed 
in Figure 1 ,  where it shows collective behavior, in this case elliptical flow, even in pA collisions. 
The same behavior is observed in multiple experiments at both RHIC (in d+Au collisions) and 
the LHC (in p+Pb collisions) .  The idea that these systems would be in some sense too small 
to produce any sort of collective behavior is shown not to be the case. Indeed, the degree of 
collective behavior seems to be universal. 

Possibly related to that is the presence of a large same-side " ridge" in the 1) - <f; plane in pA 
collisions. A similar structure is visible in AA, but is present only weakly (if at all) in pp. This 
is a second case of collective behavior observed in proton-nucleus collisions. 

The idea that proton-nucleus collisions provide a reference dataset where nothing interesting 
happens seems not to be correct, as even small systems show collective behavior. This doesn't 
mean that this is useless as a reference dataset, but it does imply that detailed quantitative 
understanding may take some additional work to explain this more complex picture. 
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3 Light Quarks, Parton Densities and Electroweak [11-19] 

QCD is now being probed at extreme scales - scales we wouldn't have even imagined in the not­
too-distant-past. Figure 2 shows that at the LHC comparisons between theory and experiment 
in W +jets events can go out as far as 8 or more jets. Similarly, Figure 3 shows that in these 
W +jets events, the leading jet transverse momenta go out to a TeV. Overall, the agreement 
is rather good, although this program does expose some areas for improvement, for example 
the leading jet PT distribution shows some tension with some of the Monte Carlo generators. 
Overall, events with many jets pose a challenge for these calculations. 
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Figure 2 - Jet multiplicity distribution in W +jets 
events at the LH C 
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Figure 3 - Leading jet pr distribution in W +jets events 
at the LHC 

Another area where QCD is entering a more extreme arena is the forward physics program 
of LHCb. LHCb covers a complementary forward region relative to the ATLAS or CMS ex­
periments, as shown in Figure 4. The center of mass energy of the LHC is sufficiently high to 
produce W and Z bosons visible in the LHCb detectors. These give precise measurements of 
the quark distributions at low x: a collision that produces a weak vector boson in the forward 
region involves one parton at high x and one at low x. The product of the two x's is such that 
typically one is in a region where the parton density is well-known and thus the rate probes the 
density of the other. 

--

Figure 4 - Respective coverage of the CMS and LHCb Experiments 



A puzzle emerged at this conference. The ratio of z+ jets to !'+ jets as shown by CMS has 
a shape predicted by MadGraph. However, the measurement is a factor of approximately 20% 
below theory. This was - and remains - difficult to understand, as most of the theoretical and 
experimental uncertainties cancel in the ratio, leaving only the vector and axial charges of the 
participating quarks. This generated much discussion, but no real solution. 

4 Quarkonia and Heavy Flavor [20-24] 

Below open charm threshold, things are relatively well-understood. Hydrogen-like quantum 
numbers can be assigned to all the known particles, and indeed, we name them by their quantum 
numbers: the 1f;(2S) is called that because it is the first radial excitation of the 3Si cc state. 

Above open charm threshold, things are more confusing: there are states like the 1/1(3770) 
which fit well into the qq framework, and states like the X, Y and Z's which do not. Under 
the working assumption that these are all aspects of the same new phenomenon, we know that 
these cannot be qq states, as the Z's contain hidden charm, electric charge, and as reported at 
this meeting, isospin. 

Four explanations for these states were put forward: 

• A four-quark qqqq state 

• Diaquoniu1n, a ( Qq) ({Jq) ::;tate. 

• Hydrocharmonium, a (q(QQ)q) state 

• A meson molecule, a bound DD state, where here D represents a generic charm meson. 

Additionally, the neutral members of this family might have an admixture of cc. 
It is not clear to me that these explanations are mutually exclusive. These ideas may be par­

ticular idealizations one might expand around, possibly even with different particles occupying 
different places in this model space. There probably is some cc admixture in the X(3872), as the 
decays X --+ J/1/J+!' and X'lj;(2S) +!' have both been observed. It is easier to imagine this decay 
as an El transition than a single photon annihilation between a light quark and antiquark. 

Beyond charm, results from ATLAS on the b-quark analogue of the X(3872) were shown. 
No signal was observed. This may not be surprising: the X(3872) is very near DD* threshold, 
and decays via the isospin violating decay X --+ J1ji + 71'+71'- . So close to threshold, given the 
mass differences between The charged and neutral D and D*, isospin is not expected to be a 
good symmetry. Going from charm to bottom, there is no guarantee that the numeric factors 
that made the X (3872) easy to spot will still be in play. 

Finally, as a historic footnote, there may be analogues In the strange sector, the ao(980) and 
fo(980) are candidates. They are strongly coupled to the KK system, and the right side of the 
resonance decays almost exclusively to KK, while the left side, below threshold, decays to T/11' or 
71'71' respectively. Their quantum numbers are o++ , which in the qq picture suggests a 3 Po state. 
Such a state is difficult to incorporate into an ss picture: it is lighter than the S-wave ¢(1020); 
it is nowhere near the 3 Pi and 3 P2 members of the same multiplet; and there is an additional 
o++ state that is near the the 3 Pi and 3 P2. A strong case can be made that these particles, like 
the X, Y and Z's are some sort of qqqq state. 

5 Searches for BSM Particles [25-29] 

Results from more than one hundred searches were shown; there is no evidence for any new 
particles or phenomena beyond those in the Standard Model. A comprehensive listing of what 
has not been found would make for a boring summary. Instead, I will discuss some of the ideas 
presented that can enhance the sensitivity for these searches. 
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Searches for long-lived or weakly interacting particles have been a niche interest for some 
time, but recently the popularity of these searches has soared. One possibly explanation is 
that 273 of the surviving pl9MSSM models have these long-lived particles. Presumably these 
arise by having a near-degenerate LSP and NLSP, reducing the allowed decay modes and phase 
space. These searches are difficult to conduct at colliders, since the detectors were designed 
around different signatures; the triggering may have to be adapted (ATLAS, for example, has a 
trigger that selects events with particles decaying in the midst of the muon spectrometer) ;  and 
even calculating the luminosity can become more complicated. Once the decay time exceeds one 
bunch crossing, corrections need to be made. 

In the long gap between LHC Run 1 and Run 2, cleverness is the only method by which 
limits can be improved. One idea used by both experiments is to combine different channels, 
rather than simply taking the most sensitive channel. Limits are improved slightly: perhaps 
50 GeV in a search with limits near 1 .3 TeV. These improvements are largest when multiple 
channels have comparable sensitivity. These techniques, of course, can immediately be applied 
to the Run 2 data when it comes in, and this technique is at its best when it is planned for in 
the beginning, so the subsamples can be kept orthogonal for ease of combination. 

Another idea to extend the reach involves using observables other than invariant masses, 
mass differences, or related quantities such as missing transverse energy. For example, if the stop 
squark is just slightly heavier than the top quark, it's signal can be buried under the top quark 
background. However, the stop squark is a scalar, so one can look for an angular distribution 
compatible with production of two scalars and inconsistent with pure QCD production. This 
permits sensitivity all the way down to the top quark mass. 

Similarly, one can design searches around Higgs boson decays or vector boson fusion produc­
tion of new particles. These tools were invented for the Higgs boson search, but can be applied 
in searches for colorless particles with weak charge. 

6 Dark Matter and Gravity [30-32] 

While there were only a relatively small number of talks devoted to Dark Matter, a very inter­
esting and important point was brought up regarding collider limits on Dark Matter. Figure 5 
(left) shows a collider limit for a process related to Dark Matter production, and Figure 5 (right) 
has translated this into a limit on the mass and cross-section of the Dark Matter particle. 
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Figure 5 - Left: A CMS measurement with sensitivity to Dark Matter. Right: The same measurement cast as a 
Dark Matter limit. 

The difficulty arises because the framework used to make the transformation has a limited 
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range of validity. The fact that collider measurements are complementary to the direct searches 
tends to aggravate this problem: the fact that the measurements are far from the limits from 
direct searches and the fact that the collider measurements can be outside the valid region are 
two sides of the same coin. 

The collider experiments are certain of their measurements. It is only the translation to 
the framework designed to compare direct detection experiments where the problem begins. 
Obviously, some changes need to be made. There were formal and informal proposals made at 
this conference, but no real consensus. I suspect that when the dust settles, we will not have a 
recipe for turning collider measurements into equivalent direct searches, but a recipe for turning 
results from searches with a wide variety of techniques into a single common plot. 

This problem is not unique to Dark Matter searches. It is simply the case that this problem 
is most evident here. Fundamentally, so long as we do not see an excess, it doesn't really matter 
which model we use to describe the exclusion. However, once we see a signal, sorting it out will 
take some time. If we saw, for example, a peak in the m(tt) distribution, would we conclude 
that we see evidence of extra dimensions, or would we conclude we see a topcolor Z'? 

7 Top Quarks (33-38] 

Many results were presented involving top quarks; I will describe only two of the general themes 
that appeared in multiple talks. 

7.1 The I Vi:b l  story 

Very soon after the discovery of the top quark, the CDF experiment set the first direct constraints 
on the CKM parameter IVi:b l .  [39, 40] Eq. 1 shows the relationship between the fraction of time 
the top quark decays to a bottom quark and I Vi:bl . 

R = BF(t -+ Wb) = IVi:b l2 
- BF(t -+ W q) IVi:dl2 + IVi:s l2 + IVi:b l2 

(1) 

This method measures IVi:bl relative to the small elements IVi:dl and IVi:s l ·  At the time, the 
more direct measurement of IVi:b l , taking advantage of the fact that single top quark production 
is proportional to IVi:b l2 , was impossible because of the low rate of this process. 

Today, this is no longer the case. Single top production is commonplace at hadron colliders, 
with nine separate measurements shown at this conference. The smallest uncertainties were 43 
and 53, comparable to the best measurement using R, CDF's 4.33. 

Given this information, plus the fact that the Higgs boson production rate tells us there are 
exactly three families of quarks, I believe that these measurements will be used differently in the 
future. The consistency of IVi:bl in the new measurements will be assumed, which will turn this 
pair of measurements into a way of determining an experiment's b-tagging efficiency in data. 

7.2 The AFB Story 

In 2008, the CDF experiment reported [41] a top quark forward-backward asymmetry more than 
two standard deviations above the then-current Standard Model prediction, a discrepancy that 
grew to almost 3a- with additional data and more refined analyses. This led to some interesting 
speculation about the possible cause: Z' bosons, axigluons, and so forth. 

Since then, two things have happened. One is that the theoretical prediction has moved up, 
and the other is that DO and the LHC experiments have weighed in. Because the LHC is a pp 

collidcr, the forward-backward asymmetry manifests as a narrow-wide asymmetry, and because 
LHC top quark production is dominated by gluons, the effect is diluted. Nonetheless, the large 
rate of top quark production compensates, and the LHC and Tevatron sensitivities are similar. 
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The original measurement is now much less improbable, and today is on the high side 
of a consistent ensemble of measurements, an ensemble which is also consistent with QCD. 
Additionally, no effect is seen with bottom quarks, although in this case the physics is only 
similar, not identical. Nevertheless, in my opinion we can close the book on this anomaly. 

8 Bottom Quarks and Weak Interactions [42-49] 

As discussed earlier, the fact that the flavor sector agrees so well with the Standard Model, as 
demonstrated in Figure 6, suggests that the scale of new physics influencing flavor is at or above 
10 TeV. 
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Figure 6 - Despite a few � 2a anomalies, the CKM picture holds up over many measurements. 

A few discrepant results were reported: 

• The decay B --+  K*µµ has a 2-3 a discrepancy with respect to the Standard Model, mostly 
in the C5' parameter. 

• A 2.6a discrepancy in the rates of B --+  Kµµ and B --+  Kee. 

• A 3.la discrepancy in the decay Bs --+ ¢µµ. 

• A tension in extracting IVub J from different datasets. 

There was much theoretical discussion about possible explanations [50], although given the 
sheer number of measurements, a few anomalies of this magnitude would be expected. 

Perhaps more surprising was the combined LHCb and CMS measurement of the branching 
fraction Bs --+ µµ, which is almost exactly at the Standard Model prediction. If anything, it's a 
bit low. New physics can interfere destructively, but the measurement tells us it cannot be very 
large. 

9 The Higgs Boson [51-56] 

At this conference the Higgs boson mass of 125.09 ± 0.21 ± 0 . 11  GeV, from the combined 
measurements of both LHC experiments was shown. The individual measurements can be 
seen in Figure 7. At one time, this measurement hinted that there could be two particles of 
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Figure 7 - Higgs boson mass measurements from the LHC. 

similar, but not identical, masses, one decaying to ZZ* and the other decaying to 'Y'Y· There is 
no longer any reason to believe this, as the mass measurements are now completely consistent 
with a single particle. 

Table 1: Experimental Data bearing on Higgs decays to Fermions 

VH, H ---+ bb H ---+ TT H ---+ fermions 
Obs. (Exp. ) Obs. (Exp.) Obs. (Exp.) 

ATLAS 1 .4 (2.6) CT 4.5 (3.4) CT 4.5 CT 

CMS 2.0 (2.5) CT 3.2 (3.7) CT 3.8 ( 4.4) CT 

Combined 2.2 CT 5.3 CT 5.7 CT 

Table 1 shows the ATLAS and CMS measurements of Higgs boson decays to fermions, plus 
my own unofficial combination using Fisher's method. The combination is significant, and the 
H ---+ TT signal is significant on its own. The best evidence for H ---+ bb is still from the Tevatron. 

All evidence suggests that the Higgs boson discovered is indeed a scalar with even parity. 
It is perhaps worth mentioning that while the fits to determine this are very complicated, the 
ideas behind them are actually quite simple. For example, in the decay H ---+ ZZ*, conservation 
of energy implies 

which in turn implies 

L2 
m(H) = m(Z) + m(Z*) + 21 

L2 
21 

= 34 GeV - m(Z*) .  

�()() 

(2) 

(3) 



The mass distribution of the off-shell Z therefore traces out the orbital angular momentum 
between the on- and off- shell Z. If the observed Higgs boson were a pseudoscalar instead of a 
scalar, it would have a P-wave decay instead of an S-wave decay. This, in turn, would shift the 
m(Z*) distribution lower. 

The evidence that the Higgs boson couples to bosons is unequivocal. The evidence that it 
couples to the third fermion family is very strong, but there is absolutely no evidence yet that 
it couples to the other two. The production rate tells us that there are only three sequential 
families of quarks and leptons; additional fermion fields must either be vector-like or get their 
masses from a different Higgs boson. Searches for a second Higgs boson or deviations from the 
Standard Model copling predictions all came up negative. 

10 Conclusions 

The tension that I opened with still remains, and there are no credible hints that the Standard 
Model is beginning to yield. The Higgs boson mass is pointing us towards new particles or phe­
nomena at the TeV scale and flavor physics is pointing at a scale at least an order of magnitude 
higher. The nature of Dark Matter is still elusive. It is my sincere hope that the next round of 
experiments, including the 13 TeV LHC Run 2 and the KEK and Ferrnilab intensity programs 
will shed some light on this situation. 
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QCD and High Energy Interactions: Moriond 2015 Theory Summary 

G.ZANDERlGHI 
CERN, PH- TH, CH-1211 Geneva 23, Switzerland 

and 
Department of Physics, Theoretical 1 Keble Road, Oxford OX1 3NP, England 

I will summarise the new theory developments that emerged during the 2015 QCD Moriond 
conference. I will give my perspective on some of the topics and emphasise what I consider 
most relevant. 

1 Introduction 

We had more than 30 theory talks covering a rather broad range of topics. The theory talks were 
allocated to different sessions: Higgs and top, Flavour, QCD, the latter divided into more per­
turbative/technical aspects and more non-perturbative/formal developments, New Phenomena 
and Heavy Ions. Sections in this summary reflect the sessions we had at the conference. 

2 Higgs and top 

Remarkably, we had only one theory talk in the Higgs and top section. a Bernhard Mistlberger 
presented first N3LO results for the inclusive gluon-fusion Higgs cross section in the infinite top­
mass effective theory. 1 This calculation is, in my opinion, the theory highlight of the meeting, 
hence I will spend few words on this topic. 

In order to put this work into context, it is useful to examine the left panel of Fig. 1, which 
shows the slow perturbative convergence of the Higgs cross section. Furthermore, it is evident 
from the figure that the renormalisation (and factorisation) scale variation, that are commonly 
used to estimate theory uncertainties, underestimate the shift between different perturbative 
orders. Fig. 1 (right), presented at the general assembly meeting of the Higgs cross section 
working group in January, 3 shows results for the preferred total gluon-fusion cross section from 
different groups. Each group provided a prediction for the cross section obtained by using as 
a central renormalisation and factorisation scale choice mH/2 (light blue) and mH (dark blue) . 
The bands illustrate the scale uncertainty, obtained by varying renormalisation and factorisation 
scales independently by a factor 2 (avoiding the variation where they differ by a factor 4), while 

"Next-to-next-to-leading order results for top-pair production were presented in the QCD session. 
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Figure 1 Left plot: total gluon-fusion Higgs cross section at the LHC (8 TeV) as a function of the renormalisation 
scale at various orders in perturbation theory. The plot has been obtained using the code of ref. 2• Right plot: a 
comparison of predictions for the total gluon-fusion Higgs cross section at the LHC (13 TeV) from various groups. 

the red errors denote the total uncertainty on the numbers as estimated by the groups. It is clear 
from the plot that there was no consensus on the size of the uncertainty on this cross section. This 
becomes particularly evident from the uncertainties quoted by the last two groups. However, 
the amount of perturbative control on this cross section has a direct impact on a range of new 
physics searches in the Higgs sector, hence it was crucial to improve on these predictions by 
computing the cross section at N3LO. This calculation is however extremely challenging. In fact, 
the computation involves 0(105) interference diagrams (for comparison only 1000 at NNLO), 
about 60 millions of loop and phase space integrals (47000 at NNLO) and about 1000 master 
integrals (26 at NNLO) .  The calculation was performed as an expansion around the threshold, 
where up to 37 terms in the expansion could be computed. This result is shown in the left panel 
of Fig. 2, while the right panel shows the dependence of the cross section on the renormalisation 
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Figure 2 - Left plot: the N3LO correction from the gg channel to the total gluon-fusion Higgs cross section 
as a function of the number of terms included in the threshold expansion. Right plot: scale variation for the 
gluon-fusion cross section at all perturbative orders through N3LO. 

and factorisation scales (varied together) at all perturbative orders through N3LO. The numbers 
to take home are that the N3LO corrections amount to about 23 at scale MH /2 and the residual 
uncertainty as estimated from scale variation is also about 2-33. At this level of precision, other 
uncertainties (errors on parton distribution functions, treatment of electroweak corrections, exact 
top-mass corrections beyond the heavy-top approximation, top-bottom interference in loops ... ) 
now become all important. Updated predictions, that will also include an independent scale 
variation, will provide a more robust estimate of the uncertainty due to missing higher orders. 



Nonetheless, the very little experience that we have with scale variation at this order may suggest 
a conservative approach. 

3 Flavour 

The flavour day was possibly the most exciting day of the conference because of the flavour 
anomalies observed recently at the LHC. Nazila Mahmoudi presented a concise introduction 
to flavour physics, recalling in particular the reasons why the flavour physics is so rich and 
interesting. 4 First of all, flavour physics is sensitive to new physics (NP) energies scales that are 
much larger than the collider energy, hence through flavour physics one could probe NP before 
it is observed directly in collider experiments. Furthermore, CP violation is closely related 
to flavour physics: the only source of CP violation in the Standard Model (SM) comes from 
the Cabibbo-Kobayashi-Maskawa (CKM) matrix, but for baryogenesis we know that we need 
other sources of CP violation. On top of this, there is the "SM flavour puzzle" , i.e. the origin 
of masses and mixing of quarks and leptons, and the "new physics flavour puzzle" , i.e. the 
mechanism protecting Te V-scale NP from causing large deviations from the SM predictions in 
the flavour observables that we have measured so far. Recently, there has been a lot of new 
data in this sector mainly from LHCb, but also from ATLAS and CMS. One of the new LHCb 
measurements concerns the CKM element Vub· There has been a longstanding tension in Vub 
(but also in Ycb) from inclusive and exclusive decays. It was long believed that this measurement 
was not possible at LHCb, yet Vub was recently measured there. This measurement, which was 
presented for the first time at the Electroweak Moriond meeting this year, seems to confirm the 
exclusive measurement. 

Looking at other LHC data, almost all measurements are currently consistent with the SM. 
Yet, recently four hints for new physics in the flavour sector have been reported: 

• the branching ratio H -+ µr was measured to be (0.84 ± 0.40)% - rather than O; 
• in the decay B -+ K* µ+ µ- an anomaly was observed in an angular distribution called P�; 

• the SM branching ratio Bs -+ ¢µ+ µ- at high invariant mass is above measurements; 

• the ratio RK = Br(B+ -+ K+µ+µ-)/Br(B+ -+ x+e+e-) was measured to be 0.75 ± 0. 10, 
rather than 1. 

Adolfo Guevara focused on the anomaly in R(K) and showed that the discrepancy can not be 
attributed to long-distance, poorly-modelled effects. 5 While this is not an exciting finding, it 
is of course very important to have a solid estimate on long-distance effects. Ben Grinstein 
presented a very concise introduction to effective field theories (EFTs) , and stressed that the 
reason for using EFTs is that they often have more predictive power. 6 This is due both, to 
the fact that they involve less free parameters and that you can often simplify (technically 
challenging) calculations. In particular, in terms of dimension 6 operators one can write the 
following contributions to the Lagrangian: 

(1 ) 

For the above anomalies, of particular interest are the electromagnetic dipole, the vector and 
axial-vector operators 01, 09 and 010, respectively 

010 = (4:)2 [s'YµPLb] [hµ1'sz] . 

(2) 
Grinstein pointed out that taking into account all bounds, and assuming that NP effects are 
only due to scalar and tensor semi-leptonic operators one can constraint 0.982 :<::: RK :<::: 1.007. 
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Figure 3 - Left plot: LHCb measurement of P� compared to SM predictions as a function of the momentum 
transfer. Plot taken from ref. 7. Right plot: representation of the decay T --+ µH(--+ 7r7r). 

On the other hand, the measured value of RK can be explained with a correction to the Wilson 
coefficient of the vector operator, Clf P � - 1  (other explanations for the measured value of RK 
could also come from a Z' or leptoquarks) . 

Sebastian Descotes-Genon focused on the B ---+ K* µ+ µ- anomaly, shown in Fig. 3 (ieft 
panel). 8 He explained how different kinematic regimes at low or high momentum transfer q2 
imply a high or low recoil of K* and hence NLO QCD factorisation or heavy quark effective 
theory become the appropriate tools to employ in the two regimes, respectively. He also explained 
how observables like Pf, are constructed in such a way as to cancel large uncertainties from soft 
form factors and that residual effects of power corrections are estimated to be about 103. The 
conclusion of the study is that the LHCb measurement supports ClfP � -1,  but there is room 
for NP also in other Wilson coefficients. Discussions about the accuracy of the theory predictions 
and the interpretation of data in terms of new physics are still ongoing. 

Andreas Crivellin pointed out that all four LHCb anomalies could be explained in two models 
with gauged Lµ - L7: either a two-Higgs doublet-model (2HDM) with vector-like quarks or a 
three-Higgs doublet-model (3HDM) with gauged flavour dependent B-1 charges. 9 Such a model 
predicts also a non-vanishing T --+ 3µ decay. Since the model has a point-like HµT vertex, a 
question was raised whether this is consistent with current limits on T --+ µ7r7r, which involves 
a Higgs exchange and the decay of the Higgs to two gluons through a top loop, illustrated in 
the right panel of Fig. 3. After a quick calculation Crivellin and Grinstein established that the 
model is still allowed. b This example illustrated how difficult it is today to design new models 
that explain possible anomalies but are not yet excluded by precision data. Still looking at 
extended Higgs sectors, Eibun Senaha presented a scale-invariant 2HDM with Coleman-Weinberg 
(CW) symmetry breaking, rather than spontaneous symmetry breaking as in the SM Higgs 
mechanism. 10 The model predicts deviations, for instance in the h --+ II decay and in the 
hhh coupling that are potentially detectable in future experiments. Another 2HDM, a Branco­
Grimus-Lavoura (BGL) model, with naturally suppressed FCNC as a result of a symmetry of 
the Lagrangian was discussed by Gustavo Castelo-Branco. 11 In BGL models the entire flavour 
structure is controlled by the CKM matrix. 2HDM are an excellent framework to study NP in 
the scalar sector. For instance, it is not clear yet whether the discovered Higgs has small FCNCs. 
Hence, Branco pointed out that it is very important to search for flavour violation in the scalar 
sector. He stressed that theorists have been wrong many times, it is therefore important to look 
without prejudice, in particular to look also for interactions or deviations that are not predicted 
in more common NP scenarios. 

bGreg Landsberg however pointed out that if you have four anomalies, and a model that explains all four of 
them, the model is wrong as at least one anomaly will surely go away. 



A last theory talk in the flavour session was given by Cai-Dian Lu, who pointed out that when 
the final state consists of two vector particles, an angular study of the vector's decay products 
provides an insight into the spin structure of flavour-changing interactions. 12 He stressed that, in 
particular, the meson decays Bu,d,c,s -+ VV have a very rich phenomenology. Describing them is 
however difficult and many theoretical approaches exist, but most of them can not fully explain 
all measurements. He used a perturbative QCD approach, and stressed the important role of 
annihilation-type diagrams. Lu then presented many predictions and comparisons to data. Some 
looked very successful, others less so, however no theory uncertainties were given, so that it was 
difficult to draw conclusions. 

4 QCD 

Almost all talks in the QCD sessions were theoretical. The day was split into a more perturba­
tive morning focusing on calculations of higher-order corrections, and a more non-perturbative 
afternoon, mostly involving new theoretical developments. 

4 . 1  Perturbative QCD 

First of all, it is important to remind ourselves why it is important to push the perturbative 
accuracy to higher orders. We have by now seen amazing results from Run I at the LHC, 
including competitive measurements of SM parameters (even of the strong coupling constant a8) , 

precision Higgs physics, jets spectra up to several Te Vs, constraints on anomalous couplings, on 
NP models, on dark matter (DM) candidates and more, as summarised by Tom Le Compte. 13 
Even better results are expected at Run II. An optimal use of the machine can be achieved 
when the experimental (statistical and systematic) and theoretical uncertainties are comparable. 
Currently, the use and interpretation of some cross sections is already limited by large theory 
uncertainties, mostly estimated via a variation of renormalisation and factorisation scales. Hence, 
it is mandatory to push the perturbative accuracy even further. Pier Paolo Mastrolia presented a 
beautiful review of modern methods for higher-order calculations. 14 He stressed the richness and 
power of factorisation, which is at the core of unitarity approaches and presented an interesting 
analogy between quantum mechanics and Feynman integrals. He then discussed a unitarity 
formalism, the Magnus Expansion, for multi-loop master integrals. Future directions include the 
treatment of multi-loop diagrams with internal masses and more legs and an automated analytic 
treatment of the one-loop case. Analytic results are in fact typically superior to numerical ones, 
since they are faster and numerically more stable. 

Jonas Lindert showed novel one-loop methods at work: he presented the QCD and elec­
troweak (EW) corrections to onshell W production in association with 1, 2, or 3 jets obtained 
using OPENLOOPS, MUNICH and SHERPA. 15 While NLO EW corrections might seem just a trivial 
extension of the QCD case, they are in fact technically much more complicated then just NLO 
QCD and involve a lot of subtleties. The phenomenological results for W plus multi-jet pro­
duction that he presented are very rich, in particular one can observe a non-trivial dependence 
on the jet multiplicity. W plus multi-jet events play a key role for tests of the SM and for be­
yond SM (BSM) searches based on signatures with jets, a lepton and missing transverse energy 
(MET). One of the main outcomes of the results presented by Jonas is that EW corrections 
are important in the TeV region (where all order Sudakov effects should also be included). For 
the future, the plan is to include vector bosons decays, parton shower corrections and to extend 
multi-jet merging to NLO QCD+EW. 

Beyond NLO corrections, Fabrizio Caola presented a brief review of the status of NNLO, 
including the motivation to push the perturbative accuracy to this order, the different methods 
used, the processes known or almost known (Higgs, Drell-Yan, tf, single top, V + 1 jet, dijets, 
dibosons, H+l jet). 16 The main message from his talk is very positive, i.e. that the NNLO 
technology is now ready to cope with LHC demands. However, because the phenomenological 
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Figure 4 - Left plot: the Higgs plus one jet cross section at the 8 TeV LHC at various orders in perturbation 
theory as a function of the renormalisation and factorisation scale, both set to µ. Jets are defined using the anti-kt 
algorithm with R = 0.5 and Pt.cut > 30 GeV. Right plot: data for the the forward-backward asymmetry from DO 
and CDF (blue) compared to various theory predictions including only QCD corrections (black) or including both 
QCD and EW corrections (red). 

environment is so rich, it will not be enough here to provide numbers for cross sections or few 
distributions, and there will be a lot of pressure on the authors to release codes as soon as 
possible. He also showed results for Higgs plus one jet production at NNLO, which at the time of 
the conference were new and still unpublished. The NNLO corrections turn out to be sizable (of 
the order of 203 if the Higgs mass is taken as a central renormalisation and factorisation scale) ,  
and reduce the scale-dependence of the cross section, as can be seen from Fig. 4 (left). This was 
expected given the large corrections in the case of inclusive Higgs production, and emphasizes 
the importance of including NNLO corrections. 

Another important NNLO calculation was presented by Michael Czakon, who discussed 
the long-standing tension between SM predictions and Tevatron measurements of the forward­
backward (FB) asymmetry, for which plenty of tentative BSM explanations have been given in 
the past. 17 Recently, the SM theory prediction for the asymmetry has been upgraded to include 
full NNLO corrections. A limitation of the calculation is that the top quarks are stable, i.e. the 
result is fully inclusive in the top decay. One ambiguity that arises is due to the fact that the 
FB asymmetry is the ratio of the asymmetric over the symmetric cross section, hence one can 
choose to expand the ratio in powers of the coupling constant, or not. These two approxima­
tions are denoted by nnlo and NNLO in the right panel of Fig. 4, respectively. Furthermore, 
there is an ambiguity in how to combine EW and QCD corrections, either in an additive or 
in a multiplicative way. Fig. 4 (right) shows that there is now perfect agreement between the 
DO result and NNLO theory, while the NNLO result is just 1 .5 O' below the CDF measurement. 
The fact that the discrepancy in the asymmetry is not present any longer is mostly due to the 
updated measurement of DO, however the NNLO calculation was very important to confirm the 
robustness of the SM prediction. The calculation of the NNLO top cross section was presented 
two years ago, it took then a long time to provide predictions for the Tevatron asymmetry. One 
might then wonder whether it is realistic to expect distributions for the LHC in a reasonable 
amount of time, especially given the tension in the transverse momentum spectrum of boosted 
tops between next-to-leading-order (or LO matrix element plus parton shower generators) and 
ATLAS data.18 Michael Czakon is now working on a completely new software based on a four 
dimensional subtraction scheme, which will be several orders of magnitudes faster than the first 
NNLO code for top-pair production. 

While fixed-order calculations are very valuable in general, they are known to fail in particular 
regions of phase space. In these regions, either parton showers or analytic resummations can be 
employed. In Higgs studies involving a jet-veto, it was suggested some time ago that there are 



Figure 5 - Left plot: inclusive jet distribution measured at ALICE (red points and orange bands), compared to 
pure NLO with hadronisation corrections (green band) and a calculation that includes also ln(R) terms to all orders 
(blue band). Jets are defined using the anti-kt algorithm with R = 0.2. A reduction of theoretical uncertainty 
can be observed. Right plot: the Higgs transverse momentum spectrum using the UN2LOPS method, compared 
to other calculations. 

potentially large logarithms related to the use of small jet radii. In fact, when the jet radius 
is small, the effect of emissions outside the jet, that reduce the energy, can become important. 
Because of the phase space constraints, this effect scales as ln(R). Frederic Dreyer explained 
that in a number recent jet-studies smaller jet-radii R are being used (e.g. R = 0.2 in heavy­
ions to mitigate pile-up, or in jet-substructure studies) .  19 Frederic showed that a resummation 
of leading ln(R) terms has been recently carried out using an evolution equation for the quark 
generating function. Fig. 5 (left) illustrates the reduced scale dependence that can be achieved 
once the ln(R) resummation is performed for inclusive jet production. The plot also shows a 
comparison with experimental measurements from ALICE. There is good agreement within the 
currently large experimental errors. It is clear that this work will be even more relevant for future 
analyses, when more precise data will be available and the use of smaller jet radii will become 
more widespread in order to reduce increasing pileup contamination and to study more highly 
collimated jets. 

Still in the spirit of improving fixed-order calculations, Stefan Prestel discussed going beyond 
NNLO by merging NNLO and parton showers. 20 This is important to have the best possible 
perturbative prediction and the fully exclusive description (i.e. the best of both worlds). NNLO 
was recently merged to a parton shower in the UNNLOPS approach for Drell Yan and Higgs 
production. Results for the Higgs transverse momentum distribution are shown in Fig. 5 (right). 
Currently, within this approach, the zero-pt bin is problematic, since the virtual correction is not 
spread by the parton shower, but it sits all at zero transverse momentum. In future, it would 
be desirable to extend the NNLOPS description to more complicated processes, however such a 
task is not trivial no matter which NNLOPS approach one considers. 

While the calculation of higher-order terms in the perturbative expansion is obviously very 
useful to reduce the theoretical uncertainty, it is also important to have a solid procedure to es­
timate this residual uncertainty. This is obviously difficult, as the knowledge of the next term in 
the expansion would be required to provide a very reliable estimate of the theoretical uncertainty. 
A widely adopted procedure to estimate this uncertainty consists in varying the renormalisation 
and factorisation scales around a central value, which is chosen to reflect the hardness of the 
hard process. Emanuele Bagnaschi discussed how this scale-variation procedure has severe limi­
tations in estimating the true theory uncertainty. 21 On top of this, the theory uncertainty has no 
statistical meaning, so it cannot be combined "properly" with experimental statistical uncertain­
ties. In 2011 Cacciari-Houdeau (CH) proposed a Bayesian approach to estimate missing higher 
orders. Recently the CH method was modified to use a variable expansion parameter (CH). 
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Figure 6 - Left plot: a comparison between two methods to estimate the theoretical uncertainties, scale variation 
(red) and the CH approach. Right plot: a (non-standard) application of random matrix theory. 

Furthermore, a first comprehensive set of more then 30 observables was used to compare the CH 
method to standard scale variation, including, for the first time, hadronic observables. Fig. 6 
(left) shows a comparison between the scale variation uncertainties and the CH uncertainties for 
Higgs production. k denotes the order at which the calculation is pPrformed. The scales have 
been varied by a factor 2 or a factor 4, while for the CH approach, the 68% and 95% confidence 
intervals are shown. The general conclusion from this and other plots is that in many cases, scale 
variation appears to do a good job in estimating the size of the uncertainty. Furthermore, in 
most cases where the procedure fails, we believe we understand the reason. On the other hand 
there is value in having a quantitative, statistical meaning to any statement referring to theory 
uncertainties. In future, one can expect many valuable comparisons between the CH approach 
and standard scale variation using new NNLO calculations that are becoming available. 

Another source of theoretical uncertainty, beyond missing higher orders comes from our 
limited knowledge of the strong coupling constant. David D'Enterria pointed out that in fact a8 

is to date the least precise known of all couplings (known to about (0.5-1)%), and this impacts 
all LHC cross sections. 22 Furthermore, a very precise knowledge of the strong coupling is a key 
for SM precision fits and is relevant in BSM studies (e.g. for coupling unification at GUT) . The 
current world average is as = 0.1185 ± 0.0006. David presented new fits of a8 using the jet 
fragmentation function in e+ e- and DIS data using an approximate NNLO calculation matched 
to NNLL. These fits give a value of the coupling of a8 = 0.1205 ± 0.0010. In future the plan 
is to extend the calculation to full NNLO+NNLL. Still, these fits are by far not trivial, as they 
require a careful treatment of the correlation between data and of heavy-quark thresholds. 

4 .2 Less perturbative QCD 

In-between fixed-order expansions and non-perturbative regions, there are regions of phase space 
where calculations are needed that resum large classes of corrections to all orders in the coupling 
constant, typically those accompanied by large logarithms. Many of these resummed calculations 
rely on the formulation of a factorisation theorem. Such a factorisation, while not necessary, 
turns out to be very useful in many cases, as it allows one to split the calculations into various 
elements that are simpler to calculate and that can be computed in one context and used in 
a different one. Mark Harley presented a clear introduction to some of these ingredients, i.e. 
Wilson lines, soft functions, (cusp) anomalous dimensions and webs. 23 The aim of his work is 
a better description of universal soft singularities. Webs in this respect are very useful: they 
organise diagrammatic contributions to the exponent of the soft function, and one can show that 
all such contributions appear with connected colour factors. Subtracted webs are what remains 
in the exponent after the removal of multiple UV poles. Finally, multiple gluon exchange webs 
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(MGEW) are subtracted webs with no gluon self-interaction (i.e. only dipole-like exchanges). It 
has been conjectured, and confirmed by explicit calculations in specific cases, that the integrand 
of MGEWs contains no polylogarithms, only logarithmic functions, each dependent on a single 
cusp angle. It is still an open question whether this always holds for MGEWs and it is not clear 
why does this happen. Furthermore, work is under way to extend current techniques to compute 
more general webs: in particular, results for completely connected diagrams at three loops were 
recently announced at the Radcor-Loopfest conference. 24 

Regarding the treatment of radiation from the initial state partons, all higher-order calcu­
lations mentioned so far rely now on collinear factorisation, which however does not work well 
when one incoming parton carries a very low momentum fraction. Sebastian Sapeta discussed 
an improved transverse momentum dependent factorisation for forward dijet production in dense 
(small x)-dilute (large x) hadronic collisions. 25 This is the only existing approach which is valid 
in all regions of the transverse momentum of the target, from very high transverse momenta, 
where high-energy factorisation is usually applied, to very low ones, where collinear factorisation 
holds. Hence, this approach provides a robust framework for studies of saturation domains with 
hard probes. The final aim is to gain a better understanding of factorisation breaking and the 
nucleon structure. 

While perturbative corrections can be calculated, non-perturbative corrections are usually 
just modelled. Sharka Todorova-Nova pointed out that the Lund string fragmentation model 
has been very successful. It has been implemented in Pythia and, after tuning, it describes data 
well in general. Still, it has limitations and some data is not well described by it. Hence, she 
presented a study of quantum properties of three-dimensional helix-shaped QCD strings. 26 The 
model is predictive after fixing two parameters for the string. According to Sharka, in the near 
future it will be possible to compare predictions from the model with upcoming measurements. 
Shi-Yuan Li pointed out that colour connections are the bridge between parton and hadron 
systems. 27 Four-quark systems ( ccbb, bbbb, etc.) have an intrinsic ambiguity in the colour wave­
function, which leads to different meson production. Li encouraged phenomenological studies in 
e+e- collisions to look and interpret different meson production as evidence of certain colour 
connections. 

Various approaches to non-perturbative dynamics use symmetries and dualities to obtain 
results at strong coupling. Miguel Costa presented an AdS/QCD phenomenological model that 
matches well the intercept and slope of Donnachie-Landshoff pomeron. 28 The model is predictive, 
since everything in the model is fixed from soft pomeron exchange. A careful analysis of data for 
deep inelastic scattering (DIS) , deeply virtual Compton scattering (DVSC) and virtual meson 
production (VMP) is hence interesting. Andrew Koshelkin looked at multi-particle dynamics 
and pion production using a flux tube (a compactification to two dimensions) and showed a 
comparison to ALICE data for the transverse momentum distributions in high-energy proton­
proton collisions. 29 Giancarlo D' Ambrosio pointed out that soft wall models in holographic QCD 
have correct Regge trajectories but a wrong operator product expansion (OPE). 30 Hence, he 
presented a modified version of the dilaton potential that allows one to comply OPE. OPE is 
recovered by adding a boundary term. Low energy chiral parameters, F" and L10, are well 
described analytically by the model in terms of Regge spacing and QCD condensates. 

We had a single lattice talk at the meeting on random matrix theory. Chiral Random Matrix 
Theory is a powerful mathematical tool to calculate eigenvalue correlations in the IR limit of 
QCD. The way it works is simply to replace the Hamiltonian with a Random Matrix with 
the same global properties. Once this is done, one can compute observables by averaging over 
ensembles. Here it is critical to identify what are the universal quantities (i.e. those that are 
independent of the probability distribution). Savvas Zafeiropoulos considered explicitly the case 
of Ne = 2 QCD and presented a study of the discretisation for D5 (i.e. the hermitian version of 
Wilson operator Dw) and Dw itself. 31 In the future he plans to study the case of adjoint QCD, 
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which has a different chiral symmetry breaking mechanism. c 

5 New Phenomena 

Unfortunately, no evidence for new phenomena has been seen in Run I at the LHC. Possibly the 
strongest motivation for physics beyond the SM is the astrophysical evidence for DM in galaxies 
and in cosmological observations. Leszek Roszkowski pointed out that the measured value of 
the Higgs mass of 125 GeV allows for rather heavy SUSY states, too heavy to be produced at 
the LHC. DM searches provide then important complementary bounds to collider searches. 32 
In particular he emphasised the possible future role of the Cherenkov Telescope Array (CTA) 
experiment, a next generation ground-based very high energy gamma-ray instrument. Beside 
exploring the origin of cosmic rays and their role in the Universe, the nature and variety of 
particle acceleration around black holes, the CTA aims at searching for the ultimate nature of 
matter and physics beyond the Standard Model. For instance within the CMSSM, it will allow 
one to explore mass ranges (for mo and m1;2) that are out of reach at the LHC, as can be seen 
from Fig. 7 (left). On the other hand, the existing tension with (g - 2)µ, if taken seriously, 
requires light-ish SUSY particles, which should be within LHC reach. 

Another possible future experiment that is complementary to the LHC is SHIP (Search of 
Hidden Particles) .  Oleg Ruchayskiy pointed out that we might not have detected new particles at 
the LHC either because they are too heavy, or because they are light but very weakly coupled. 33 
The first case, will be investigated by energy frontier experiments, currently the LHC Run II. 
The second option can be explored by going to the so-called intensity frontier. This is precisely 
what SHIP aims to do. The idea is just to take a highest energy /intensity proton beam, dump 
it into a target, followed by the closest , longest and widest possible and technically feasible 
decay tunnel. Oleg showed that for instance a Neutrino minimal SM, which addresses neutrino 
oscillations, DM, baryon asymmetry, and inflation, an be explored with SHIP. Similarly, SHIP 
can explore other models that involve very weakly interacting long lived particles including Heavy 
Neutral Leptons, right-handed partners of the active neutrinos, light supersymmetric particles 
(sgoldstinos, etc.) , scalar, axion and vector portals to a hidden sector. 

The complementarity between direct and indirect DM detection experiments and the LHC 
was also stressed by Greg Landsberg. 34 In fact, freeze-out, direct detection and collider produc­
tion can be all represented using the same diagram and crossing the direction of time. DM is 
typically searched for at the LHC through so-called mono-X searches, i.e. the production of one 
(or more) SM particles or jets accompanied by a large MET that is attributed to DM particles 
escaping detection. Often DM searches use an EFT where the mediator has been integrated 
out. Greg pointed out that since the mediator is integrated out, the dynamics might not be 
properly described, and hence the interpretation of EFT results becomes problematic. Following 
the strategy used in SUSY searches, Greg suggested to use so-called simplified modelR. Here one 
identifies simple models and works out the signatures. The simplification limits the number of 
arbitrary parameters, still providing a robust benchmark. d The simplified model for DM searches 
used by Greg uses an s-channel spin-1 mediator, that interacts to DM and fermions. This is a 
four-parameter model. Extensions for instance to include the case of t-channel mediators, or 
spin-0 interactions are also possible. Fig. 7 (right) shows a comparison of EFT bounds (green) 
to the above simplified model assuming the spin-1 mediator to have pure axial-vector couplings. 
It is evident that in some regions of parameter space EFT results are too optimistic, in others 
they provide too loose bounds. 

c An application of random matrix theory, in a different context, is illustrated in Fig. 6 (right panel). 
dit is important to keep in mind that while simplified models are practical tools, they can exhaust their value 

as a henchmark at some point, as, I believe, is the case for the CMSSM now. 
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using a simplified model with different choices of the coupling of the mediator to quarks and DM (blue) . Bounds 
from LUX (red) are also shown. Plot taken from ref. 35 • 

6 Heavy Ions 

Our Friday started with a very comprehensive introductory talk on heavy ions (HI) by Carlos 
Salgado. 36 He pointed out that behind a simple QCD Lagrangian, there are very rich emerging 
phenomena, like asymptotic freedom, confinement, chiral symmetry breaking, mass generation, 
new phases of matter, and a very rich hadron spectrum. Some of the questions raised by o bserva­
tions can be further studied with heavy-ion collisions. For instance one can study the structure 
of the hadrons and nuclei at high energy, one can try to understand if the created medium is 
thermalised and what are the properties of the produced medium. In this context, for a long 
time proton-nucleon collisions (pA) were considered a benchmark point needed to subtract the 
background from nucleon-nucleon (AA) collisions. However pA collisions seems to have taken up 
an unexpected role since results for pA collisions turn out to have some features similar to those 
for AA collisions, in particular concerning the collective, hydro-dynamical behaviour. This raises 
the important question of whether such a small system can also thermalise. One of the standard 
probes of a hydro-dynamical behaviour is the so-called elliptic flow, i.e. the flow due to the fact 
that there is more momentum in the plane of the collision, compared to the transverse direction 
(a simple consequence of having a higher pressure gradient in the plane) .  Data are based on 
measuring two or more particle correlations. Recently, there has been a lot of theoretical work 
in trying to add fluctuations in initial conditions and in including viscosity corrections. Another 
standard tool is measuring jet quenching in medium. The idea here is simply that a medium 
suppresses the propagation of coloured particles, compared to the free propagation, hence this 
results in jet suppression. The simplest observable of jets in nuclear collisions is the measure­
ment of the one-particle inclusive production at high transverse momentum. The effect of the 
surrounding matter can then be identified by the suppression of the signal, with respect to the 
proton-proton collisions, due to energy loss. A standard probe of medium effects uses the nuclear 
modification ratio, defined as 

R _ daAA / dydpT AA = Nc0udaP'P/dydPT ' (3) 

where Ncou is a normalization factor computed in the Glauber model to allow the comparison 
with the proton-proton cross section. The suppression of high-PT hadrons was one of the first, 
and also one of the main, observations at RHIC. Fig. 8 (left) shows the effect of the suppression 
at the LHC, where the propagation of all particles interacting with the medium are suppressed. 
This can be seen from the fact that RAA is smaller than one, while for isolated photons and 
EW bosons, that do not interact with the medium, RAA is compatible with one. Carlos then 
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Figure 8 - Left plot: the nuclear modification ratio as a function of the transverse momentum. Right plot: a 
new picture of jet-quenching that involves two components, a vacuum-like, angular-ordered component (red) and 
a medium-induced, not collinear radiation (blue). 

presented a new picture of jet-quenching, illustrated in Fig. 8 (right) , where the parton shower 
is composed of two overlapping components, which can be understood as a reorganisation of the 
jet into multi-jets, with vacuum-like collinear radiation, that effectively act as single emitters for 
the medium-induced radiation. It will be interesting to see how future measurements compare 
to this new picture. 

When studying correlations, Matt Luzum pointed out that it is instructive to study two­
particle correlation as a function of the transverse momentum vector of the particles . 37 In fact, 
the hydro-dynamic behavior imposes constraints on the momentum structure of two-particle 
correlation. One can define a full correlation matrix 

Vnti.(Pr, P�) = j ----h- L cosnll<I>) , \ Npairs pairs{a,b} 
(4) 

where Na,b is the number of particles with momenta Pr and p� in a given event, I:pairs{a,b} is 
the summation over all sets of these pairs, and ll<I> = q,a - q,b their relative azimuthal angle. 
This quantity can be used to define 

(5) 

Values of rn = 1 indicate no correlations, while lrnl > 1 arc a sign of non-flow dynamics. CMS 
and ALICE data for r2 and r3 was also shown, however more data are needed, I believe, to draw 
solid conclusions. 

Alexey Boyarsky discussed the chiral magnetic effect . 38 This is experimentally searched for 
at RHIC through a charge asymmetry of particles. It is usually widely discussed in the context 
of quark-gluon plasma and heavy ions. This effect is related to the fact that the SM plasma at 
finite densities of lepton and baryon numbers becomes unstable and tends to develop large-scale 
magnetic fields. The goal of Alexey's talk was to show that this effect is more general, and has 
to do with relativistic plasma of charged fermions (leptons and quarks) . The conclusion is then 
that this effect can be important in other contexts whenever you have a relativistic magnetised 
plasma (such as in the early universe, in neutron stars, in astrophysical jets, and in quark-gluon 
plasma) . Elena Petreska discussed magnetic Wilson loops in the classical field of high-energy HI 
collisions. 39 In the abelian case, the Wilson loop measures simply a flux, while in the non-abelian 
case the Wilson loop obey area law for uncorrelated magnetic vortices, which is found to hold 
for large enough areas. 
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Alexander Bylinkin discussed the origin of the thermal component in transverse momentum 
spectra in high-energy hadronic collisions. 40 It is well-known that black holes radiate thermal 
radiation with a temperature that is proportional to the acceleration of gravity at the surface. 
Similarly, an observer moving with acceleration a detects a thermal radiation proportional to his 
acceleration. This is usually referred to as Unruh radiation. In both cases, the effect is due to 
the presence of an event horizon, for instance, in the accelerated frame, part of the space-time is 
causally disconnected from the accelerating observer. In the case of high-energy collisions, con­
finement is proposed to produce the effective event horizon for coloured particles. This results 
then in thermal hadron production with temperature of about 160 MeV. Bylinkin used these 
observations to present a two-component model for hadro-production. The two components are 
attributed to two different mechanisms: hard radiation with a saturation scale, and a thermal 
Unruh-like radiation. Bylinkin showed that there is good agreement between the available ex­
perimental data and the predictions of the model for rapidity distributions, average transverse 
momentum as a function of multiplicity, and transverse momentum spectra, which have been 
notoriously difficult to describe with standard approaches. 

7 Looking ahead 

I am very much looking forward to coming Moriond meetings with lots of exciting new exper­
imental data. While we all have high hopes, we also wonder what will happen if, despite the 
tremendous experimental and theoretical efforts, we do find any sign of new physics in Run II at 
the LHC. It is important to remember that exploring the unknown is valuable in it's own right. 
Surely it will not be wise to draw too quick conclusions, but whatever happens, we will learn 
something by going to a new frontier (Run II, HL-LHC, FCC, . . .  ) . 
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