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The CMS soft QCD results in proton—proton collisions at different LHC
centre-of-mass energies are reviewed. The first part of the review focuses on
the basic kinematic measurements of charged tracks and identified hadrons
in minimum bias proton—proton interactions. The second part reports the
short- and long-range correlation studies with emphasis on the results ex-
ploiting a special trigger specifically developed for large multiplicity events.
The third part concentrates on the underlying event phenomenology in jet
and Drell-Yan events. Some relevant highlights from the CMS heavy ion
program are also discussed.
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1. Measurements of particle yields and kinematic distributions

Measurements of particle yields and kinematic distributions are an essen-
tial first step in exploring a new energy regime of particle collisions. Such
studies contribute to our understanding of the physics of hadron produc-
tion, including the relative roles of soft and hard scattering contributions,
and help construct a solid foundation for other investigations. In the compli-
cated environment of LHC proton—proton collisions, firm knowledge of the
rates and distributions of inclusive particle production is needed to distin-
guish rare signal events from the much larger backgrounds of soft hadronic
interactions. They also serve as points of reference for the measurement of
nuclear-medium effects in PbPb collisions in the LHC heavy ion program.

These early low pr QCD measurements mostly rely on the performances
of the tracking and triggering systems. A detailed description of the CMS
detector is available in Ref. [1].
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Most of the results presented in this section refer to inelastic non-single-
diffractive (NSD) interactions and are based on an event selection that re-
tains a large fraction of the non-diffractive (ND) and double-diffractive (DD)
events, while disfavouring single-diffractive (SD) events.

The methodologies which push the cluster counting below 50 MeV /¢
and allow for track reconstruction (with pr measurement) from 75 MeV/c
have been introduced in the first CMS paper on collision data, reporting the
transverse momentum and pseudorapidity distributions of charged hadrons
in proton—proton interactions at /s = 0.9 and 2.36 TeV [2], subsequently
complemented by the extension of the same measurement at 7TeV [3].
Calorimeter-based high-transverse-energy triggers are employed to enhance
the statistical reach of the high-pr measurements [4].

The CMS charged multiplicity studies [5] rely on a Bayesian unfolding
technique taking into account the detector effects [6]. Traditionally, the s
dependence of the multiplicity distributions P, and its moments has been
much discussed [7] in relation to Koba-Nielsen—-Olesen (KNO) scaling [8,9].
In this framework, one studies the KNO function ¥(z) = (n)P,, where
z =n/(n). The multiplicity distributions are shown in KNO form in Fig. 1
for a large pseudorapidity interval of |n| < 2.4, where we observe a strong
violation of KNO scaling between /s = 0.9 TeV and 7 TeV, and for a small
pseudorapidity interval of |n| < 0.5, where KNO scaling holds. These CMS
observations and the older phenomenology from SPS and LEP point to the
increasing importance of multiple parton interactions (MPI) in high energy
hadron—hadron inelastic collisions at high /s.
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Fig.1. The charged hadron multiplicity distributions in KNO form at /s = 0.9
and 7 TeV in two pseudorapidity intervals, (left) || < 2.4 and (right) |n| < 0.5.
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The measurement of particle yields and spectra is extended to strange
mesons and baryons (KQ, A, Z7) at centre-of-mass energies of 0.9 and
7 TeV [10]. By fully exploiting the low-momentum track reconstruction ca-
pabilities of CMS, the transverse momentum distribution of these strange
particles is reconstructed down to zero. As the strange quark is heavier than
up and down quarks, production of strange hadrons is generally suppressed
relative to hadrons containing only up and down quarks. The amount of
strangeness suppression is an important component in Monte Carlo models.
Pre-LHC tunes are generally found to underestimate strangeness production.
If a quark-gluon plasma or other collective effects were present, we might
expect an enhancement of double-strange baryons to single-strange baryons
and/or an enhancement of strange baryons to strange mesons. However, as
shown in Fig. 2, the production ratios N(A)/N(K$) and N(Z7)/N(A) ver-
sus transverse momentum show no change with centre-of-mass energy. The
same conclusion is drawn when looking at the ratios against the pseudora-
pidity.
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Fig. 2. Ratio of A to K2 production (top) and =~ to A production (bottom) ver-
sus pr. The CMS, ALICE [11], and STAR [12] error bars include the statistical
and systematic uncertainties. The CDF error bars include the statistical uncer-
tainties for N(A)/N(KQ) [13] and the statistical and systematic uncertainties for
N(27)/N(A) [14]. The CDF N(A)/N(KQ) bin sizes are doubled to reduced fluc-
tuations. For experiments in which the binning for A and =~ is different (ALICE
and STAR), bins are merged to provide common bin ranges in the N(=7)/N(A)
distribution.



2660 P. BARTALINI

The multiplicity density per unit of pseudorapidity dNgy, /dn is also mea-
sured using the 2.76 TeV-per-nucleon PbPb collision data recorded by the
CMS detector in runs without magnetic field [15].

In studies with heavy ions, it is important to determine the degree of
overlap of the two colliding nuclei, the so-called centrality of the interaction.
Centrality is estimated using the sum of transverse energy in towers from
both Hadron Forward (HF) calorimeters at positive and negative z posi-
tions. The distribution of the total transverse energy was used to divide the
event sample into bins, each representing 5% of the total nucleus—nucleus
interaction cross-section. The bin corresponding to the most central events
(i.e. smallest impact parameter) is the 0-5% bin, the next one is 5-10% and
so on. The distribution of the HF signal, along with the cuts used to define
the various event classes, is shown in the left panel of Fig. 3. The centrality
binning can be correlated with more detailed properties of the collision. The
quantity of interest for this measurement is the total number of nucleons in
the two Pb nuclei that experienced at least one inelastic collision, Npa,
which is obtained using a Glauber Monte Carlo simulation [16,17] with the
same parameters as in Ref. [18].
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Fig.3. Left: Distribution of the total transverse energy in the Hadron Forward
calorimeters used to determine the centrality of the PbPb interactions. The cen-
trality boundaries for each 5% centrality interval are shown by the dashed lines.
Right: Measured dNc,/dn/(Npar/2) distributions from this analysis as a function
of 1 in various centrality bins.

The measured charged multiplicity distribution per unit of pseudorapid-
ity and participating nucleon pairs as a function of 1, (dNen/dn)/(Npart/2),
is shown in the right panel of Fig. 3 for various centrality bins. The un-
certainty bands of these distributions also include the Glauber uncertainty
on Nparg. The 1 dependence of the results is weak, varying by less than
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10% over the n range. The slight dip at n = 0 is a trivial kinematic effect
(Jacobian) owing to the use of pseudorapidity (n) rather than rapidity (y).
The charged hadron density for the 5% most-central events (0-5% centrality
bin) is measured to be dNgp,/dn|,—0 = 1612 £ 55 (syst.) These results are
consistent with those of ALICE [19] within the uncertainties.

CMS also measures the pr spectra of charged particles in 2.76 TeV-per-
nucleon PbPb collision data |20], with a particular emphasis on the study of
the large pt range up to pr = 100 GeV/c. As seen at lower energies 21,22,
23,24], the charged particle spectrum in central PbPb collisions turns out to
be suppressed by about a factor of 5 compared to binary scaling of nucleon—
nucleon collisions around pr = 5-10 GeV /c. Above pr = 10 GeV /¢, however,
the suppression factor decreases and approaches 2 at pp = 40 GeV/c.

2. Short- and long-range correlation studies

Bose—Einstein Correlations (BEC) have been measured using data col-
lected with the CMS experiment in proton—proton collisions at the LHC,
with centre-of-mass energies of 0.9, 2.36 and 7 TeV [25,26]. The BEC signal
is observed as an enhancement of pairs of same-sign charged particles with
small relative momentum @ = /M? — 4m2, where M is the invariant mass
of the two particles, assumed to be pions.

In order to detect the BEC signal, it is convenient to introduce the ratio
of the () distributions for pairs of identical particles in the same event to that
for pairs of particles in a reference sample that by construction is expected
not to include BEC effects

R(Q) = (dN/dQ)/(dNrer/dQ) - (1)
The ratio is fitted with the parameterization
R(Q) = C1+A2(Qr)] (1+0Q), (2)

where 2(Qr) is the modulus square of a Fourier transform of the space-
time region emitting bosons with overlapping wave functions characterized
by an effective size r. The parameter A measures the strength of BEC for
incoherent boson emission from independent sources, & accounts for long-
distance correlations, and C' is a normalization factor.

The relevant parameters are quoted using the exponential parameteriza-
tion for 2(Qr). In agreement with previous results, the effective emission
radius r is found to increase with /s and to scale with the charged-particle
multiplicity in the event. The parameter r turns out to be nearly inde-
pendent of the average transverse momentum of the pair of particles at the
lowest multiplicity range. For the first time in pp interactions, anticorrela-
tions between same-sign charged particles are observed for () values above
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the signal region, as previously reported with LEP data. The anticorre-
lation effects decrease with increasing charged-particle multiplicity in the
event considered in this analysis.

Long-range azimuthal correlations in pp interactions for 2.0 < |An| < 4.8
have been studied for 7 TeV data, leading to the first observation of a long-
range ridge-like structure at the near-side (A¢ ~ 0) in pp collisions [27].
This striking feature is clearly seen for large rapidity differences |An| > 2 in
events with an observed charged particle multiplicity of N & 90 or higher.
The enhancement in the near-side correlation function is most evident in
the intermediate transverse momentum range, 1 < pr < 3 GeV/c. In the
2.0 < |An| < 4.8 range, a steep increase of the near-side associated yield with
multiplicity has been found in the data, whereas Monte Carlo simulations
show an associated yield consistent with zero, independent of multiplicity
and transverse momentum.

The hydrodynamic expansion of matter produced in peripheral heavy
ion collisions as well as the fluctuation of initial state lead to an azimuthal
anisotropy in particle production. CMS studies An—A¢ angular correlations
between charged particles for different transverse momentum ranges of the
trigger (P%rg) and associated (P#*°°) particles in a wide centrality range of
PbPD collisions at /s = 2.76 TeV-per-nucleon [28,29].

A Fourier decomposition analysis of the 1-D Ag¢-projected correlation
functions in the long-range region (2 < |An| < 4) up to the 6-th order
harmonics was performed. Evidence of a factorization relation between the
Fourier coefficients (an ) from dihadron correlations and single-particle az-
imuthal anisotropy harmonics (vf) was observed. The results are summa-
rized in Fig. 4.
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Fig. 4. The flow harmonics v}, v§, v} and vf extracted from long-range (2 <|An|<4)
azimuthal dihadron correlations for 1<pi® < 2 GeéV/c and 1 < p3¥°° < 2 GeV/c
as a function of the number of participating nucleons Npar¢ in PbPb collisions at
/s = 2.76 TeV-per-nucleon.
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3. Underlying Event measurements

This section summarizes the CMS Underlying Event (UE) studies in pp
interactions up to highest centre of mass energies of 7 TeV. The Underlying
Event in Drell-Yan and jet events is studied measuring the charged mul-
tiplicity density and the charged energy density in different regions which
are defined considering the azimuthal distance of the reconstructed tracks
with respect to the reconstructed boson and leading track-jet, respectively.
Complementary measurements in the transverse region and a methodology
using the jet median/area approach are also discussed. We compare our un-
derlying event results with the predictions from different Monte Carlo event
generators and tunes.

In the presence of a hard process, characterized by the presence of par-
ticles or clusters of particles with a large transverse momentum pr with
respect to the beam direction, the final state of hadron—hadron interactions
can be described as the superposition of several contributions: products of
the partonic hard scattering with the highest scale, including initial and final
state radiation; hadrons produced in additional MPI; and “beam—beam rem-
nants” (BBR) resulting from the hadronization of the partonic constituents
that did not participate in other scatterings. Products of MPI and BBR
form the UE. The UE cannot be uniquely separated from initial and final
state radiation.

The traditional CMS UE measurement in jet final states [30] concen-
trates on the study of the transverse region, which is defined considering the
azimuthal distance of the reconstructed tracks with respect to the leading
track-jet of the event: 60° < |A¢| < 120°. The jet reconstruction algorithm
used in these studies is SisCone [31].

Generator level Monte Carlo predictions according to different programs
and tunes are compared to the data corrected with a Bayesian unfolding tech-
nique taking into account the detector effects [6]. The PYTHIA 6 [32, 33]
tune Z1 [30] adopts pr ordering of parton showers and the new PYTHIA
MPI model [34]. It includes the results of the Professor tunes [35] considering
LEP fragmentation and the color reconnection parameters of the AMBT1
tune 36|, while with the early CMS UE results have been used to tune the
parameters governing the value and the /s dependence of the cut-off trans-
verse momentum that in PYTHIA regularizes the divergence of the leading
order scattering amplitude as the final state parton transverse momentum
pr approaches 0. PYTHIA 8 [37,38] also uses the new PYTHIA MPI model,
which is interleaved with parton showering. The PYTHIA 8 tune 4C [39]
which focuses on the description of the early LHC data, is adopted here.
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Fig.5. Average scalar Y pt for tracks with a pseudorapidity || < 2.0 and pt >
0.5 GeV/c in the transverse region as a function of the (left) leading track-jet pr,
for data at /s = 0.9 TeV and /s = 7 TeV; (right) pf", for data at /s = 7 TeV.
Predictions from different PYTHIA 6 and PYTHIA 8 tunes are compared to the
corrected data. The inner error bars indicate the statistical uncertainties affecting
the measurements, the outer error bars thus represent the statistical uncertainties
on the measurements and the systematic uncertainty affecting the Monte Carlo
predictions added in quadrature.

The centre-of-mass energy dependence of the hadronic activity in the
transverse region is presented in Fig. 5 (left) as a function of the pr of the
leading track-jet. The data points represent the average scalar track-pr
sum dependence, for /s = 0.9 TeV and /s = 7 TeV using tracks with
a pseudorapidity |n| < 2.0 and pr > 0.5 GeV/e. A significant growth of
the UE activity of charged particles transverse to that of the leading track-
jet is observed with increasing scale provided by the leading track-jet pr,
followed by saturation at large values of the scale. A significant growth of
the activity in the transverse region is also observed, for the same value
of the leading track-jet pr, from /s = 0.9 TeV to /s = 7 TeV. These
observations are consistent with the ones obtained at Tevatron [40]. The
evolution with the hard scale of the ratio of the UE activity at 7 TeV and
0.9 TeV is remarkably well described by the Z1 tune. The trend is also
reproduced by PYTHIA 8 Tune 4C. The strong growth of UE activity with
charged particles is also striking in the comparison of the distributions of
charged particle multiplicity, pr and scalar pp sum (not shown here) which
corroborate the presence of a hard component in the UE hence the adoption

of the MPI models.
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The Drell-Yan (DY) process with muonic final state, g — putu~, pro-
vides an excellent complementary way to study the underlying event. The
CMS UE measurement [41] in DY events focuses on the di-muon invariant
mass region between 60 and 120 GeV/c?. The UE observables defined in the
jet final states are extended to the DY case replacing the track-jet with the
di-muon. Figure 5 (right) shows the scalartrack-pr sum using tracks with a
pseudorapidity |n| < 2.0 and pr > 0.5 GeV /c in the transverse region. Since
the minimum energy scale of the event in this analysis is set by the lower
bound on M, the MPI component turns out to be saturated, hence only
a small but noticeable growth of the UE activity with increasing pi" can
be observed which can be attributed to the radiative component. The UE
measurement in DY events is extended to the regions along and opposite
with respect to the di-muon direction (not shown here). Extrapolating to
the point with minimal radiative and maximal MPI contribution, the UE
activity in DY events turns out to be around 25% lower with respect to the
jet case. In Ref. [42] this is interpreted in terms of the reduced transverse
size of the gluons with respect to the quarks.

On top of the traditional approach, a new methodology to quote the UE
adopting anti-k1 jets [43] and relying on the measurement of their area [44]
is adopted for the first time by CMS using charged particles in pp collision
data collected at /s = 0.9 TeV [45]. The new set of UE observables consider
the whole pseudorapidity-azimuth plane instead of the transverse region and
inherently take into account the leading jets of an event.

CMS also reports measurements of the energy flow in the forward re-
gion [46,47] for minimum bias, dijet and DY events. These measurements
are connected to the central region UE ones as the basic philosophy is the
same: they concentrate on the complementary activity of a pp interaction
for different energy scales of the reconstructed leading objects.
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