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1. Introduction

For 15 years, electrons and protons collideeéxtremely high energies inside the
particle accelerator ring HERA. Research operatias concluded in summer 2007 and HERA
was switched off. The evaluation of the recordethdhowever, is continuing at full speed.
During that time, many of the insights providedH¥RA into the microcosm found their way
into the physics textbooks. They are now part eflthsic knowledge we have of the workings
of our world. The HERA physicists are now perfegten comprehensive overall picture of the
proton and the forces acting within it — with agsén that won't be matched by any other
particle accelerator in the world for years to come

1.1 The ZEUS detector at HERA

1.1.1 TheHERA Collider

The HERA (Hadron-Elektron Ring-Anlage) storage riiagility at DESY was the only
one in the world in which two different types ofrficles were accelerated separately and then
brought to collision. It was built at the DESY (@sches Elektron Synchrotron) laboratory in
Hamburg, Germany between 1984 and 1991, and wagedration from 1992 to 2007. Here, in
a 6.3-kilometer-long tunnel, lightweight electrorfer their antiparticles, the positrons),
accelerated to an energy of 27.5 GeV, collided 8206(920) GeV protons. In these electron-
proton collisions, the point-like electron actselift tiny probe that scans the inside of the proton
and reveals its inner structure. The resulting reeof-mass energy was 300(318) GeV, more
than an order of magnitude higher than the previesi-target experiments, which allowed a
wider kinematic range ix and Q° to be explored. The higher the energy of theigart
collision, the deeper physicists are able to ga#e the proton, and the more details are
revealed. That's why HERA was dubbed a “superteacmicroscope”. Thanks to HERA's
highly precise “electron probes”, particle phydigiare able to investigate the inner structure of
the proton and the fundamental forces of natuggaat detail.

g e\ 3 Fig. 1. Schematic view of the HERA collider and
" vema its pre-accelerator system.

In 1992, the first two HERA experiments went
into operation: H1 in the North Hall and ZEUS

e B in the South Hall. Both experiments observed
o oy the high-energy collisions of electrons and

P / protons in order to unravel the internal

“““““ :‘_‘1 = structure of the proton and the mysteries of

nature’s fundamental forces. These detectors
were in operation until mid-2007, and between thhey recorded a gigantic amount of data.

Active data taking has been completed, but the HERPeriments are continuing. Figure 1

shows a schematic drawing of the HERA collider asmgre-accelerator systems.
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The HERA collider had two different injection syste for the beams. The proton
acceleration chain started with negative hydrogars i(H) accelerated in a LINAC to an
energy of 50 MeV. The electrons were then strippédhe H ions to obtain protons which
were injected into the proton synchrotron DESYaltld accelerated up to 7.5GeV in 11 bunches
with a temporal gap of 96 ns, the same as in thiea HH&RA ring; these bunches were then
transferred to PETRA, where they were acceleraietDtGeV. Finally they were injected into
the HERA proton storage ring and the injection ptp when the ring was filled with 210
bunches. In the HERA ring the proton beam was Huelerated up to 920 GeV. The leptons
were first accelerated to an energy of 250 MeVctebms) and 450 MeV (positrons) in the
linear accelerators LINAC | and LINAC Il, respectly. They were then injected to the DESY
synchrotron, accelerated to 7.5 GeV and then tearesf to PETRA I, where they reached an
energy of 14 GeV in bunches separated by 96 ns. gapally they were injected into the
HERA ring, until it contained 210 bunches and aecgkd to the nominal lepton beam energy
of 27.5 GeV. In order to study the background cbons, some of the bunches were kept
empty, they are known as pilot bunches. When batithes were empty the non-beam related
background, such as cosmic rays, could be stutliémbn either the lepton or the proton bunch
was empty, it was used to study the beam-relatekignaund originating from the interaction of
the lepton or proton beam with the residual gabénbeam pipe.

HERA had two phases of operation, known as HERAdI IHERA II. The first phase of
operation, HERA |, lasted from 1992 to 2000 and tiial delivered luminosity during that
period was 193pb. During the shutdown in 2000/2001, the HERA caltidvas upgraded to
deliver about a factor five times higher specifiminosity at the interaction point. In addition
spin rotators were included to rotate the spinh&f keptons such that the lepton beam was
longitudinally polarized at all interaction regiofithe experiments also took the opportunity of
the shutdown to upgrade their detectors to achigyteer precision measurements, especially in
the context of heavy flavour and hi@)f physics. After the detector and accelerator upggad
the second phase of data taking, HERA I, bega20®8. From October 2003, until the end of
2006, HERA provided stable beam operations andsefeldl atotal luminosity of 556 pBb.
Before the end of data taking (June 2007), speletd, using two different lower proton beam
energies 460 GeV (Low Energy Run) and 575 GeV (MedEnergy Run) werégaken. The
corresponding luminosities for the LER and MER w&Be8 pb' and 8.1 pb, respectively.
This data was taken in order to measure the lodigiali structure functiorf,, of the proton.

1.1.2 ZEUS Detector

The ZEUS detector was a multi-purpose detectorgdesi to study a wide range of
physics involving high energy lepton-proton cobliss at HERA. It had a size of 12x11x26 m
and a weight of 3600 tons. It was a quasi-herndgiector as it covered most of the gblid
angle with the exception of very small regions abthe beam pipe. As a result of the energy
difference between the electron and proton bearost of the final state particles were boosted
in the proton beam direction. Thus the ZEUS detestas specially instrumented with
additional sub-detectors in the proton beam dioectThe ZEUS coordinate system is a right-
handed Cartesian system with the origin at the nahinteraction point. The Z—axis points in
the direction of the proton beam and is often refitto as the “forward direction”. The X—axis
is perpendicular to the beam direction pointingdodg the centre of the HERA ring and the Y —
axis points upwards. The polar andle,and the azimuthal angke, are measured relative to the
Z-axis and X—axis, respectively. In general, theugerapidityn = —In tan@/2), is used instead
of the anglé, as a difference in is longitudinally Lorentz-invariant.

The ZEUS detector had the typical design of higkrgy physics experiments.

Starting from the interaction point and moving edigi outwards, the ZEUS detector consisted
of charged patrticle tracking detectors surroundimgbeam pipe. The innermost detector was
the vertex detector which was removed during th@518996 shutdown and, in 2001, a silicon
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microvertex detector (MVD) was installed in its ggato improve the tracking and especially
vertexing. The MVD was surrounded by the centratking detector (CTD) which was a
cylindrical drift chamber. The CTD was supplemeniedhe forward region by three sets of
planar drift chambers (FTD) with interleaved traiosi radiation detectors (TRD) and in the
rear direction with one planar drift chamber cotirsgs of three layers (RTD). In order to
improve the forward tracking, in 2001, the TRD systwas replaced by a straw-tube. All the
tracking components combined, offered an angulee@ance of 7.5° € < 170° for charged
particles. The tracking system was enclosed by @ersonducting solenoid providing a
magnetic field of 1.43 T for the determination dfacge and momentum of the charged
particles.

A high resolution compensating uranium-scintillataitorimeter (CAL) surrounded the
tracking detectors and the magnet. It was the imainument to measure the energy of electrons
and hadrons and was subdivided into three sectibesforward (FCAL), the barrel (BCAL)
and the rear (RCAL) calorimeters. Inside of the EG#Hd RCAL the hadron-electron separator
(HES) was placed, which helped to distinguish etext from hadrons. In front of the CAL,
scintillating tiles, called the presampler weredu$ar the detection of pre-showering particles
improving the energy measurement. Further, the @&k surrounded by the iron yoke which
provided the return path for the magnetic fieldxfland was instrumented with proportional
tubes serving as a calorimeter (backing caloriméB#C)) for the particles which had not been
observed by the CAL. The BAC was also used as anndabection system. Dedicated muon
identification chambers were located inside andidetthe iron yoke.

The silicon microvertex detector (MVD) was instdllm the ZEUS experiment in the
gap between the beam pipe and the inner voluméefQTD. The MVD was designed to
improve the overall precision of the tracking systand to allow the identification of events
containing secondary vertices originating from tleeay of particles with long lifetime ¢
100um).

Some of the design specifications of the MVD were:

polar angular coverage of 18260°;

measurement of three points for each track in twdependent projections;

20 um intrinsic hit resolution;

two-track separation of 2Qdm.

The barrel MVD was equipped with 600 single-sidatican strip sensors of
approximately 64 x 64 mfrsize and 32Qum thickness with bstrips implanted into n-type
bulk. Each sensor had 3082 strips withp@0 pitch. Every sixth strip was read out resulting i
512 readout strips at a readout pitch of 1#@ The MVD silicon sensors were read out using
the analog chips Helix 3.0 which were mounted aaméc structures called hybrids.

The central tracking detector was a cylindricaleadirift chamber designed to measure
the direction and momentum of the charged partiatewell as their energy loss, dE/dx, which
provides information for particle identificatiort.Had an overall length of 240 cm and an outer
radius of 85 cm, while the active volume had a fergf 203 cm with inner and outer radii of
18.2 cm and 79.4 cm, respectively. Longitudindllgdvered the region from Z=100 cm to Z
= 103 cm resulting in a polar angular coverage of 4 6 < 164°. The resolution on the
transverse momentumg,pof tracks fitted to the interaction vertex andsgiag at least three
CTD super-layers (with4> 1.5 GeV) is :

O o0oo0o

; 0.007
7Pr) _ 0058y @ 0.0065 @ 2204
rT T
where g is expressed in GeV.
The three levels of the ZEUS trigger system wegaoized such that at each level the

rate was reduced giving increased time to perfoorendetailed calculations.
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The high precision measurement of the integratediriosity is essential for the
determination of cross sections. At ZEUS the lumityowas determined by measuring the
Bethe-Heitler QED bremsstrahlung process — epy, where the leptons and photons are
scattered at very small angles. The cross secfidsprocess is largesg, > 20 mb) and can
be calculated as a function of the photon energyarioaccuracy of 0.5%. The precise
measurement of bremsstrahlung process and itsrhtghallowed an accurate determination of
the luminosity.

1.1.3Kinematics of L epton-Proton Scattering

In the SM, the fundamental lowest order procedspton-proton scattering is mediated
by the electroweak force through the exchangewaictor boson. If the exchanged boson is a
photon,y, or a Z, the process is called neutral currertteséag (NC); in case the boson is &W
the interaction is called charged current scatgef@®C). In CC scattering the final state lepton
is a neutrino

e +tp—ov +X
whereX denotes the hadronic final state. The genexymfan diagrams of both processes
including the particle’s momenta are shown in Fégr The kinematics ap collisions can be
explained with the help of these diagrams as falow

e*(k) e* (k')

v Z%q = k-k')

X(P+q)
(a) NC (b) CC

Fig. 2. Electron-proton scattering: (a) in neutarent (NC), and (b) charged current (CC). The fo

vectors of the particles are given in parentheses.

The incoming leptong”, having a four-momentum k¢f) interacts with an incoming
proton of four-momentum P{EP). The four-momentum of the resulting scattéegton is
k'(Ee k') and that of the exchanged boson is,@Ewhere

g=k-k.
The scattering is described by the following Loreintvariant variables:

s = (k+P)
Q@ = —¢=—-(k—-K) 02Q*<s
P-q
= 0<y<1
” P Y
2
= 1 o<z<1
P GRS FE

wheres is the total centre-of-mass energy squar€df. is the negative square of the four-
momentum transfer of the exchanged boson whicegfis virtuality. In the proton rest frame
the inelasticityy, describes the relative energy transfer from #mtan to the hadronic system
andx is called Bjorken scaling variable. In the quarktpa model x can be interpreted as the
fraction of the proton momentum carried by thedkrquark.
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The variableQ? is used to split the kinematic plane into two sefmregimes, the deep
inelastic scattering (DIS) and the photoproduct{&®nP) regime. Events with high photon
virtuality, Q> > 1 Ge\f, and large hadronic centre-of-mass enelyyare referred to as DIS
events. For these events the incoming lepton iectefl by some measurable angle and can be
identified in the detector. The events with very Iphoton virtualityQ? ~ 0 are characterized by
the exchange of a quasi-real photon and are kneWwh® events. In these events the incoming
lepton is deflected at a very small angle and cabeoobserved in the main detector. In DIS
events the hard scale is provided ® and thus allows the perturbative calculations ¢o b
performed. For PhP ever¥ is not a hard scale; however the transverse mamrenf jets or
the mass of the heavy quarks produced may defiregdhscale in the event.

The virtuality, @, gives the scale of the interaction. It can beutfn as the “spatial”
resolution of HERA to resolve the inner structuféhe proton. Quantitatively it is related to the
quantum wavelengtti, of the boson which is looking into the proterg A = hAQ? Sincethe
photon exchange cross section falls rapidly asation of Q?, at lowQ? the photon exchange
dominates the cross section over the weak bosamly. thenQ? is sufficiently large, are the

contributions from thez and W* bosons

© ZEUS e p NC 98-389
2 Sme'p NG (cTEGED) 7 convergence of the NC and CC cross

s — SMe'p NG (CTEQED)

_ HERA _____ significant. Indeed, whe@® > M*; \ the

3 o NS s 3 neutral and charged current cross sections
2 B ZEUS o”p NC 99-00 ¢ are found to be of comparable size. The
o

4 sections as seen in Figure 3 is an
] illustration of unification in the
electroweak theory.

, éi .—;:f T f:}'-j_-' ‘

« H1e'p CC 94-00

<L 4 HlepcCC . . . .
1 F L Zesesccssoo Fig. 3. Inclusive differential NC and CC cross
5F - o ” . . 2 .
107 T e 00 @re0s0) sections as a function @°. Data points are
10 80 — Swercc(cTEGeD) measurements from the ZEUS and H1
LE y<02 %3 experiments, the lines show the SM
10 o3 o ~ predictions for the specific process.

Q? (GeV?)

1.2 Theproton under the HERA microscope

1.2.1 Heavy flavours

Normal matter is mainly made of up- and down-flaali quarks, with some admixture of
virtual strange quarks. These are collectivelyechlight flavours. In high-energy interactions,
such as those that occur in electron-proton cofisiat the HERA collider, the production of
heavy flavours, i.e. with associated quark maszeget than the proton mass, starts to play an
important role. At HERA energies, these flavourdude in particular the charm quarks and the
even heavier beauty quarks. In order to study daflavour contributions, events containing
such heavy quarks in the final state need to bgethg@nd separated from other processes. This
can be achieved in essentially three ways. A charnaelron (a final state particle containing a
charm quark) is reconstructed by explicitly ideyitif and combining all its decay products.
The longer lifetime or the large mass of the pammnticles of such heavy flavour hadrons
(charm or beauty) with respect to other particteased to detect secondary vertices. The three
methods can also be combined. At energy scalesfisagily larger than the proton mass,
processes with quarks carrying heavy flavour gquantwmbers contribute significantly to
inclusive quantities like the proton structure ftioic F,. In the case of charm, this contribution
can reach up to 36 % in reactions with the higkesrgy transfer. In contrast to the abundant
charm final states, beauty quarks appear only small fraction of inclusive final states at
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HERA, of the order of 1 %. On the other hand, #irgé mass and longer lifetime of the beauty
hadrons makes their inclusive detection somewhsaeea

ZEUS
. Beawty . (Cham  _ Fig. 4. Differential beauty-jet and
E 102 (a) ] 3 10°5 (b) 1 charm-jet photoproduction cross
3& mf ié 107 ] sgtctlons as a fgtnctlon of (a)-(b)
E- ¢ = A i p®rand (c)-(n'nl)nJ . The data are
3 e T e == Shown as points. The inner error
8 101;— NLO QCD ® had (CTEQG.6) T 1 ] 71§—NL0QCD®hnd(CTEQ6.Sj f bars ] a_re the statistical
F .- NLOQCD® nad (CTEQSM) 1075 -~ NLo @cD © had (cTEQSM) uncertainties, while the outer error
05w %305 1520 %5 %0 % bars show the statistical and
Py (GeV) Pr (GeV)  systematic uncertainties added in
_ Beauy _ quadrature. The band represents
g ' ' g ()1 the NLO QCD prediction,
¥ 5 ] corrected  for  hadronization
= 3 1 effects, using CTEQ6.6 as proton
° s PDF; the shaded band shows the
estimated uncertainty.

Photoproduction of beauty and charm quarks in eveith at least two jets has been
measured [1] with the ZEUS detector at HERA usingndegrated luminosity of 133 pb The
beauty and charm cross sections as a functign®efand W* are shown in Fig. 4. The NLO
QCD predictions are in good agreement with the daththe scaled Pythia MC describes the
distributions well. In Fig. 5 (left), the b-quarkfférential cross sections as a function of the
quark transverse momentumiz(ep —bX)/d@r , are shown fob-quark pseudorapidity in the
laboratory frameyf| < 2, forQ® < 1GeV and 0.2 <y < 0.8. The measurement presented here
extends the kinematic region to highp8 values than previous measurements and represents
the most precise measuremenbafuark photoproduction at HERA

=~ 10° £ T T T £ - . . ZEPS . o
E b 4) 3 E L =
3 E E ; doldp, (ep — ebX) (a) 3 E = d(sldp:m (ep — ecX) (a)
] r 2 2 7 10* - E
Lwi ¥, Q%<1GeV%02<y<0.8, Inb|<27§ % B Q?<1GeV? 02<y<0.8, el <15 3
fg:- £ :Nl;uc;:?:gpl)m 1 5 40 —NLO QCD _
L ) Ay i o E 222,02 E
B 10 o zEUSOEOTboe - opEmidp? s F —  wis(miplya 3
s UE 3 s .0 uP=mZ+p2 ]
E = ZEUS96-00b—D'u 3 S 42 L ~ n=mg+pl ]
[ e ZEUS96-00b—u ] T TE ) 3
4L 2 ZEUS9G-00b—e - F o+ ZEUS9G-00c-—e < H 3

E . El = L
E @ ZEUSO5bpjet S, J 10 = »  ZEUS 98-00 D* jets E
F % ZEUS114pbTbb—u k| E 3

ot L 7 ZEUS133pbTbjet i v zEusin pb ¢ jet

s Er i L [, s Ei ———— ————— T E
© sF (b) © ]
5\ E T 3 (b) 3
E 3 g E 1
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Fig. 5. Summary of differential cross sections liqiieft) andc-quark (right) production as a function of
asp’r measured by the ZEUS collaboration. The measurenae shown as points, with the results of
this analysis shown as inverted triangles. Therimmeor bars are the statistical uncertainties,levttie
outer error bars show the statistical and systeneitertainties added in quadrature. The band septe
the NLO QCD prediction and its theoretical uncertgi
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Good agreement with the NLO QCD prediction is obsdrfor many independent ZEUS
measurements, giving a consistent picturb-gfiark photoproduction over a wide rangepf
The corresponding-quark cross sections were also calculated anghemen in Fig. 5 (right).

The production of beauty quarksep interactions has been studied [2] with the ZEUS
detector at HERA for exchanged four-momentum squ&e> 10GeV, using an integrated
luminosity of 363 pB". The beauty events were identified using electfom® semileptonid
decays with a transverse momentum 0.9°<< 8GeV and pseudorapidity®] < 1.5. Cross
sections for beauty production were measured antpbaced with next-to-leading-order QCD
calculations. The visible cross section for elagsrérom direct and indiredt-quark decays was
found to be

Ope = (T1.8 %+ 5.5(stat.)*2:3(syst.)) pb
This cross section includes all electrons and posstfrom bottbh and antib and no jet
requirement was applied at the true level. Thisltesn be compared to the HVQDIS
NLO QCD prediction of
Oi\}L,O = ((_iTﬂ?) pb

Differential cross sections as a functiong§ andy;®, Q* andx are shown in Fig. 6.

The structure functio®, can be defined in terms of the inclusive doubldedéntial cross
section as a function afandQ?.

Aoy Y, (2ma? T 5 T o

c_l.;:d;;? B +(.z-(24 = | e, Q) - Sf_'_FLM{”" Q)
whereY+ = 1 + (1- y)? andF®_is the beauty contribution to the structure fumct,.

ZEUS

Fig. 6. Differential cross sections for electromenf b-
quark decays as a function of the kinematic vagisi§h)
Q% and (b)x, and the decay electron variables§&)and

(@) 7"

=]

The electron cross sectiof, .., measured

— T ~17 T T T T T

2 (© S of  ZEUS383pb’ (d) | . .

] Sl —meearca | in bins of x andQ?, was used to extrad®®, at a
g 3 4of S HVODIS { reference point in the x~“@lane using

do/dp!

n
S
T
>

:12(,6;& FQFDb.NLU{.?_. (92 )
T drd@?  d20YP /dr dQ?

W+
H 10

F(z,Q%)

p7(GeV) n
The structure functio&®> is shown in Fig. 7 as a functionfor nine different values
of @ and as a function of? for fixed values ofx. As we can see the measurement is in
agreement with the results obtained from previonalyges using different techniques. For
Q*>10GeV, this measurement represents the most precisemies#tion of F°°, by the ZEUS
Collaboration. The NLO and NNLO QCD calculationsyide a good description of the data.
Charm production in deep inelastic scattering hesnbmeasured [3] with the ZEUS
detector at HERA using an integrated luminosityl@® pb*. The hadronic decay channels
D'— K", 4" — pK’, andA.*—4 7", and their charge conjugates, were reconstructee. T
kinematic range is 0 pr(D*, 4¢") < 10GeV, §(D*, 4.)| < 1.6, 1.5 Q% < 1000GeV and 0.02<
y<0.7. Inclusive and differential cross sections tfoe production of Dmesons are shown in
Fig. 8. and compared to next-to-leading-order Q@&jztions.
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Fig. 7. The structure functid®®, (a) as a function of for nine different values of ®Q (b) as a function
of Q? for fixed values ok.

0.000

The following total visible cross section for D+ so@s was measured:
(D7) =257+ 4.1 (stat.) 725 (syst.) & 0.8 (br.) nb.
The corresponding prediction from HVQDIS4D") = 12.7 +3.8 —4.1 nb. The followingl.
cross sections were measured: using the decay ehagn— pK’s
o(A}) = 149449 (stat.) 22 (syst.) +3.9 (br.) nb;
and using the decay channgl—4 =" ‘
o(Al) = 14.0 £ 5.8 (stat.) T35 (syst.) £3.7 (br.) nb
The cross sections obtained using
different decay channels are in good
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1.2.2 Proton structure

The collisions of electrons or positrons with prig@at HERA allow the measurement of
the proton content (quark and gluons) with unprenéetl precision. Most of the electron-proton
interactions are taking place at a low momentumsfier @ and are mediated by a virtual
photon. A small but significant part of the coltiss correspond to the very higmomentum
transfers, from a thousand up to a few tens ofghnds of Ge¥ In this domain, which was
reached in deep-inelastic scattering for the firse at HERA, the collisions are also mediated
by weak bosons, leading to events with spectaitaratures. In the case of at high, the
incoming electron is scattered at wide angles,lamtd the classical Rutherford experiment,
thereby probing the point-like nature of the straekarks with resolutions down to 1om. For
this type of interactions, contributions from theutral weak 2 boson are expected. The
interactions at higl®)’ can also be mediated by charged weak bo¥énseading to final states
with significant imbalance in the detected transeemomentum, due to the elusive neutrino
produced as a result of the electron conversiores@hcharged-current interactions can be
measured at HERA. The DIS processes at large mametransfer offer new possibilities to
pin down the proton structure functions. Previoesuits for this region where obtained using
fixed nuclear targets, in a regime where the moomantransfer barely reached a few tens of
Ge\2. At HERA, the absence of nuclear media aroundptioéon allows a clean determination
of the parton distribution functions from the meash structure functions. The PDFs are
defined as the probability densities of given past¢quarks of different flavours and gluons) to
carry a fraction x of the proton momentum.

The measurements based on the data collected ln#iZEUS during the first phase
from 1994 to 2000 (HERA I run) were used to acalyatetermine the proton structure. An
unprecedented precision of about 1-2 % was obtaahéniv Q?, while the accuracy of the high
Q* measurements was still dominated by statisticatipion. The HERA |l data sets were
recorded after a luminosity upgrade and variousalet improvements by H1 and ZEUS in the
period from 2003 and 2007. They were analyzed ki bollaborations and combined during
the year 2010. Finally they were also combined whth HERA | data. The gain in statistics is
supplemented by an appropriate treatment of théemic uncertainties, leading to a
significant improvement in precision.

The combined cross section measurements from HERAdI HERA Il are used to
obtain the parton distribution function set calletERAPDF 1.5. The PDFs and their
uncertainties obtained are shown in Fig. 9. Thevéis performed with 14 free PDF parameters.
As was the case for the previous fits based on HER& only, the HERAPDF 1.5 set has the
advantage to be based on a coherent data set frerootlider only, composed from precise and
mutually consistent samples produced by
two independent experiments. The
universality of the PDFs assumes that other
processes and collision configurations
involving protons can be calculated using
the PDFs extracted from precision
measurements. In particular, HERAPDF1.5
sets can be used to predict cross sections
for phenomena occurring in proton-proton
collisions at the LHC.

H1 and ZEUS HERA I+II PDF Fit

xf

xg (x 0.05) Q*=10000 GeV?

March 2011

—— HERAPDF1.5 NNLO (prel.)

- exp. uncert.
l:l model uncert.

L X5 0.05) \:l parametrization uncert.

0.6

0.4

Fig. 9. The improved precision of the parton
distribution functions obtained by using
combined HERA Il data shown at a scale

N e TR . ; Q?=10000 GeV, typical for the expected

10 10’ 10? 1 x ! interactions at the LHC.

0.2

HERAPDF Structure Function Working Group
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The HERA inclusive data analysis is now close ® uttimate precision. Only the
combination of the inclusive data with further senglusive measurements (charm or jets) may
allow a further increase in precision in variougioas of the phase space and provide a precise
test of the theory of strong interactions in DIS.

1.2.3 Stronginteractions

Strong interactions result from the exchange o$ganger particles, gluons, between the
matter constituents of nucleons and nuclei, therkgualThe data from the electron-proton
collider HERA are very well suited to study the pedies of the underlying theory, quantum
chromodynamics. Insights obtained at the “HERAScalé about 10-100 GeV can be
successfully applied to the “Terascale” probedheyltHC. Using the knowledge of this internal
structure, based to a large extent on measurena¢ntERA, one can go a step further and
measure effects which are solely due to QCD. Owh sffect is the probability of a quark to
absorb or radiate a gluon. This probability is pseterized in terms of the strong coupling
constantos. It has been well known since decades that itsevahther depends on the energy
scale of the interaction and decreases with inorgasnergy or decreasing distance scale
(asymptotic freedom). On the other hand, the cogpincreases with increasing distance scale,
such that at some point the probability for furthrgeractions reaches the order of unity. Thus a
quark or gluon resulting from a high-energy procgslsalways “fragment” into a whole bundle
of secondary particles, called a jet, when it mawgay from the interaction.

Measurements of jet cross sections are a welldesttall tool for QCD studies and have
been performed for many different observables aRBEFor jet analyses in neutral current
deep inelastic scattering, the Breit reference &rampreferred, since it provides a maximal
separation between the products of the beam fragti@m and the hard jets. In this frame, the
exchanged space-like virtual boson has 3-momentum(@, 0,-Q) and is collinear with the
incoming parton. While retaining hard QCD processekading order in the strong coupling
constant, the contribution from the parton-model process loa suppressed by requiring the
production of jets with high transverse energyha Breit frame. Therefore, measurements of

jet cross sections in the
ZEUS Breit frame are directly

4% . ‘Z‘E‘[‘TS(S’;ﬂtpl‘fl‘)H i; E E sensitive to hard QCD
%10—1; NLO® Gy ®Cy _af B 7 processes, allowing tests of
»g - I AR - 4 perturbative QCD (pQCD),
EWT --------- uR=E" i | of the factorisation ansatz
T E - and of the parton
- . r | distribution functions of
w? - 4 the proton.

T \HHH‘
1 \HHH‘

Fig. 10. The measured
differential cross-sections (a)
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Single- and double-differential inclusive dijet ssosections in neutral current deep
inelastic ep scattering have been measured [4]h thié ZEUS detector using an integrated
luminosity of 374 pb. The measurement was performed at large valuethefphoton
virtuality, @, between 125 and 20 000 GeV

The cross sections are described by the predicobneext-to-leading-order QCD. The
single-differential dijet cross-sectiods/dQ* andda/dxg are shown in Fig.10 (a) and (b). Here,
Xgj is the Bjorken scaling variable that defines, tfee parton-model process, the fraction of the
proton momentum carried by the struck masslessmpart

At large boson virtuality@?, the experimental and theoretical systematic uacgres are
small and, thus, use of the large HERA data sawguteprovide powerful physical constraints.

The probability to radiate one or two extra “hagltions in the final state is theoretically
calculable. Such gluons will influence the shapetha energy flow in the final state, and
therefore the details of how jets are reconstrufrtad this energy flow. Different jet algorithms
exist which are sensitive to these details in diffe ways. Fig. 11 shows the dependence;of

& T T luaemas 1 ON the energy scale, as extracted from several HERA

0.22 - ¥ b1 bigh O DaS, scaled -
1 B PEUS jprel]) NE DES 300 b ", sealed |

N » memmemeswses. (Jata Ssets of this kind. The decrease towards higher
02—\ H eesred, th, uncertsingy (i) - . . . H
s = mEnTnWSImE, | energy scales is clearly visible, and again wedicdeed

08 - 1\
0.16 - X

014 -

by QCD calculations. The expected continuationhig t
dependence into the Terascale regime can be very
' reliably predicted.

042 .\\\\\ 5
ok ke Fig. 11. The running coupling constantas a function
f - of the energy scale
0.08 st = do
10 10 10
wWGeV

Inclusive-jet cross sections were measured [5] in
the reactiorep— e + jet + X for photon virtualityQ® < 1 GeVf and yp centre-of-mass energies
in the region 142 W,, < 293 GeV with the ZEUS detector at HERA using iaregrated
luminosity of 300 pb'. Jets were identified using the kT , anti-kT oB&ne jet algorithms in
the laboratory frame. Single-differential crosstiggts are measured as functions of the jet
transverse energfE®; , and pseudorapidity’®, for jets withE®; > 17 GeV and-1 <#*' < 2.5
and are presented in Fig. 12. The NLO QCD predistiare compared to the measurements in
these figures. The calculation reproduces the medsts/E®'; well, except at the lowe&t*;
bin. No significant deviation is observed in thglestE®; region. In addition, measurements
of double-differential inclusive-jet cross sectiaare measured as functions; in different
regions ofy™™, which have the potential to constrain the gluemsity in the proton and the
photon. Next-to-leading-order QCD calculations gavgood description of the measurements.
The measured single-differential cross-sectiongdbam the three jet algorithms were used to
determine values ofx(Mz). The NLO QCD calculations were performed withefisets of the
ZEUS-S proton PDFs which were determined from dldlia assuming different values of
ad{Mz). The GRV-HO set was used as default for theqrh®DFs.
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Fig.12. The measured differential cross-sectiBiE®; (a) and do/7*(b) for inclusive-jet
photoproduction wittE®; > 17 GeV and-1 < < 2.5 (dots) in the kinematic range given by Q1
GeV? and 0.2 < y < 0.85. For comparison, the NLO QCRudation withy = E®;  are shown.

The value ofayMy). used in each calculation was that associatéd the
corresponding set of proton PDFs.
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The values ofi(M;) determined from the anti-kT (SIScone) measurema@sconsistent
with that obtained from the kT analysis withif.7 (-0.8)%.
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Fig. 13. Theas values determined from
the measuredis/E®; as a function ofE®;
(open circles). The error bars represent the
uncorrelated uncertainties of the data; the
inner shaded area represents the correlated
systematic uncertainties and the outer shaded
area represents the correlated and theoretical
uncertainties added in quadrature. The solid
line indicates the renormalisation-group
prediction at two loops obtained from the
as(Mz) value determined in this analysis.
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The energy-scale dependencerpfwas determined from a NLO QCD fit to the measured
do/E®; cross section based on the kT jet algorithm. ¥slofas were extracted at each mean
value of measurecE®; without assuming the running af. The extracted values of as a

function of E®% are shown in Fig.13.
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The results are in gooctegent with the predicted

running of the strong coupling calculated at
two loops over a large range ' from a
single experiment with high experimental
precision. Fig. 14 shows the result of this
analysis compared to previous ZEUS
analyses.

Fig. 14. Extracted ayMz) value from this
analysis (upper dot). For comparison, other
determinations from ZEUS, the HERA combined
2007, the HERA average 2004 and the world
average 2006 values are also shown. The shaded
band represents the uncertainty of the world
average.

The production of isolated high-energy photons aq@anied by jets has been measured in
deep inelastiep scattering with the ZEUS detector [6] at HERA gsan integrated luminosity
of 320 pl'. Events in which an isolated high-energy photoolserved provide a direct probe
of underlying partonic process in high-energy ewins involving photons, since the emission
of such photons is unaffected by parton hadroriratileasurements were made for exchanged
photon virtuality,Q?, in the range 10 to 350 G&VThe photons were measured in the transverse
and pseudorapidity ranges &< < 15 GeV and -0.7 ¢’ < 0.9, and the jets were measured in
the transverse energy and pseudorapidity ranges: E5' < 35 GeV and -1.5 ¢ < 1.8.
Differential cross sections are presented as fanstiof these quantities. This measurement
provides a more detailed test of perturbative Q& kinematic region with two hard scales,
given by @° and EY , the transverse energy of the emitted photon quivalently, the
momentum transfer in the QCD scatter. The diffeabeross sections as functionsBf, #’,
Q? andx are shown in Fig. 15. Leading-logarithm partopvger Monte-Carlo and perturbative
QCD predictions are compared to the measuremesetsurBative QCD predictions give a
reasonable description of the data over most cdrkitic range. There are two contributions to
the scattering cross section for #e>eyX. One of these contributions comes from the raatiati
of a photon from the quark line (call€Q photons) and a second from the radiation from the

lepton line (called.L photons).
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Fig. 15. Isolated photon differential cross sawiin (a) E¢, (b)#”, (c)x and (d)Q? The inner and
outer error bars show, respectively, the statikticacertainty and the statistical and systematic
uncertainties added in quadrature. The solid histog are the Monte-Carlo predictions from the sfim
QQ photons from Pythia normalized by a factor hfs Djangon LL photons. The dashed (dotted)
lines show the QQ (LL) contributions.
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