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Recent QCD results obtained by the H1 and ZEUS collaborations at the ep collider HERA
are presented. The high precision measurements of the inclusive deep-inelastic scattering
cross section at high photon virtualities Q2 are used to search for signs of physics beyond
the Standard Model. The studies of hadronic final states such as diffraction, jet and
heavy quark production as well as particle production are summarised. Predictions from
perturbative QCD are confronted with these measurements and the consistency of the
understanding of strong interactions tested by these processes is discussed.

1 Introduction

HERA was operated during the years 1992 to 2007 producing e interactions at centre-of-
mass energies up to /s = 320 GeV. Both collider experiments H1 and ZEUS collected data
corresponding to an integrated luminosity of 0.5 fb~! each.

The HERA collider was an unique machine for studying strong interactions. It provides
a clean environment for the precise determination of the proton structure over a wide range
in Bjorken z and in virtuality Q2 of the exchanged boson, which is either a photon or a Z-
boson in case of neutral current (NC') interaction, ep — eX, or a W-boson in case of charged
current (CC) interactions, ep — vX. The two high resolution multi-purpose detectors H1 and
ZEUS allow for detailed analyses of the hadronic final state and thereby give access to the vast
physics of diffraction and of jet, heavy quark and particle production. By all these processes
different aspects of strong interactions are addressed making HERA an ideal testing ground for
QCD. This talk will focus on application of parton distribution functions (PDFs) of the proton
in searches for signals of new physics at HERA, on the strong coupling constant ag and on
fragmentation functions (FFs).

A precise knowledge of the proton PDFs is vital for interpreting the data taken at hadron
colliders, especially when analysing rare Standard Model (SM) processes or when searching for
signs of new physics. The backbone of all modern proton PDFs [I], 2 [3, [4, 5] are the proton
structure function data from HERA [6]. In the determination of PDFs the understanding of
charm production is of utmost importance. Not only that charm production contributes up to
30% to the inclusive NC cross section at HERA but also that the treatment of heavy flavour
production in the calculations is a theoretical issue due to the presence of several hard scales
in the problem and gives therefore rise to different PDF schemes [11 2] [5].

1The term electron is used generically for both electrons or positrons if not otherwise stated.
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The strong coupling constant ag is a free parameter in QCD which has to be determined
experimentally. Different processes are investigated to measure ag [7], all having some exper-
imental and/or theoretical challenges. At HERA the study of jet production with sufficiently
high transverse jet momenta pJs* is best suited for the determination of ag.

The basic concept of pQCD tightly relates the QCD evolution of PDFs to that of FFs [§]
which means that the QCD vacuum as seen by studying the structure of the proton is identical
to the vacuum acting in the formation of hadrons. Information on the fragmentation functions
are obtained from the analysis of particle production mainly in eTe™-annihilation. The study
of particle production in ep-scattering at HERA allows testing the universality of FFs.

2 Search for physics beyond the Standard Model

The preliminary HERA combined inclusive measure-

Search for General Compositeness ments based on the full data sets [9] are discussed in

e, ] B the context of the proton structure elsewhere [6]. The
7 e L measured cross sections are very well described over
;\;m Y :ZE"FNZ?ZZ"% /" four orders of magnitude in Q% and z by the SM also
I S x:iz:z , when using PDFs not fitted to these data. Any contri-

bution from new physics to the DIS cross section should
show up in deviations from the SM expectation. All
results presented in this section are based on the full
statistics taken by the experiments.

Different approaches are followed when searching
for signs of new physics at HERA. The most general
ansatz presented here is the search for contact inter-
actions (CT). New phenomena with scales above the
direct reach of HERA may contribute at lower scales
via four-fermion-interactions3 leading to deviations of
the cross section from the SM expectation at large Q2.
This strategy allows different models of new physics to
be tested. The procedure has been recently applied by
H1 [10] to set lower limits on compositeness scales, on masses of heavy leptoquarks (LQ), on
the gravitational scale in large extra dimensions and to set an upper limit on the quark radius.
In FigureMthe NC e*p cross sections do/dQ? normalised to the SM expectations are compared
to the prediction corresponding to the 95% C.L. lower limits of the V'V compositeness model,
A‘J;V > 5.6 TeV and A, > 7.2 TeV.

Lower mass limits on heavy leptoquarks are also derived from dedicated searches for first
generation LQs [II}, 13], ep — LQ — e(v)X, as well as for lepton-flavour violating (LFV) LQs
[12], ep — LQ — p(7)X. In both cases LQs may be produced either in the s-channel, leading
to high sensitivity to the LQ-coupling Arq for LQ masses Mg below the kinematic limit of
HERA, Mg < /s, or in the u-channel which enables the search for LQs with Mg > /s and
larger values of Ag. The searches are performed for both scalar (S) and vector-type (V) LQs.

In Fig. Bl the exclusion curves at 95% C.L. are shown for different first generation V-type
LQs in the BRW model [14] in the Mpg-Arg-plane from ZEUS (preliminary). Depending on
the LQ type lower mass limits up to 630 GeV (ZEUS) and 800 GeV (H1) are obtained assuming
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Figure 1: NC cross section do/dQ?
normalised to the SM expectation.
The H1 data are compared with the
95% C.L. limit curves for the V'V com-
positeness scale model.

2This concept was originally introduced in the Fermi theory of 8 decay.
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a coupling Arg of electromagnetic coupling strength (Arg = 0.3). For LQs coupling also to
neutrinos the limits obtained in the direct search are in general superior to those obtained by
the CI analysis, because both NC and CC data are used.

While the search for first generation LQ is based on
finding deviations from the SM in the measured inclu-
sive NC (and CC) cross section the search for LFV LQs
requires a dedicated analysis of the final state to iden-
tify individual LQ candidates. Event topologies con-
sistent with the LQ hypothesis are selected containing
exactly one high pr well isolated muon or 7-candidate
and a single high pr jet. In the H1 analysis lower limits
on Mpg up to 712 GeV and 479 GeV are obtained at
95% C.L. for second or third generation LQs, respec-
tively, assuming Arg = 0.3.

In the SM flavour changing neutral currents
(FCNC) are strongly suppressed by the GIM mech-
anism. However there are extensions of the SM which
predict FCNC contributions already at tree level. A
possible signal for FCNC at HERA would be single top
production ep — etX. In the SM single top quarks are
produced via the CC reaction ep — vtX with a cross
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Figure 2: Preliminary exclusion

curves for different first generation V-
type LQs in the M;g-Arg-plane from
ZEUS. The areas above the lines are
excluded at 95% C.L.

section of less than 1 fb at HERA energies. A search for single top production is performed by
ZEUS [I5] with no signal above the CC background expectation being observed. In Fig. Bl the
exclusion region in the plane of the top anomalous branching ratios Br,, and Br,z from this
analysis is shown together with results from other experiments. This analysis is able to extend

the exclusion region at small Br,, and Br,z values.

3 Diffraction

One of the big surprises observed at HERA at the be-
ginning of the 90’s was that about 10% of the events did
not show any activity in the forward direction. These
diffractive collisions, ep — eXp, can be understood as
resulting from processes in which the exchanged boson
probes a colourless combination of partons from the
proton.

To investigate the mechanism of diffraction two dif-
ferent methods are employed at HERA. Either the out-
going proton is directly detected in dedicated proton
spectrometers, FPS or LPS, at very small angles in
the direction of the proton beam and at large distance
from the interaction region or a large gap in rapidity
B (LRG@G) in the proton direction is required. The first
method unambiguously identifies this process and en-
ables the complete measurement of its kinematics but
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Figure 3: Exclusion boundary in the
Bry,-Bryz-plane from ZEUS. The
shaded region is excluded at 95% C.L.

3The rapidity is defined as 7 = — In tan ©/2. The polar angle © is defined with respect to the proton direction.
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suffers from small acceptance. The second method has large acceptance but also selects events
with low mass excitations of the proton (proton dissociation).
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For diffractive DIS (DDIS) in
NC the QCD factorisation theorem
holds [16], which allows DDIS to
be described by diffractive PDFs
(DPDFs) convoluted with hard
scattering matrix elements. These
DPDFs depend on four kinematic

ol Iﬁ» 3 ‘e © s variables, namely the photon vir-
s S E bos g i f;rv—:“” tuality @2, the momentum trans-

o W% e B v E P »"""| fer t at the proton vertex, the mo-

0 " S e w) mentum fraction of the proton zp
devy L Hll‘o\wﬁ*‘ carried by the colourless exchange

@eev]  (IP) and the momentum fraction

) D(@3) o of IP carried by the quark interact-
Figure 4: xpp-o0r from (a) the preliminary HERA ing with the photon. The latter two

combined FPS/LPS data (black points) for x;p = 0.016
compared to the uncombined data (open symbols) and
(b) the H1 LRG data (black points) for zzp = 0.01 in
comparison to the H1 FPS data (open circles) corrected
for contribution from proton dissociation.

variables are related to Bjoken x via
x=zp- .

The FPS and LPS DIS data
measured by H1 and ZEUS have
been combined using the same 2
minimisation procedure [I7] as used
previously for combining data at HERA [I8]. In Fig. lh the diffractive reduced cross section
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with y = Q?/(sx), is shown for the preliminary HERA combined FPS/LPS data [19] for z;p =

0.016 as a function of Q2 and different values of 5. In Eqn. [ FQD(?’) and FLD(B) denote the
diffractive structure function and the diffractive longitudinal structure function, respectively.
Also shown are the uncombined data. Due to cross calibration of the correlated systematic
uncertainties of both experiments the combined data are more precise than expected from
simple averaging. Scaling violations are evident from the change of the slope in Q? a function
of 5.

In Fig. @b the diffractive reduced cross section o’ ® from H1 [20] as measured by the
LRG method based on the full HERA statistics is compared with pQCD predictions using the
HIDPDF Fit B set [21]. The data are well described for Q@ > 10 GeV®. Also shown are the
FPS measurements from H1 [22] scaled be a factor 1.20 to account for the proton dissociation
contribution to the LRG data. The cross section measurements agree well with each other.

Using the LRG method H1 performed a direct measurement of the diffractive longitudinal
structure function F I? ) [23]. This is the first measurement of F which became possible
because of HERA running at reduced proton beam energies at the end of the HERA operation.
In Fig. [ the diffractive longitudinal structure function FP divided by a parameterisation of
the x7p dependence of the reduced cross section fip/, [2I] is presented as a function of 3 for
different Q2. The pQCD predictions based on HIDPDF fit B included in the figure agree with
data within uncertainties.
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The NLO QCD analysis of inclusive DDIS cross H1 Collaboration

section provides different solutions for the diffractive F_Eo,gs:-f::“ngazﬁgtﬂ j
gluon density [21], 24]. This ambiguity can be resolved "ol 5
by studying diffractive di-jet production, which is di- 0_022_ N } K % ﬁ J%
rectly sensitive to the diffractive gluon density [24] 25]. ) S— ‘ﬂ B !
The H1 collaboration has performed the first measure- 002F © :;;;g;gggz;gggif:g;w T
ment of the DDIS process ep — ejjX'p whit two jets oo T 333§ §1}2GVV

and a leading proton in the final state. The differen- 107 1
tial cross section as a function of log,, zp is presented B

in Fig. [0 together with NLO QCD predictions based

on the H1 DPDF fit B [2I] and on the H1 2007 Jets Figure 5: Diffractive longitudinal
[25] sets. Good agreement is observed between theory structure function FP divided by a
and data. In general the data are more precise than parameterisation of the z;p depen-
the predictions which have large scale uncertainties, as dence of the reduced cross section
a measure for the importance of missing higher order f;p /-

contributions to the cross section.

4 Jet Production

The study of jet production at HERA is very well suited for two central jets
high precision measurements of the strong coupling constant F
as and to demonstrate its running over a large range in en-
ergy scale within a single experiment. Furthermore jet cross
sections are valuable input for QCD analyses extracting pro-
ton PDFs because these data put significant constraints on
the gluon density especially at medium « [26].

Inclusive jet production, ep — ejX, is measured by
ZEUS in the photoproduction regime (yp) where @Q* ~ 0
for jet energies Fi* > 17 GeV [27]. The inclusive jet pro-
duction cross section is shown in Fig.[Th as a function of npf¢t ~ & 7 s ‘
in comparison to the NLO QCD expectation using the k; -2 -1.5 -1
jet algorithm [28]. In the lower part of the figure the ratio log, 4(Xp)
of the measured cross section to the NLO QCD calculation Figure 6: Diffractive dijet cross
is shown. It is obvious that the theory does not describe section as a function of log,, zp
the data well especially for forward 77" where the predic- compared to NLO QCD predic-
tion lies significantly below the data. This discrepancy may tions for two different DPDF sets.
be resolved by either adding soft multiple interactions [29] The theory uncertainties are indi-
to the theory or by using a different photon PDF set. In cated by the shaded band.
comparison to the data precision the theory uncertainties
(hashed area) are very large mainly due to the scale variations used to estimate terms beyond
NLO and due to the not well known photon PDFs. From these data the strong coupling constant
is determined to be a4(Mz) = 0.120 fg:gggg(exp.)"b%%%‘;z (th.). The analysis is also performed
using the anti-k; [30] and SIScone [3I] jet algorithms. All results are found to be insensitive to
the choice of the jet algorithm.

Normalised inclusive jet, dijet and trijet DIS cross sections for Q% > 150 GeV? from H1 [32]
are presented in Fig[@b as a function of jet Pr for different values of Q2. By the normalisation
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Figure 7: Jet production cross sections for (a) inclusive jet production in ~yp for E%et > 17 GeV
as a function of 77°* and (b) inclusive, dijet and trijet production in DIS normalised to the DIS
cross section for Q2 > 150 GeV? and Py > 7 GeV as a function of Pr for different Q2.

to the inclusive DIS cross section the experimental systematic uncertainties are reduced. An
unfolding technique is applied to properly account for correlations among the analysis bins and
between the inclusive DIS, the inclusive jet, the dijet and the trijet sapmles.

The data are also compared to NLO QCD prediction.

The theory describes the data well over the full kinematic

Hijets Q>150 (NLO) -~ range. From these data the strong coupling constant g
ZEUSjets p(NLO) i e can be extracted. There is some tension observed when
HERAPDFLG (NLO) - Fotneooe using the individual jet samples to determine ag: the value
ooy (VL) - obtained from the dijet sample is lower than that obtained
cartonia (atice | | from the other samples. This results in a poor x? when
fitting all samples together. The x? improves significantly

pERZNEO RO by restricting the phase space to the region where beyond
e'e’jets (NNLOQ) ' NLO contributions are expected to be small. Using all three
clectigedt fis (N3LO)  ——te— jet samples a value of ag(Mz) = 0.116 £ 0.0011(exp.) +
T on e ous 0.0014(PDF)£0.0008(had.) =0.0039(theo) is obtained. As
a for jet production in yp the uncertainty on ag is dominated

Figure 8: Compilation of ag fsrom by the uncertainty on the missing higher contributions.

different processes. In Fig. Bthese two g measurements and the preliminary
result from the combined NLO QCD PDF+ag fit to the
inclusive and jet DIS data from HERA (HERAPDF'1.6) are
compared to the measurements used for the world average on ag [7]. The HERA results are
very consistent with the other measurements. The experimental uncertainties of the HERA
results are comparable or superior to those from the other data apart from the error given for
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Figure 9: Charm production cross sections in DIS: inclusive D* meson production (a) as a

function of y (b) as a function of Q2 and (c) charm jet production as a function of 77¢t.

the lattice calculation. The precision of the HERA data is spoiled by the theory uncertainties
from missing higher orders.

5 Charm Production

The dominant process for charm production at HERA is photon-gluon-fusion, vg — ¢¢, which
is sensitive to the gluon density in the proton. The charm contribution to the proton structure
function F; rises up to 30% at larger Q2. Therefore a good understanding of this process is vital
for precision PDF determinations. Due to the relative large mass m, of the charm quark pQCD
is applicable without any phase space restrictions. However the presence of several hard scales
(me, P& and Q?) makes this process to a multiple-scale problem. Depending on the relative
magnitude of m., P% and Q2 different approaches on pQCD have been elaborated. Precision
measurements of charm production allow for the validity of these approaches to be tested.

Different experimental methods are developed for tagging charm production. Results are
presented based on D** and D meson reconstruction and on charm tagging via secondary
vertices which makes use of the longevity of charmed hadrons.

The D* meson production cross sections in DIS are presented in Fig. Bh as a function of
y as measured by H1 [33] and in Fig. @ as a function of Q? as measured by ZEUS [34]. In
Fig. @ the charm jet cross section as a function of 77¢* from ZEUS [35] is shown. Charm jets
are identified by requiring the presence of a secondary vertex in the events well separated from
the primary vertex with a reconstructed mass consistent with the expectation for charm jets.

The measurements are compared with NLO QCD calculations in the fixed-flavour-number-
scheme (FFNS) [36] as implemented in the HVQDIS program [37]. The predictions for the
different measurements agree well with the data. Also for charm production in DIS the ex-
perimental precision of the data is significantly superior to the precision of the theory which
has large uncertainties dominated by the uncertainties attributed to the missing higher order
contributions. The data in Fig. [0 are also compared to calculations in the zero-mass variable-
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flavour-number-scheme (ZM-VENS) [38] which fails to describe the data. A similar observation
has been made in a previous publication on D* meson production at high Q? [39]. Therefore
this calculation is not appropriate for describing the charm contribution to the proton structure
function.

The measurements of charm production in

ZEUS DIS are used to determine the charm con-
B os BTV A ”“””“Qz‘z‘z‘;‘gev;‘{ tribution F5° to the proton structure func-
b I T ‘ ] tion Fy. In Fig. [0 F¥°¢ is shown as a func-
; I ¢+°H I +&; ] tion of x in bins of Q? extracted from the
02 - M* + % " T “ . two preliminary ZEUS analyses discussed be-
ok .. I : 1 e fore. These data agree well with the prelimi-
e %o%aseev? T et T muoce? nary HERA combined F§¢ data [40]. Fig. 00l
0a |- + ‘ I I ] also includes the FFNS NLO QCD expecta-
b ni* I T* 1 L o ] tion based on HERAPDF1.0 [3] which is using
i T $‘+ I $ . only the inclusive HERA data as input. The
0 [HHH— Ml sl gl oy uncertainty on the prediction is dominated by
Q*=200Gev’ Q*=400Gev’ | X . e .

F 1 t : . the uncertainty on m.. The good description

0a [ ] T 1 A ZEUSwx(prel) 354 pb ’ - ;
. t I . o zevsogrepsw’  of the data by the calculation indicates that
02 [ ; 1T : . f.iﬁi?p,(g)d ye the gluon PDF in the proton tested by HERA

N ‘ ‘ o ?“1"‘ HERAPDFL0 processes is universal.

Figure 10: F§° as a function of z for different 6 Particle Production

values of Q? for the preliminary ZEUS measure-

ments [34, [35] compared with the predictions The study of particle production provides

based on HERAPDF1.0 (shaded band). insight into both perturbative and non-
perturbative aspects of QCD in parton frag-
mentation and hadronisation. The analyses
of the fragmentation function into hadrons in
different processes, i.e. in ete™, pp or ep al-

lows the universality of the fragmentation process to be tested.

At HERA only fragmentation into charged hadrons has been investigated so far [41 [42].
Here results from ZEUS on neutral strange particles are presented [43]. In Fig. [Tk the K?
scaled momentum spectrum observed in DIS is shown as a function of @2 in bins of z,,, with
Zp = 2Ppreit/Q and Ppyei being the momentum of the K9 in the Breit framdd. Clear evidence
for scaling violations is observed by the change of the Q* dependence from rising at small z,
to falling at large x,. The data is compared with Monte Carlo (MC, lines) and with two NLO
QCD calculations labeled AKK [44] and DSS [45] (shaded bands). While the MC expectations
yield a fair description of the data AKK is significantly above the data except for x, > 0.6
and DSS fails to describe the data for z, < 0.3 at low Q2. The better agreement of DSS may
be related to the fact that this calculation is based on a global analysis of eTe™, pp and ep
data while AKK uses eTe™ data only. Similar deficits of the NLO QCD calculations have been
observed for the charged particle production [41] [42].

In Fig. [[1l new results on the production of very forward photons with 7, > 7.9 in DIS
from H1 [46] are also presented. These photons originate mainly from 7% decays and therefore
trace ¥ production at large 1. In Fig. [Ib the cross section for v production normalised to

4The Breit frame is defined as the frame in which the exchanged photon’s 4-vector is (0,0,0,Q).
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Figure 11: Particle production: (a) scaled momentum distribution for K? as a function of Q? in
bins of z compared to MC and NLO QCD predictions, (b) normalised cross section for forward

photon production as a function of pis%¢ and (c) forward photon yield as a function of Q2.

the DIS cross section as a function of the transverse momentum p%2? of the leading photon is

compared to two MC calculations. Both MCs predict higher cross sections than observed in
data suggesting that the fragmentation of spectator quarks (proton remnant) to 7’s is not well
modelled. The yield 0},;4/0prs shown in Flg. [k as a function of Q? is found to be consistent
with being independent of Q2 similar to what is observed in MC apart from normalisation.
This observation is consistent with the expectation from the limiting fragmentation hypothesis
which assumes the fragmentation of the spectator quarks to be independent of the kinematics
of the hard interaction.

7 Conclusion

The QCD analyses at HERA have reached very high precision and may serve as acid test for
theory. In general NLO QCD gives a fair to good description of the data with the exception of
fragmentations where present NLO QCD calculations have difficulties in describing the data.
Unfortunately the uncertainties of the theory attributed to the missing higher orders are almost
everywhere much larger than the experimental errors. Not only the interpretation of the HERA
data would profit from having next-to-next-to-leading order calculations for HERA processes
but also the understanding of the data from hadron colliders would be facilitated since HERA
is the backbone of any modern PDF.
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