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New and recent results on the measurement of the hadronic final state in ep collisions by the
H1 and ZEUS experiments at HERA are presented. Different corners of QCD are explored
by studying a wide variety of processes, production mechanisms and final states. These
are charged particle multiplicities in deep-inelastic scattering (DIS), the production of D**
mesons, fragmentation fractions of charm quarks, prompt photons in photoproduction (PHP)
and the search for QCD instantons.

1 Introduction

The HERA collider was an e*p collider with centre-of-mass energy of 319 GeV with two multi-
purpose experiments, Hl and ZEUS. Both experiments recorded in the years 1992-2007 data
with an integrated luminosity of about 0.5pb~!. Several years after data taking, both ex-
periments have successively refined their analysis techniques and now have achieved the final
precision of their data with, for instance, a precision of the jet energy scale of 1%. In the cur-
rent era of hadron-hadron colliders, the HERA experiments provide important complementary
precision measurements of QCD, due to their unique initial state with only one hadron involved.

2 Recent results on the hadronic final state at HERA

2.1 Measurement of charged particle multiplicites

The study of charged particle spectra in DIS
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event are present in DIS and this measure-
ment provides precise information for the
approximation of multi-parton interactions
at the LHC.

The H1 collaboration has measured
charged particle densities as a function of
transverse momentum, p7, and pseudora-
pidities, n*, in the hadronic center-of-mass
frame (HCM) for ep collisions of with pho-

Figure 1 — Charged particle density as function of n* for
; o 9 9 pr < 1GeV (left) and 1 < p1 < 10GeV (right), compared
ton virtualities of 5 < @° < 100 GeV*~ and to predictions by DJANGOH, RAPGAP, Herwig++ and
values of Bjorken-z, 107% < 2 < 1072. The Cascade Monte Carlo generators.

underlying parton dynamics is investigated
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Figure 2 — Differential D* production cross sec- HERAIL HERAL - HERAI
tion as function of the transverse momentum of
the D* meson, pr(D*). Data from the H1 and Figure 3 — Fractions of charm quarks hadronising as a par-
ZEUS experiments are shown together with the ticular charm hadron. The photoproduction data by ZEUS
combined D* production cross section. are compared to previous HERA and LEP data.

comparing the measurements with various Monte Carlo (MC) generators using different ap-
proaches to simulate the parton cascade. The distributions of n* for two regions in p7., nor-
malised to the total number of DIS events, are shown in figure 1. In the region of p1 < 1GeV
hadronisation effects are relevant, while the region 1 < p3 < 10 GeV is sensitive to the parton
evolution. The best description of the data is achieved with the Color Dipole Model as imple-
mented in DJANGOH over the full kinematic range. Hadronisation effects are further studied,
using Rapgap predictions obtained with different fragmentation parameters, using the ALEPH
tuning, by the Professor toof and the default PYTHIA values, and comparing to data Significant
changes are observed in the soft p7. region, where the ALEPH tune gives the best description of
data.

2.2  Measurement and combination of D* cross sections

The production of charm mesons, such as the D** mesons, is a powerful process to study
QCD and gives access to study the content of the proton. The ZEUS experiment has measured
differential D** production cross sections in DIS * in the range 5 < Q% < 1000GeV?, by
exploiting the decay D** — DOt — (KFx%)r®. The mesons are found by performing fits to
the mass difference M (K FTnt7r®) — M(K¥r%). The data has been used to extract the reduced
cross section for charm Ufgd. The data are compared to predictions based on predictions using
the HERAPDF1.5 PDF set and consistency is observed. Furthermore the data are found to be
consistent with the HIZEUS combination based on independent data.

These data further have been combined ¢ with other ZEUS data and data from the H1 ex-
periment 3, which was taken in a very similar phase space. The combined D* cross sections,
shown as function of the transverse momentum of the D* meson in figure 2, exhibit significantly
reduced uncertainties. The HERA D*-data are reasonably well described by NLO QCD predic-
tions. In order to benefit from the high experimental precision of the data, in particular of the
combined data sets, more accurate theory predictions are desirable.

2.8 Measurement of charm fragmentation fractions in photoproduction

The photoproduction (PHP) of charm hadrons D°, D**, DT D} and A} and their antiparticles
has been measured by the ZEUS experiment ® in the kinematic range pr(D,D*, Ds,A.) >
3.8GeV and |n(D, D*, Ds, A.)| < 1.6. The fractions of charm quarks hadronising as DY, D*T,
DT, Df and A} have been determined and are shown in figure 3. These charm fragmentation
fractions cannot be determined theoretically but must be obtained from experimental data. In



addition, the ratio of neutral to charged D meson production rates, the fraction of charged D
mesons produced in a vector state, and the strangeness-suppression factor have been determined
with high experimental precision. The data are competitivie with measurements from ete™
collisions and are in agreement with those. This measurement demonstrates the universality of
heavy-quark fragmentation independent of the production process.

2.4 Measurement of the production of prompt photons in photoproduction

The measurement of the production of isolated high-energy photons, called prompt photons,
constitutes a direct probe of the hard scattering since the radiated photon is unaffected by
hadronisation.

The ZEUS experiment has measured
prompt photons in PHP, defined as Q% <

high momentum quark or gluon in the fi-
nal state and is measured in the kinematic
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remove backgrounds from decays of neu-
tral mesons, such as 7° and 7, the number
of prompt photon events is determined by

Figure 4 — Cross sections in photoproduction for the pro-
duction of an isolated photon as function of EJ. (left) and of
an isolated photon accompanied by a jet as function of 7/t
(right). The data are compared to predictions of next-to-

a fit to the energy-weighted width of the leading order pQCD and of the kr-factorisation method.

energy-cluster comprising the photon can-

didate. This width exhibits a double-peaked structure, which allows for a clean separation of
isolated photons from photons originating from meson decays. Cross sections for the production
of inclusive prompt photons and for photons with an accompanying jet are presented in figure 4
as a function of the transverse energy of the photon, EZ, and the pseudorapidity of the jet, et
respectively. NLO predictions including fragmentation terms describe the distributions well.
Predictions using the kp-factorisation method (LMZ) describe the photon distributions well,
but give a less good description at low 7/¢* and for the resolved enhanced region.

2.5 Measurement of diffractive dijet production with a leading proton

Diffractive hadron-hadron interactions are found to be suppressed as compared to predictions
obtained based on NLO calculations convoluted with diffractive parton distribution functions
(DPDF) obtained from HERA, which can be attributed to additional partonic interactions
destroying the rapidity gap (LRG). Dijet production in diffractive 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 H1 measurements were a subject of debate.

The H1 experiment has presented preliminary results for differential dijet production cross
sections in diffractive PHP (Q? < 2GeV?) as well as for diffractive DIS7 (4 < Q% < 80 GeV?).
The final state contains at least two jets and the leading final state proton is tagged in the
H1 Very Forward Proton Spectrometer (VFPS) 220m away from the interaction point, thus
providing a complementary experimental method to previous analyses. The DIS dijet data are
found to be well described by NLO predictions. The shapes of the PHP dijet distributions
are satisfactorily described by the RAPGAP MC and by NLO predictions. Despite the large
uncertainties the NLO predictions overshoot the data by a constant factor independent of any
measured quantity. The consistent measurement of the process in DIS and in PHP allows the
determination of the ratio of the the two measurements which cancels several experimental
uncertainties and enables a precise testing of theoretical predictions.



2.6 Search for QCD instantons

Instantons are an intrinsic part of QCD as realisations of non-perturbative fluctuations of the
gluon field and can be interpreted as tunnelling transitions between topologically non-equivalent
vacua. An experimental observation of instanton-induced processes would constitute a discovery
of a basic non-perturbative QCD. Instanton-induced events are modelled by the QCDINS MC
generator ¥ and are characterized by a “fire-ball” like topology with large particle multiplicities
in a broad n-region separated from the current jet.

Signals of QCD instanton-induced processes are searched for in DIS by the H1 experiment ?
in the kinematic region of 150 < Q2 < 15000 GeV? and an inelasticity of 0.2 < y < 0.7. The
expected signal is extracted using a probability density estimator (PDERS), where also other
neural networks such as two variants of boosted decision trees and neural network multi-layer
perception have been investigated. Standard DIS processes are modelled using the RAPGAP
MC and the DJANGO MC is applied to estimate a model uncertainty. Input to the PDERS are
topological variables defined in the instanton rest-frame, such as the sphericity, Fox-Wolfram
moments and azimuthal isotropy as well as the number of charged particles and the energy
of the instanton band. The instanton-band and the instanton rest-frame are found from the
hadronic final state after removing the constitutents of the hardest jet. Many further variables
are explored to control the separation power of the multivariate analysis and a good description
of the discriminator in the background region is found. The data are found to be consistent with
the background also in the instanton enhanced region and no evidence for a QCD instanton is
found. An upper limit of 1.6 pb for the instanton cross section is extracted at a confidence limit
of 95% in comparison with a cross section predicted by QCDINS of 10 pb.

3 Summary

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 for the analyses presented here. The results of the H1 and ZEUS experiments with
the final data treatment are often more precise than theoretical predictions in NLO and more
accurate theory predictions are desirable.
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