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Abstract

Inclusive jet and multijet cross sections as measured inepcollisions in different kinematical regions by the H1 and
ZEUS experiments are shown. The measurements are used to extract the strong couplingαs as a function of the scale
and at the mass of theZ-boson. Results from prompt photon production in comparison with calculations, are shown
in photoproduction and deep-inelastic scattering. Further topics address scaled momentum distributions of charged
particles, a measurement of the transverse momenta of charged particles which is sensitive to parton dynamics beyond
DGLAP and the first measurement of the charge asymmetry at HERA.
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1. Introduction1

The HERA ep-collider operated with electrons or2

positrons of 27.6 GeV and protons of 920 GeV. Each3

of the two experiments H1 and ZEUS collected roughly4

0.5 fb−1 in fifteen years of running. At HERA, two kine-5

matical regimes are distinguished, deep-inelastic scat-6

tering (DIS) with photon virtualitiesQ2
≥ 5 GeV2 and7

photoproduction (γp) with a quasi real photon,Q2
≃8

0 GeV2, which is the dominating process. The large9

statistics of the HERA data allows detailed tests of per-10

turbative QCD (pQCD) by cross section measurements11

with jets or prompt photons. In DIS there are two rel-12

evant hard scales,Q and the transverse momentumPT13

of the jet or the photon, while inγp there is onlyPT .14

Jet measurements are conveniently carried out in the15

Breit frame. Here, the leading order process with only16

one jet has no transverse momentum, only higher orders17

generate jets with high transverse momenta in the Breit18

frame. When comparing jet measurements to QCD cal-19

culations, thekt algorithm is used which is collinear and20

infrared safe.21

2. Jet production22

Jet production inepscattering provides stringent tests23

of QCD and an independent assessment of the gluon24
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contribution to the parton density functions. It further25

allows the extraction of the strong couplingαs as a func-26

tion of the scale and at the mass of theZ-boson.27

In five recent analyses jet production is measured28

in the Breit frame at HERA in various kinematical re-29

gions. ZEUS measured the inclusive jet cross section30

in γp [1] (Q2 < 1 GeV2, PT, jet > 17 GeV ) and high31

Q2 DIS [2] (Q2 > 125 GeV2, PT, jet > 8 GeV). Both32

measurements provide a determination ofαs, further-33

more the 2-jet cross section is measured for the high34

Q2 [3] region (125<Q2< 20000GeV2, PT, jet> 8GeV),35

here the invariant mass of the two jets is required to be36

M j, j >20GeV. The 2-jet cross section has a high sensi-37

tivity to the gluon contribution of the PDFs in kinemati-38

cal regions where its uncertainty is contributing signifi-39

cantly to the theoretical error. H1 measured inclusive, 2-40

jet and 3-jet cross sections as well as the ratio of the 2-jet41

to 3-jet cross sections for low [4] (5<Q2 < 100GeV2,42

5 < PT, jet < 80 GeV, M j, j > 18 GeV) and highQ2 [5]43

(150< Q2 < 15000 GeV2, 7< PT, jet < 50 GeV,M j, j >44

16 GeV). For the latter the jet cross sections are nor-45

malised to the inclusive DIS cross section, which signif-46

icantly reduces the experimental and theoretical errors.47

Fig. 1 shows the inclusive jet cross section as a func-48

tion of the transverse energy of the jet for the ZEUS49

measurement inγp and highQ2 DIS. For both kine-50

matical regions the cross section falls steeply. The data51

are very precise, the dominant experimental error being52

the uncertainty of the energy scale of the jets, which is53

1(3)% for jet energies above (below) 10GeV. The mea-54

surement is compared to NLO QCD predictions which55
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describe the measurement very well, the theoretical and56

experimental errors are of comparable size. The theo-57

retical errors are dominated by the renormalisation scale58

uncertainty.59
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Figure 1:Differential cross section for inclusive jet production in photoproduc-
tion (left) with Q2<1 GeV2 and NC DIS (right) with (125<Q2<20000GeV2).
Jets are found with the longitudinally inclusivekT algorithm in the Breit frame.

Similar results are obtained for the multijet cross sec-60

tions. Overall the description by the NLO calculations61

is very good in all kinematical regions, though the low62

Q2 analysis suffers from high theoretical uncertainties63

of up to 30%.64

2.1. Extraction of runningαs andαs(MZ)65

The jet cross sections discussed above are used to66

extract the strong couplingαs at different values of67

the renormalisation scaleµr and at theZ-boson mass.68

Statistical, systematic and correlated uncertainties are69

taken into account. The dominant theory uncertainty is70

estimated by varying the renormalisation and factorisa-71

tion scales by a factor 0.5 and 2. The running ofαs as a72

function of the renormalisation scale is shown in Fig. 2.73

The values are extracted from the H1 data at low and74

highQ2. In the lowQ2 region the values and experimen-75

tal uncertainties are found to be in good agreement with76

the QCD expectation which is based on the extracted77

value ofαs(MZ) of the highQ2 measurement.78

Fig. 3 shows a summary of recentαs measurements79

using jets at HERA together with the most precise deter-80

mination ofαs from LEP [6] and from TEVATRON [7].81

All measurements ofαs are in good agreement with82

each other in different kinematical regions (γp, low and83

high Q2) and with the world average. Further measure-84

ments using different jet algorithms (anti-kT and SIS-85

Cone [8]) lead to similar results. For many of the precise86

HERA results the theoretical uncertainties dominate the87

error. Higher order calculations are expected to improve88

the results.89
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Figure 3:Recent values ofαs from HERA, LEP and TEVATRON.

3. Prompt Photon Production90

Events with an isolated photon emerging from the hard91

subprocessep → eγX - so called prompt photons -92

offer an alternative access to study the hard interac-93

tions. Recent results have been published by H1 on94

prompt photon production inγp [9] for transverse en-95

ergies of the photon 6< EγT < 15 GeV and in DIS [10]96

(4 < EγT < 15 GeV)by ZEUS. Both experiments use97

the shower shapes of the electromagnetic cluster to dis-98

criminate the signal of single photons from multiple99

photons of decays of neutral hadrons. As already ob-100

served in previous publications, the new results show101

that the available calculations are not able to describe102

all the measured distributions well. In photoproduc-103

tion it is found that the NLO calculations underesti-104

mate the inclusive prompt photon cross section, while105

there is reasonable agreement for events with a prompt106

photon and a jet. However, their transverse correlation,107

which is sensitive to higher order processes, is not well108
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described. In DIS the cross section receives contribu-109

tions from radiation off the electron (LL) and also off110

the quark (QQ). The differential cross section as a func-111

tion of Q2 is shown in Fig. 4. The orderα3 QCD pre-112

diction (GGP) significantly underestimates the data at113

low Q2. Also included in the figure is the prediction of114

MRST for the LL part of the cross section, this calcula-115

tion is based on QED contributions to the PDFs which116

increases the LL contribution. MRST together with the117

QQ contribution from GGP shows similar deficits at low118

Q2.119

Figure 4:Isolated photon differential cross sectiondσ/dQ2. The data is com-
pared to a orderα3 calculation (GGP) as well as to a calculation with an in-
creased contribution of the LL part (MRST).

4. Charged Particle Production120

4.1. Rapidity spectra of charged particles121

HERA experiments are able to access very small122

Bjorken x, a kinematic region where it is expected that123

the parton shower differs from the description by the124

DGLAP evolution equations. The latter imply a strong125

ordering of the transverse momentakT in the parton cas-126

cade from the proton to the virtual photon. Measure-127

ments of the hadronic final state are sensitive to the dy-128

namics of the parton shower. Fig. 5 shows theη∗ spec-129

tra of charged particles with a transverse momentum in130

the hadronic centre of mass systemp∗T > 1 GeV in dif-131

ferent bins ofx andQ2 as measured by H1 in lowQ2
132

DIS events [11]. The data are compared to two MC pre-133

dictions. RAPGAP is based on the DGLAP evolution134

equations for the parton dynamics, whereas DJANGOH135

follows the Color Dipole Model, in which parton radi-136

ation is not ordered inpT . At small x and Q2 and in137

the forward (proton) direction the RAPGAP predictions138

are significantly below the data, whereas the data are139

described reasobanly well over the full kinematic range140

by the approach based on the Color Dipole Model.141
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Figure 5: Rapidity spectra of charged particle withp⋆T > 1 GeV for different
bins ofQ2 andx.

4.2. Scaled momentum distributions142

Quark fragmentation may be studied at HERA by us-143

ing the scaled momentumxp in the current region of144

the Breit frame as observable. Here,xp = 2PBreit/Q145

with PBreit the momentum of a hadron. Scaled mo-146

mentum distributions are measured by ZEUS for 10<147

Q2 < 41000 GeV2 for tracks with a transverse momen-148

tum larger than 0.15 GeV. Fig. 6 shows the density of149

charged particles per unit ofxp as a function ofQ in bins150

of xp. As the energy scaleQ increases, the phase space151

for soft gluon emission increases, leading to a rise of152

the number of particles with smallxp, which is clearly153

seen in Fig. 6. In this figure the data from HERA are154

shown together with data frome+e− which were scaled155

to half of the centre-of-mass energy. The overall agree-156

ment between the different datasets supports the concept157

of fragmentation universality. NLO calculations predict158

too weak scaling violation and also Monte Carlo pre-159

dictions are not able to describe the data in the full kine-160

matic range.161

4.3. Hadronic charge asymmetry162

The hadronic charge asymmetry is measured in the Breit163

frame by H1 [12]. Fig. 7 shows the event normalised164

distribution of the scaled momentum for all, positively165

and negatively charged particles. There are signifi-166

cantly more particles produced at lowxp than at high167

xp. At low xp the distribution is very similar for nega-168

tive and positive particles. This is expected since lowxp169

particles are predominantly produced in fragmentation.170

Fig. 7c) illustrates that the original asymmetry observed171

on quark level is not visible anymore on hadron level172

at low xp. At high xp there is an overshoot of posi-173

tively charged particles reflecting the charge asymmetry174
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Figure 6: n∗ distribution in the hadronic centre of mass system of charged
particles withp∗T >1GeV.

of the proton. The asymmetry is reproduced by various175

models. The data are expected to further constrain the176

valence quark distributions in the proton and to provide177

useful information on the fragmentation functions.178

5. Conclusions179

Several results of inclusive jets and multijets in different180

kinematical regions have been presented. The accurate181

measurements are well described by NLO calculations182

and allow the extraction of the strong couplingαs as a183

function of the scale and atMZ with small experimental184

errors.185

Results of prompt photon production in photoproduc-186

tion and DIS both reveal problems in some kinematical187

regions when compared to theoretical predictions. In188

general the predictions underestimate the data, most sig-189

nificantly at lowQ2 in DIS.190

Measurements of the hadronic final states are used191

to study the parton dynamics and fragmentation pro-192

cesses. The charged particle spectra at lowQ2 and low193

x are sensitive to the parton dynamics and comparisons194

to models hint at dynamics beyond the conventional195

DGLAP evolution equations. The scaled momentum196

spectra have been measured in DIS. Large scaling vio-197

lations are observed. Comparing the data toe+e− results198

supports the concept of quark-fragmentation universal-199

ity. The hadronic charge asymmetry was measured and200

found to be largest at large scaled momentaxp and in-201

creasing with the scaleQ. The results are consistent202

with the expectation that at highxp the asymmetry is203

directly related to the quark content of the proton.204

) p
D

(x

-110

1

10

H1 Data
H1 Data pos 
H1 Data neg 

2 < 8,000 GeV2100 < Q

(a)

CDM
CDM pos
CDM neg

)
p

A
(x

0

0.1

0.2

(b)

H1 Data
PS
CDM
HERWIG
GAL

px
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
p

A
(x

0

0.1

0.2

(c)

CDM hadron

CDM quark

Figure 7:Normalised distribution of the scaled momentumD=1/Ndn/dxp (a)
for all, positively charged and negatively charged particles and charge asymme-
try A(xp) as a function ofxp. The data is compared to Monte Carlo predictions
with different parton cascade and hadronisation processes and to theparton level
before the hadronisation.

Acknowledgements205

I like to thank the organisers of this interesting confer-206

ence and my colleagues from H1 and ZEUS for valuable207

inputs to the talk and these proceedings.208

References209

[1] ZEUS collaboration, “Inclusive jet cross sections in photopro-210

duction”, ZEUS-prel-10-003.211

[2] ZEUS collaboration, “Inclusive jet production in NC DISwith212

HERA II”, ZEUS-prel-10-002.213

[3] ZEUS collaboration, “ Dijets in NC DIS”, ZEUS-prel-.214

[4] F. D. Aaronet al.[H1 Collaboration], Eur. Phys. J. C67 (2010)215

1 [arXiv:0911.5678 [hep-ex]].216

[5] F. D. Aaronet al.[H1 Collaboration], Eur. Phys. J. C65 (2010)217

363 [arXiv:0904.3870 [hep-ex]].218

[6] G. Dissertori, A. Gehrmann-De Ridder, T. Gehrmann,219

E. W. N. Glover, G. Heinrich and H. Stenzel, Phys. Rev. Lett.220

104 (2010) 072002 [arXiv:0910.4283 [hep-ph]].221

[7] V. M. Abazovet al.[D0 Collaboration], Phys. Rev. D80 (2009)222

111107 [arXiv:0911.2710 [hep-ex]].223

[8] H. Abramowicz et al. [The ZEUS Collaboration],224

arXiv:1003.2923 [hep-ex].225

[9] F. D. Aaronet al.[H1 Collaboration], Eur. Phys. J. C66 (2010)226

17 [arXiv:0910.5631 [hep-ex]].227

[10] S. Chekanovet al. [ZEUS Collaboration], Phys. Lett. B687228

(2010) 16 [arXiv:0909.4223 [hep-ex]].229

[11] H1 Collaboration, “Transverse Momentum of Charged Parti-230

cles at lowQ2 at HERA ”, H1prelim-10-035231

[12] F. D. Aaronet al. [H1 Collaboration], Phys. Lett. B681 (2009)232

125 [arXiv:0907.2666 [hep-ex]].233

4


