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Precision measurements with jets and particles at HERA
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Abstract

Inclusive jet and multijet cross sections as measurezpinollisions in diferent kinematical regions by the H1 and
ZEUS experiments are shown. The measurements are useddaoteine strong couplings as a function of the scale
and at the mass of th&-boson. Results from prompt photon production in comparisith calculations, are shown

in photoproduction and deep-inelastic scattering. Furthyics address scaled momentum distributions of charged
particles, a measurement of the transverse momenta ofetdhpegticles which is sensitive to parton dynamics beyond
DGLAP and the first measurement of the charge asymmetry attdER
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1. Introduction 25

26

The HERA ep-collider operated with electrons ot,

positrons of 27.6 GeV and protons of 920 GeV. Each
of the two experiments H1 and ZEUS collected roughjs/ in

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

30

matical regimes are distinguished, deep-inelastic scat-

31

tering (DIS) with photon virtualitie€)? > 5 Ge\? and "
photoproduction¥p) with a quasi real photonQ? ~

33

0 Ge\?, which is the dominating process. The large
statistics of the HERA data allows detailed tests of pgzr-
turbative QCD (pQCD) by cross section measurements
with jets or prompt photons. In DIS there are two rel-

evant hard scale€) and the transverse momentu®n
of the jet or the photon, while inp there is onlyPr.

. . .3
Jet measurements are Convenlently carried out in t71e

4

Breit frame. Here, the leading order process with only
one jet has no transverse momentum, only higher orders

42

contribution to the parton density functions. It further
allows the extraction of the strong couplingas a func-

tion of the scale and at the mass of #v¥boson.

In five recent analyses jet production is measured
the Breit frame at HERA in various kinematical re-
gions. ZEUS measured the inclusive jet cross section
in yp [1] (Q* < 1GeV?, Prjet > 17 GeV ) and high

Q? DIS [2] (Q? > 125 GeV?, Prjet > 8 GeV). Both
measurements provide a determinationegf further-
more the 2-jet cross section is measured for the high
Q? [3] region (125< Q%< 20000 GeV, Pt jet>8GeV),
here the invariant mass of the two jets is required to be
M;; >20GeV. The 2-jet cross section has a high sensi-
tivity to the gluon contribution of the PDFs in kinemati-
cal regions where its uncertainty is contributing signifi-
cantly to the theoretical error. H1 measured inclusive, 2-

jetand 3-jet cross sections as well as the ratio of the 2-jet

to 3-jet cross sections for low [4] EQ? < 100GeV,

generate jets with high transverse momenta in the Breit g _ Prjet < 80GeV,M,; > 18 GeV) and highQ? [5]

frame. When comparing jet measurements to QCD Ciﬂ-

culations, théx; algorithm is used which is collinear an(?5
infrared safe.

46
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2. Jet production "

49

Jet production ire pscattering provides stringent tests

(150< @Q? < 15000 GeV, 7 < Pt jet < 50 GeV, M| >

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

malised to the inclusive DIS cross section, which signif-

icantly reduces the experimental and theoretical errors.
Fig. 1 shows the inclusive jet cross section as a func-

tion of the transverse energy of the jet for the ZEUS

measurement iryp and highQ? DIS. For both kine-

of QCD and an independent assessment of the gluonatical regions the cross section falls steeply. The data

52
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are very precise, the dominant experimental error being
the uncertainty of the energy scale of the jets, which is
1(3)% for jet energies above (below) 10GeV. The mea-
surement is compared to NLO QCD predictions which
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describe the measurement very well, the theoretical and ds from Jet Cross Sections in DIS

experimental errors are of comparable size. The theo- s
retical errors are dominated by the renormalisation scale
uncertainty.

®  H1datafor5<Q %< 100 GeV?
®  Hidata for Q2> 150 GeV?
Fit from Q ? > 150 GeV? [arXiv:0904.3870]
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Figure 1:Differential cross section for inclusive jet production in mmbduc-
tion (left) with Q2 <1 Ge\? and NC DIS (right) with (125 Q? < 20000GeV).

Jets are found with the longitudinally inclusike algorithm in the Breit frame.

H1 high Q? norm. k_ multijets
Eur. Phys. J. C 65, 363 (2010)

H1 low Q? k, multijets
Eur. Phys. J. C 67, 1 (2010)

ZEUS incl. k, jets
Phys. Lett. B 649, 12 (2007)

ZEUS incl. anti-k, jets

==+ th. uncert.

DESY-10-034 (2010)

Similar results are obtained for the multijet cross sec-
tions. Overall the description by the NLO calculations
is very good in all kinematical regions, though the low
Q? analysis sffers from high theoretical uncertainties
of up to 30%.
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Phys. Rev. Lelt. 104, 072002 (2010)
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Phys. Rev. D 80, 111107 (2009)
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S. Bethke, Eur. Phys. J. C 64, 689 (2009)
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2.1. Extraction of runningrs andas(Mz)

The jet cross sections discussed above are used to
extract the strong couplings at different values of
the renormalisation scajg and at theZ-boson mass.
Statistical, systematic and correlated uncertainties are
taken into account. The dominant theory uncertainty,is 3 Prompt Photon Production
estimated by varying the renormalisation and factorisa-
tion scales by a factor 0.5 and 2. The runningghs a «» Events with an isolated photon emerging from the hard
function of the renormalisation scale is shown in Fig. 2. subprocesep — eyX - so called prompt photons -
The values are extracted from the H1 data at low aad offer an alternative access to study the hard interac-
highQ?. In the lowQ? region the values and experimens tions. Recent results have been published by H1 on
tal uncertainties are found to be in good agreement with prompt photon production igp [9] for transverse en-
the QCD expectation which is based on the extracted ergies of the photon & EJ < 15GeV and in DIS [10]
value ofas(My) of the highQ? measurement. o (4 < Ef < 15GeV)by ZEUS. Both experiments use
Fig. 3 shows a summary of recant measurementsss the shower shapes of the electromagnetic cluster to dis-
using jets at HERA together with the most precise deter- criminate the signal of single photons from multiple
mination ofas from LEP [6] and from TEVATRON [7]. 0 photons of decays of neutral hadrons. As already ob-
All measurements ofrs are in good agreement with: served in previous publications, the new results show
each other in dierent kinematical regiong p, low and . that the available calculations are not able to describe
high Q?) and with the world average. Further measure- all the measured distributions well. In photoproduc-
ments using dferent jet algorithms (anftr and SIS- . tion it is found that the NLO calculations underesti-
Cone [8]) lead to similar results. For many of the precise mate the inclusive prompt photon cross section, while
HERA results the theoretical uncertainties dominate ihe there is reasonable agreement for events with a prompt
error. Higher order calculations are expected to imprave photon and a jet. However, their transverse correlation,
the results. 1s  Which is sensitive to higher order processes, is not well

2

Figure 3:Recent values afs from HERA, LEP and TEVATRON.
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described. In DIS the cross section receives contribu-
tions from radiation & the electron (LL) and alsofb

the quark (QQ). The dierential cross section as a func-
tion of Q? is shown in Fig. 4. The order® QCD pre-
diction (GGP) significantly underestimates the data at
low Q2. Also included in the figure is the prediction of
MRST for the LL part of the cross section, this calcula-
tion is based on QED contributions to the PDFs which
increases the LL contribution. MRST together with the
QQ contribution from GGP shows similar deficits at low

Q.
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Figure 4:lsolated photon dierential cross sectioti-/dQ?. The data is com- 7
pared to a orden® calculation (GGP) as well as to a calculation with an ifus
creased contribution of the LL part (MRST). 140
150
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. . 152

4. Charged Particle Production
153
154

4.1. Rapidity spectra of charged particles

155

HERA experiments are able to access very smll
Bjorken x, a kinematic region where it is expected that
the parton shower fiers from the description by th&®
DGLAP evolution equations. The latter imply a strofig
ordering of the transverse momekgan the parton cas-*
cade from the proton to the virtual photon. Measut®-
ments of the hadronic final state are sensitive to the dy-
namics of the parton shower. Fig. 5 shows thepec- **
tra of charged particles with a transverse momentunin
the hadronic centre of mass syst@in> 1GeV in dif- 1
ferent bins ofx and Q? as measured by H1 in l0@? s
DIS events [11]. The data are compared to two MC p#e-
dictions. RAPGAP is based on the DGLAP evolutien
equations for the parton dynamics, whereas DJANGGQH
follows the Color Dipole Model, in which parton radiss
ation is not ordered irpy. At small x and Q? and in o
the forward (proton) direction the RAPGAP predictions

20<Q7 <50GeV? 20<Q7 <50 GV -
06 00004 <x <0.0017 00017 <x <001 H1 Preliminary
p,*>1Gev

—4- H1 data (prelim.)
— RAPGAP

— DJANGOH

0o 2 4 0 2 4 0 2 4

n*

Figure 5: Rapidity spectra of charged particle wil§ > 1GeV for diferent
bins of Q? andx.

4.2. Scaled momentum distributions

Quark fragmentation may be studied at HERA by us-
ing the scaled momentum, in the current region of
the Breit frame as observable. Hepg, = 2Pgeit/ Q
with Pgreit the momentum of a hadron. Scaled mo-
mentum distributions are measured by ZEUS for<10
Q? < 41000 GeV for tracks with a transverse momen-
tum larger than 0.15 GeV. Fig. 6 shows the density of
charged particles per unit & as a function oRin bins

of x,. As the energy scal@ increases, the phase space
for soft gluon emission increases, leading to a rise of
the number of particles with smat},, which is clearly
seen in Fig. 6. In this figure the data from HERA are
shown together with data froete~ which were scaled

to half of the centre-of-mass energy. The overall agree-
ment between the flerent datasets supports the concept
of fragmentation universality. NLO calculations predict
too weak scaling violation and also Monte Carlo pre-
dictions are not able to describe the data in the full kine-
matic range.

4.3. Hadronic charge asymmetry

The hadronic charge asymmetry is measured in the Breit
frame by H1 [12]. Fig. 7 shows the event normalised
distribution of the scaled momentum for all, positively
and negatively charged particles. There are signifi-
cantly more particles produced at lagg than at high

Xp. At low x, the distribution is very similar for nega-
tive and positive particles. This is expected since igw
particles are predominantly produced in fragmentation.
Fig. 7c) illustrates that the original asymmetry observed

are significantly below the data, whereas the data.areon quark level is not visible anymore on hadron level

described reasobanly well over the full kinematic range
by the approach based on the Color Dipole Model. 17

3

at low xp. At high x, there is an overshoot of posi-
tively charged particles reflecting the charge asymmetry
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Figure 6: n* distribution in the hadronic centre of mass system of chirge

particles withp; > 1GeV. Figure 7:Normalised distribution of the scaled momentDra 1/Ndr/dx, (a)

for all, positively charged and negatively charged pasadnd charge asymme-
try A(xp) as a function ok,. The data is compared to Monte Carlo predictions
with different parton cascade and hadronisation processes angtrtbe level

of the proton. The asymmetry is reproduced by various before the hadronisation.

models. The data are expected to further constrain the

valence quark distributions in the proton and to provige acknowledgements

useful information on the fragmentation functions.
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Several results of inclusive jets and multijets iffelient

kinematical regions have beer_1 presented. The acc_liggatq?eferencm

measurements are well described by NLO calculat|(2)lgls
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