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Abstract

Differential inclusive jet cross sections for events containing D∗ have been mea-

sured with the ZEUS detector at HERA using an integrated luminosity of

78.6 pb−1. The measurements have been performed in the photoproduction

regime Q2 < 1 GeV2, for photon-proton centre-of-mass energies in the range

130 < W < 280 GeV. The measurements are compared with next-to-leading-

order QCD calculations.





1 Introduction

Heavy quark production can be calculated using perturbative QCD (pQCD), since a hard

scale is given by the heavy quark mass. However, next-to-leading-order (NLO) QCD

predictions calculated in either the ‘massive’ or ‘massless’ charm schemes do not describe

well measurements of inclusive D∗ photoproduction cross sections [1, 2]. Examples of

charm production processes are shown in Fig. 1 where diagrams (a) and (b) are Leading

Order (LO) processes in both sets of calculations. In ‘massive’ calculations, charm quarks

are not active partons in the parton density functions (PDFs), hence processes (c) and

(d) only appear at NLO whereas in ‘massless’ calculations they are LO.

This paper presents inclusive jet cross sections for events containing a charm quark and a

jet of high transverse energy, E jet
T . The additional hard scale should reduce the dependence

of the cross section on uncertainties due to hadronisation effects. Those jets that are

associated with a D∗ meson are compared to NLO calculations using the ‘massive’ charm

scheme. Jets which are not associated to the D∗ meson are also compared to the ‘massless’

charm pQCD predictions.

2 Analysis

The data presented in this analysis were collected with the ZEUS detector at HERA during

the 1998-2000 running periods, with a positron/electron beam of energy Ee = 27.5 GeV

colliding with a proton beam of energy Ep = 920 GeV. The data sample corresponds to

an integrated luminosity of 78.6 pb−1.

The measurement was restricted to the photoproduction regime Q2 < 1 GeV2 with the

γp centre-of-mass energy, W , between 130 and 280 GeV. The lower W cut was set by

the trigger conditions whereas the upper value rejected deep inelastic scattering events in

which the scattered positron was misidentified.

The charm quark was tagged by the identification of D∗±(2010) mesons in the final state

via the charged products of the decay using the ∆M method [3]. The decay channel

considered is D∗± → D0π±
s → (K∓π±)π±

s . The cuts on the tracks identified as the

decay products of the D∗ meson are as detailed in a previous publication [4]. The D∗

meson kinematic region is |η(D∗)| < 1.5 and pT (D∗) > 3 GeV.

In addition to a D∗ meson, at least one jet, reconstructed with the kT cluster algorithm [5]

in its longitudinally invariant inclusive mode [6], was also required. To reconstruct the

hadronic final state in the data, the kT clustering algorithm was applied to energy flow

objects, which combine tracking and calorimeter information. Jets were required to be in

the region Ejet
T > 6 GeV and −1.5 < ηjet < 2.4.
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After all the above requirements, the mass-difference distribution is shown in Fig. 2 where

a clean peak over a relatively low background can be seen. The number of D∗ mesons

found after subtraction of the background was 4861 ± 113.

Distributions were also measured for jets associated with identified D∗ mesons. Those

jets without an associated D∗ mesons were defined as ‘other’ jets. Both in the data and in

the reconstructed Monte Carlo (MC) events, a jet and a D∗ meson were associated with

each other by considering the separation in η − φ space, ∆R. The variable ∆R, defined

as ∆R =
√

(η(D∗) − ηjet)2 + (φ(D∗) − φjet)2, was required to be less than 0.6 for

the jet closest to the D∗ meson. For jets of hadrons, the D∗ meson is clustered into a jet

by the kT algorithm and the final state kaon and pions removed and hence the D∗ meson

is uniquely associated with one jet.

The MC programs Pythia 6.156 [7] and Herwig 6.301 [8,9] were used to determine the

data selection efficiencies and acceptance corrections. The generated event samples were

passed through the detector simulation and the same offline reconstruction and analysis

cuts as were used for the data.

Systematic uncertainties on the measured cross sections were determined by changing the

selection criteria. The variation by one sigma of the resolution for a particular variable was

determined from the MC. All systematic uncertainties were within the statistical precision

of the measurement. The largest uncertainty arose from that due to the jet energy scale

which was varied by 3% leading to a variation in the cross section of 5 − 10%.

3 Theoretical Predictions

A fixed order ‘massive’ calculation from Frixione et al. [10, 11] used CTEQ5M1 [12] for

the proton PDF and GRV-HO [13] for the photon PDF. The renormalisation scale was

defined as µR = mT =
√

m2
c + p2

c,T , where mc and pc,T are the pole mass and

average transverse momentum of the charm quark, respectively. The factorisation scale

was also set to µF = mT . The nominal charm quark mass was set to mc = 1.5 GeV. To

estimate the upward theoretical uncertainty, the charm mass was varied to mc = 1.3 GeV

simultaneously with µR = mT

2
. For the lower value, the charm mass was varied to

mc = 1.7 GeV simultaneously with µR = 2mT . The quark fragmentation into a D∗

was performed using the Peterson function [14].

The pQCD ‘massless’ scheme [15,16] predictions from G. Heinrich et al. [17] use AFG [18]

for the photon PDF; GRV-HO was also considered and the difference were small. For the

proton, the MRST [19–21] PDF was used. The difference between MRST01 and MRST03

proton PDF’s was found to be negligible for the distributions considered. The total num-

ber of flavours considered was five except for AFG where only four flavours were possible.
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The D∗ fragmentation function comes from a fit to charm jet data from LEP; the func-

tion should be applicable at HERA as they are derived using the factorisation theorem in

QCD. The central prediction uses a renormalisation scale µR = mT =
√

m2
c + pT (D∗)2,

where mc = 1.5 GeV and pT (D∗) is the transverse momentum of the D∗ meson. The

factorisation, µF , and fragmentation, M , scales are set to M = µF = 2mT . The

uncertainty comes from changing the scales to µR = mT

2
and µF = 4mT for the upper

bound, and µR = 2mT and µf = mT for the lower bound.

As the NLO calculations contain partons in the final state, the effects of hadronisation

are considered when comparing the predictions with the data. The NLO QCD predic-

tions were corrected for hadronisation effects using a bin-by-bin procedure according to

dσ = dσNLO · Chad, where dσNLO is the cross section for partons in the final state of the

NLO calculation. The hadronisation correction factor was defined as the ratio of the jet

cross sections before and after the hadronisation process, Chad = dσhadrons
MC /dσpartons

MC . The

value of Chad was taken as the mean of the ratios obtained using the Herwig and Pythia

predictions. The uncertainty due to the hadronisation correction was estimated as half

the spread between the values obtained using the two MC models.

4 Inclusive Jet Cross Sections Results

Inclusive jet cross sections with a D∗ in the final state have been measured as a function

of Ejet
T and ηjet in the following kinematic region: Q2 < 1 GeV2, 130 < W < 280 GeV,

pT (D∗) > 3 GeV, |η(D∗)| < 1.5, Ejet
T > 6 GeV and −1.5 < ηjet < 2.4. In Fig. 3, cross-

sections dσ/dE jet
T in bins of ηjet are shown, for the whole ηjet region and differentially in

four bins of ηjet. Figure 4 shows cross-sections dσ/dηjet in bins of Ejet
T , for the whole range

of Ejet
T and for low and high E jet

T . Cross sections measured separately for D∗ jets and

other jets are shown in Fig. 5 for dσ/dE jet
T and in Fig. 6 for dσ/dηjet.

The ‘massive’ QCD predictions generally reproduce the shape of all distributions for all

jets, D∗ jets and ‘other’ jets. However, the central pQCD predictions underestimate the

data over the whole range in E jet
T and ηjet. For even the most extreme changes in scale

and mass, the predictions are somewhat below the data. The largest differences are seen

at higher Ejet
T compared to the ‘massive’ QCD predictions.

The ‘massless’ calculations can only be compared to the ‘other’ jet distributions. Figure 5,

dσ/dEjet
T , shows that the ‘massless’ pQCD prediction has theoretical uncertainties of the

same order as the ‘massive’ scheme and better agreement at high E jet
T . However, the

general features are the same as for the ‘massive’ prediction; the shape is reasonably well

described and the upper theoretical prediction agrees with the normalisation of the data.

The resolved contribution is also shown which decreases at high E jet
T . For dσ/dηjet, shown
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in Fig. 6, the shape of the data are also well described by the ‘massless’ calculation. The

resolved contribution is up to 80 − 90% in the forward ηjet region.

5 Summary

Charm jet production has been measured in photoproduction and compared to available

NLO QCD predictions in both the ‘massive’ and ‘massless’ schemes. At high jet transverse

energy, where the ‘massless’ scheme is expected to be more reliable, predictions from the

‘massless’ calculation are somewhat above those from the ‘massive’ scheme and are closer

to the data. In order for both types of calculation to achieve a reasonable description of the

shape of the data, particularly as a function of ηjet, effects of hadronisation, modelled using

Monte Carlo programs, have to be taken into account. The overall normalisation of the

theoretical predictions is below that of the data but agrees within the large uncertainties

arising from the theory.
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(a) (b)

(c) (d)

Figure 1: Leading order QCD charm-production diagrams. a) direct photon:
γg → cc; b) resolved photon: gg → cc; c) resolved-photon charm excitation: cg →
gc (c in proton hemisphere); d) resolved-photon charm excitation: cg → cg (c in
the photon hemisphere).
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Figure 2: The distribution of the mass difference, ∆M = M(Kππs) −
M(Kπ), for D∗± candidates (solid dots). The histogram shows the ∆M dis-
tribution for wrong charge combinations. Only D∗± candidates from the region
0.143 < ∆M < 0.148 GeV were used for the cross-section measurement.
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Figure 3: Cross-section dσ/dE jet
T for jets in events (dots) containing at least

one D∗± meson for the whole ηjet range possible and double differentially going
from backwards to forwards in ηjet. The comparison is made to ‘massive’ pQCD
predictions with (solid line) and without (dotted line) hadronisation corrections
applied. The theoretical uncertainties (hatched band) come from the change in
renormalisation scale simultaneously with the change in charm mass. The beauty
component is also shown (lower histogram) as given from PYTHIA.
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Figure 4: Cross-section dσ/dηjet for jets in events (dots) containing at least

one D∗± meson for the whole E jet
T range possible and double differentially for low

and high Ejet
T . The comparison is made to ‘massive’ pQCD predictions with (solid

line) and without (dotted line) hadronisation corrections applied. The theoretical
uncertainties (hatched band) come from the change in renormalisation scale simul-
taneously with the change in charm mass. The beauty component is also shown
(lower histogram) as given from PYTHIA.
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Figure 5: Cross-section dσ/dE jet
T for D∗ jets and other jets (dots). The com-

parison is made to ‘massive’ pQCD predictions with (solid line) and without (dot-
ted line) hadronisation corrections applied. The theoretical uncertainties (hatched
band) come from the change in renormalisation scale simultaneously with the change
in charm mass, as detailed in the text. For the other jet distribution, the ‘massless’
pQCD predictions are shown with (solid line) and without (dotted line) hadronisa-
tion corrections applied. The uncertainties (hatched band) come from the change
in initial and final factorisation parameterisation. The resolved contributions for
the ‘massless’ calculation are shown (dashed line).
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Figure 6: Cross-section dσ/dE jet
T for D∗ jets and other jets (dots) for the whole

Ejet
T range possible and double differentially for low and high E jet

T . The compar-
ison is made to ‘massive’ pQCD predictions with (solid line) and without (dot-
ted line) hadronisation corrections applied. The theoretical uncertainties (hatched
band) come from the change in renormalisation scale simultaneously with the change
in charm mass, as detailed in the text. For the other jet distribution, the ‘massless’
pQCD predictions are shown with (solid line) and without (dotted line) hadronisa-
tion corrections applied. The uncertainties (hatched band) come from the change
in initial and final factorisation parameterisation. The resolved contributions for
the ‘massless’ calculation are shown (dashed line).
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