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Abstract

The inclusive production of D∗± mesons in deep inelastic scattering is studied with the H1
detector at HERA using an integrated luminosity of 47.0 pb−1. In the kinematic region
2 ≤ Q2 ≤ 100 GeV2 and 0.05 ≤ y ≤ 0.7 an e+p cross section for inclusive D∗± me-
son production of 7.72 ± 0.23 (stat.) ± 1.09 (syst.) nb is measured in the visible range
1.5 ≤ pt,D∗ ≤ 15 GeV and |ηD∗ | ≤ 1.5. Single and double differential inclusive D∗±

meson cross sections are compared to perturbative calculations in the framework of the
DGLAP and CCFM evolution schemes. The additional requirement is then made that there
are at least two jets with Et, jet 1 ≥ 4 GeV, Et, jet 2 ≥ 3 GeV in the Breit frame of reference
and −1 ≤ ηlab, jet 1,2 ≤ 2.5. In this kinematic range the inclusive cross section for dijet pro-
duction associated with a D∗± meson is found to be 1.63 ± 0.10 (stat.) ± 0.25 (syst.) nb.
Differential cross sections for dijet events with D∗± mesons are also presented and com-
pared to QCD model predictions. Models which provide a good description of inclusive
D∗± production are found to provide a poorer description of jet production with D∗±

mesons.



1 Introduction

Results on D∗± meson production in deep inelastic scattering (DIS) have been published by the
H1 and ZEUS collaborations [1–5]. The analysis described in this paper uses the data collected
during the 1999 and 2000 running periods with positrons at HERA, yielding a significantly
larger integrated luminosity of 47.0 pb−1 than used in the previous publications [1, 3, 5]. As a
result, the D∗± production cross section is measured with increased precision, and the measure-
ment of two jet production in events with at least one tagged D∗± meson becomes possible in
DIS.

The description of open heavy flavour production in deep-inelastic ep collisions is based on
perturbative QCD with the assumption that Q2 and the heavy quark mass provide the necessary
hard scale. To leading order (LO), photon gluon fusion (γg → QQ̄) is the dominant produc-
tion process. The experimental results on inclusive D∗± meson production are compared with
predictions made using two different pQCD approaches with the charm quarks considered to be
massive: a next-to-leading order (NLO) calculation [6–8] based on collinear factorisation and
the DGLAP evolution equations [9] and another calculation based on kt factorisation and parton
evolution according to the CCFM equations [10]. In both approaches, gluons and light quarks
are assumed to be the only active flavours in the proton and therefore charm is produced per-
turbatively only via photon gluon fusion. The CCFM approach is expected to provide a better
description of gluon evolution at very low values of Bjorken-x.

Following the same line as in a previous publication [5] the HVQDIS program by Harris and
Smith [11] has been used to perform comparisons of the data with the NLO DGLAP scheme
and with the hadron level Monte Carlo generator CASCADE [12] which implements the CCFM
scheme.

2 Detector and Data Sample

The data presented were collected with the H1 detector at HERA during the running periods of
1999 and 2000. In that period HERA operated with 27.5 GeV positrons and 920 GeV protons
colliding at a center-of-mass energy of

√
s = 318 GeV. The data amount to an integrated

luminosity of L = 47.0 pb−1. A detailed description of the H1 detector [17], [18] and the
components that are most relevant for this analysis is given in [5].

3 Event Selection and Kinematics

The identification and selection of the scattered positron is performed as described in [5].

The geometrical acceptance cuts for the backward calorimeter (SpaCal) and the backward
drift chamber (BDC) impose a limitation on the measured positron scattering angle of θe <
178◦. In order to ensure high acceptance for the entire kinematic region, the square of the four
momentum transfer is restricted to 2 ≤ Q2 ≤ 100 GeV2 and the inelasticity to 0.05 ≤ y ≤ 0.7.
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At fixed center-of-mass energy
√

s, the kinematics of the inclusive scattering process ep →
eX can be completely determined by using any two of the independent Lorentz variables: the
Bjorken scaling variables x and y, the four momentum squared of the virtual photon and the
invariant mass squared W 2 of the hadronic final state. In this analysis, these variables are
determined from the measurement of the energy E ′

e and the polar angle θe of the scattered
positron according to

Q2 = 4EeE
′
e cos2

(

θe

2

)

y = 1 − E ′
e

Ee

sin2

(

θe

2

)

x =
Q2

ys
W 2 = Q2

(

1 − x

x

)

(1)

where Ee, is the electron beam energy.

First a fully reconstructed D∗± meson in the visible range of the detector is required. D∗+

mesons are reconstructed using the decay chain D∗+ −→ D0π+
s −→ K−π+π+

s . The method
applied is described in detail in [1, 5].

The range of the transverse momentum and the pseudorapidity of the D∗± meson is re-
stricted to 1.5 ≤ pt,D∗ ≤ 15 GeV and |ηD∗| ≤ 1.5 where η is defined as η = − ln tan

(

θ
2

)

. These
cuts are applied in order to ensure that the events lie in a region of the detector where the accep-
tance is high and well understood. The distribution of the mass difference ∆m = mKππ −mKπ

is shown in figure 1. A total of 2604 ± 77 D∗± mesons is obtained.

Figure 2 shows the energy and polar angle distributions of the scattered positron for events
with an identified D∗± meson. The data are compared to the prediction of the RAPGAP Monte
Carlo. The RAPGAP [19] Monte Carlo allows the non-diffractive as well as the diffractive DIS
events to be simulated. Here it is used to simulate the production of charm via the BGF process.
Good agreement is observed between the data and the simulation.

In order to define the jet sample within the events containing a D∗± meson candidate, the
kt-cluster algorithm [20] in its inclusive mode is used in the Breit frame. The hadronic final
state is reconstructed from all energy depositions in the SpaCal and the liquid argon calorimeter
as well as from the track momenta measured in the tracking system. When applying the jet
algorithm the momenta of the three particles originating from the reconstructed D∗± meson are
treated as one particle with the four-vector of the tagged D∗± meson. The E recombination
scheme (in which the four-vectors of the objects are added) is used.

The transverse energy of the leading jet in the Breit frame is required to be Et, jet 1 ≥ 4 GeV,
the transverse energy of the second jet Et, jet 2 ≥ 3 GeV and the pseudorapidities of the two
leading jets in the laboratory frame −1 ≤ ηjets ≤ 2.5. A total of 836 ± 51 events fulfill the jet
requirements.

4 Inclusive D
∗± Meson Cross Sections

The cross section for D∗± meson production in deep inelastic ep scattering is calculated from
the observed number of D∗± candidates, ND∗± , according to
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σ(e+p → e+D∗±X) =
ND∗±

L · Br · ε · (1 + δrad)
. (2)

Here, L and Br refer to the integrated luminosity and the branching ratio Br(D∗+ →
D0π+) · Br(D0 → K−π+) = 0.0259 [21]. The efficiency ε is estimated using the RAPGAP
Monte Carlo program [19]. The radiative corrections are obtained using HERACLES.

The inclusive cross section for D∗± meson production in the kinematic region 2 ≤ Q2 ≤
100 GeV2, 0.05 ≤ y ≤ 0.7 and in the visible D∗+ range 1.5 ≤ pt,D∗ ≤ 15 GeV and |ηD∗| ≤ 1.5
is found to be

σvis(e
+p → e+D∗±X) = 7.72 ± 0.23(stat.) ± 1.09 (syst.) nb.

The errors refer to the statistical and systematic error, respectively. The largest contribution
to the systematic error is due to the uncertainty in the track reconstruction efficiency. Other
important sources of systematic error include the uncertainty in the determination of the back-
ground shape in the ∆m distribution, the D0 mass resolution and the uncertainty introduced
by the difference in the acceptance and efficiency corrections obtained by making use of the
RAPGAP and HERWIG Monte Carlos.

The visible inclusive D∗± meson production cross section was calculated in the NLO DGLAP
scheme with the HVQDIS program using the CTEQ5F3 proton parton densities [22]. The pre-
dictions range from 4.90 nb for a charm quark mass mc = 1.5 GeV and Peterson fragmentation
parameter εc = 0.10 to 6.62 nb for mc = 1.3 GeV and εc = 0.035. The hadronization fraction
f(c → D∗+) = 0.233 ± 0.010 ± 0.011 [23] was used. For the same variation of mc and εc,
calculations based on the CCFM evolution equation, as implemented in the CASCADE pro-
gram, yield cross sections of 6.79 nb and 8.82 nb, respectively. The measured value of the cross
section agrees better with the CASCADE prediction than with that from HVQDIS.

In figure 3 the inclusive single differential D∗± cross sections in the visible region are shown
as a function of the event variables W , x and Q2 and as a function of the D∗± observables pt,
η and the inelasticity zD∗ = P · pD∗/P · q = (E − pz)D∗/2yEe, where P , q and pD∗ denote
the four-momenta of the incoming proton, the exchanged photon and the observed D∗± meson,
respectively.

Fig. 3 also includes the expectations from the HVQDIS program using the CTEQ5F3 parton
density. The charm quark mass and the fragmentation parameter have been varied from mc =
1.3 GeV and εc = 0.035 to mc = 1.5 GeV and εc = 0.10. The dark shaded band indicates
the uncertainties in the predictions due to these variations. Although the predicted visible cross
section is smaller than that experimentally observed, there is reasonable agreement with the data
in the shapes of the different single differential cross sections with the exception of the region
η > 0, where the measured D∗± meson production cross section is larger than that predicted.
Since in the boson gluon fusion process the forward region (η > 0) is correlated with small zD∗ ,
a similar discrepancy between data and theory is observed at small zD∗ .

The predictions of the CASCADE program, with the same variations of the charm quark
mass and fragmentation parameter, are also presented in Fig. 3. The expectations from the
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CASCADE program are found to agree better with the data, particularly in the positive η region.
Similar conclusions were drawn in [5] based on a sample of significantly smaller luminosity.

In Fig. 4 the cross section is compared with the expectations of the RAPGAP Monte Carlo
when only direct processes are taken into account, and when the contribution of resolved pro-
cesses is also considered. The comparison shows that the prediction of RAPGAP with direct
processes only lies slightly below the observed cross section and that taking into account the
resolved contribution does not result in a good description of the data, the prediction then often
being too high.

In order to enable the study of correlations among the observables in D∗± meson production,
Figs. 5, 6, 7 and 8 show the double differential inclusive D∗± cross sections. It is evident that the
excess observed in the data with respect to the HVQDIS expectation at large pseudorapidities
(0.5 < ηD∗ < 1.5) is independent of Q2 and is concentrated at small pt D∗ and small zD∗ .

5 Associated Dijet Cross Sections

The cross section for dijet production associated with a D∗± meson in deep inelastic ep colli-
sions is obtained from the number of dijet events fulfilling the dijet criteria which include at
least one D∗± candidate in a manner similar to that described for the inclusive D∗± meson cross
section measurement.

The inclusive cross section for dijet and D∗± meson production in the kinematic region
2 ≤ Q2 ≤ 100 GeV2, 0.05 ≤ y ≤ 0.7, 1.5 ≤ pt,D∗ ≤ 15 GeV and |ηD∗| ≤ 1.5 with
jets with Breit frame transverse energies Et, jet 1 ≥ 4 GeV, Et, jet 2 ≥ 3 GeV and laboratory
pseudorapidities −1 ≤ ηjet 1,2 ≤ 2.5 is found to be

σvis(e
+p → e+D∗±dijet X) = 1.63 ± 0.10 (stat.) ± 0.25 (syst.) nb.

In addition to the systematic errors which arise in the measurement of the D∗± meson cross
sections, additional systematic effects contribute in this measurement. The most important ad-
ditional errors arise from the uncertainty of the energy measurement in the main and backward
calorimeters and the dependence of the acceptance calculation on the Monte Carlo models used.

The purity and the stability of the sample is above 40 % in all bins.

In figure 9 the differential D∗± meson dijet cross sections are presented as a function of
the event variables Q2, x, the maximum transverse jet energy Emax

t = Et, jet 1, and the rapidity
difference of the dijets, ∆η = |ηjet 1 − ηjet 2|, the latter two being measured in the Breit frame.
The data are compared with the expectations from CASCADE and RAPGAP for direct and
the sum of direct and resolved processes. Here, for both Monte Carlo predictions, the values
mc = 1.4 GeV and εc = 0.078 were used for the charm quark mass and the fragmentation
parameter, respectively. In CASCADE the initial gluon distribution is fitted to the inclusive F2

data, while the CTEQ5L proton parton density is used in the RAPGAP Monte Carlo.

It can be seen that RAPGAP predictions for direct processes are below the measured cross
sections particularly for small Bjorken-x, large Emax

t and small ∆η.
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In figure 10 the cross section for the production of dijets with an associated D∗± meson is
shown versus the D∗± meson production cross section and is compared with the expectation of
the RAPGAP, AROMA [24], HERWIG and CASCADE Monte Carlo generators. The models,
even those that provide a good description of the inclusive D∗± meson cross section, do not
describe the measured associated dijet cross section in events with a D∗± meson.

6 Conclusions

New measurements of differential cross sections for inclusive D∗± production in deep inelas-
tic ep scattering are presented. The data are compared with predictions based on both NLO
DGLAP and CCFM formalisms, using the HVQDIS program and the CASCADE model, re-
spectively. The expectations of the CCFM based model provide a better description of the
inclusive D∗± data, especially in the positive pseudorapidity region.

A measurement of the cross section for the production of dijets and an associated D∗± me-
son in DIS is performed and is compared to Monte Carlo predictions. The RAPGAP Monte
Carlo describes the Q2 and x dependence of the cross section only when both direct and re-
solved contributions are taken into account, lying below the data when only direct processes are
considered. Measurements of the differential cross sections for associated dijet and D∗± meson
production are presented and compared with the RAPGAP and CASCADE expectations. Even
though the inclusive D∗± meson production cross section is described reasonably well by RAP-
GAP and is in good agreement with the expectation using the CCFM based model CASCADE,
the associated dijet cross section is found to be less well described by both models.
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Figure 1: Distribution of the mass difference ∆m = m(K∓π±π±
s )−m(K∓π±) for DIS events

in the visible range 1.5 ≤ pt ≤ 15 GeV and |η| ≤ 1.5. The curves represent a fit to the
m(K∓π±π±

s ) distribution using a Gaussian for the signal and a term (∆m − mπ)α for the
background.
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Figure 2: The reconstructed E ′
e and θe for events with D∗± candidates (after background sub-

traction) together with the detector level (RAPGAP) prediction (shaded histogram).
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Figure 3: Single differential inclusive cross section for D∗± meson production σ(ep → eD∗±X)
versus W , x, Q2, pt, η and zD∗ . The inner and outer error bars correspond to the statistical and
total errors. The expectation of the NLO DGLAP calculation using HVQDIS with CTEQ5F3
parton densities is indicated by the lower shaded band. The upper shaded band is the expectation
of the CCFM calculations based on the CASCADE program with the initial gluon distribution
fitted to the inclusive F2 data. The upper and lower bounds of both calculations correspond to
(mc = 1.3 GeV, εc = 0.035) and (mc = 1.5 GeV, εc = 0.10), respectively.
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Figure 4: Single differential inclusive cross section for D∗± meson production σ(ep → eD∗±X)
versus W , x, Q2, pt, η and zD∗ . The inner and outer error bars correspond to the statistical and
total errors. The expectation of the RAPGAP Monte Carlo (with mc = 1.4 GeV, εc = 0.078
and using the CTEQ5L proton parton densities) is shown when only direct processes are taken
into account and when the resolved contribution is also considered. The expectation of the
CASCADE program (with mc = 1.4 GeV, εc = 0.078 and the initial gluon distribution fitted to
the inclusive F2 data) is also displayed.
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data are compared to the expectations of the NLO DGLAP calculation using HVQDIS and of
the CCFM calculations based on the CASCADE program (see figure 3 for details).
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Figure 7: Double differential inclusive cross section for D∗± meson production d2σ/dptdzD∗

in bins of pt. The inner and outer error bars correspond to the statistical and total errors. The
data are compared to the expectations of the NLO DGLAP calculation using HVQDIS and of
the CCFM calculations based on the CASCADE program (see figure 3 for details).
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Figure 8: Double differential inclusive cross section for D∗± meson production d2σ/dptdη in
bins of pt. The inner and outer error bars correspond to the statistical and total errors. The data
are compared to the expectations of the NLO DGLAP calculation using HVQDIS and of the
CCFM calculations based on the CASCADE program (see figure 3 for details).
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Figure 9: Dijet cross sections as a function of Q2, x, Emax
t and ∆η, the latter two being measured

in the Breit frame, for events with D∗± mesons. The inner and outer error bars correspond to the
statistical and total errors. The expectation of the RAPGAP Monte Carlo (with mc = 1.4 GeV,
εc = 0.078 and using the CTEQ5L parton density in the proton) is shown when only direct
processes are taken into account and when the resolved contribution is also considered. The data
are also compared with the expectation of the CASCADE Monte Carlo with mc = 1.4 GeV,
εc = 0.078 and the initial gluon distribution fitted to the inclusive F2 data.
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Figure 10: The cross section for the production of dijets in association with a D∗± meson versus
the D∗± meson production cross section. The expectation of the RAPGAP Monte Carlo with
εc = 0.078 is shown when only direct processes are taken into account and when the resolved
contribution is also considered. The predictions of the AROMA Monte Carlo with εc = 0.078
and of the HERWIG Monte Carlo which uses cluster fragmentation are also displayed. For
the predictions of RAPGAP, AROMA and HERWIG mc = 1.4 GeV and the CTEQ5L proton
parton densities are used. The data are also compared with the expectation of the CASCADE
Monte Carlo with the initial gluon distribution fitted to the inclusive F2 data, for mc = 1.4 GeV,
εc = 0.078 for mc = 1.3 GeV, εc = 0.035 and for mc = 1.5 GeV, εc = 0.10.
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