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Recent results on the extraction of the charm contribution, F5°, to the inclusive proton structure function F
in deep inelastic ep scattering at HERA are presented. Different methods of charm tagging and measurements of
the charm fragmentation function are shown. The issues related to the extrapolation of the visible cross sections

to the full phase space are discussed.

1. Introduction

Results on the charm contribution to the pro-
ton structure function, Fy, at HERA have been
published by the H1 and the ZEUS collaborations
[1-3]. The data have shown clear evidence that
the dynamics of charm production in ep scatter-
ing is dominated by the photon gluon fusion pro-
cess. In this framework the process e™p — cé
is sensitive to the gluon density in the proton
[4] and allows its universality to be tested. Sev-
eral charm tagging methods are used at HERA.
Charm quarks are either tagged by reconstructing
charmed hadrons e.g. D**, D* and D° mesons,
or by making use of the long lifetime and large
mass of heavy quarks. Fj° is extracted extrap-
olating the measured cross sections in the phase
space of the analysis to the full phase space us-
ing the appropriate theory model. When us-
ing the lifetime information, the charm and the
beauty contributions to the proton structure are
extracted simultaneously. The presented analy-
ses partially cover the data from the HERA-II
running period, yielding significant integrated lu-
minosity. Therefore, more precise tests of pertur-
bative QCD (pQCD) become possible.

2. Models of charm production

The description of open heavy flavour produc-
tion in electron proton collisions is based on per-
turbative QCD. In leading order (LO), the photon
gluon fusion process (7g — QQ) is the dominant

contribution [1]. This treatment has been ex-
tended to next-to-leading order (NLO) for which
calculations in several schemes are available [5—
9]. All approaches assume the scale introduced
by the heavy quark mass to be hard enough to
apply pQCD and to guarantee the validity of the
factorisation theorem.

In the analyses presented here the “massive ap-
proach” is adopted, i.e. a fixed order calculation
with massive quarks and assuming three active
flavours in the proton. The momentum densities
of the three light quarks and the gluon in the pro-
ton are evolved by the DGLAP equation [10]. The
heavy quarks are assumed to be produced only
at the perturbative level [5] via photon gluon fu-
sion. Based on the NLO calculations of order a2
in the coeflicient functions [5] programs for dif-
ferent applications were developed in the fixed-
flavour-number-scheme (FFNS). The Riemersma
program [6] is used for the calculation of inclu-
sive quantities of heavy quark production, like
F§(x,Q?), while the HVQDIS program [7,11] al-
lows the calculation of exclusive quantities by pro-
viding the four-momenta of the outgoing partons.
Both programs are based on the same calculation
and use the same input like PDFs, charm mass
and factorisation and renormalisation scales. The
MRST2004FF and CTEQ5F3 (ZEUS-S-FF) par-
ton densities, m.=1.43 (1.5) GeV and u, = py =
/Q? +4m2 are used in the H1 (ZEUS) analy-
ses presented here. The data presented here are
also compared to the RAPGAP [12] and CAS-



CADE [13] Monte-Carlo simulations. Both are
based on leading order matrix element calcula-
tions with the higher order corrections imple-
mented via parton showers. Parton evolution ac-
cording to the DGLAP equations is used in the
RAPGAP simulation. CASCADE implies intrin-
sic k; factorisation and parton evolution accord-
ing to the CCFM [14] equations.

3. Extraction of F{° using the reconstruc-
tion of charmed hadrons

The contribution of charm to the proton struc-
ture function can be determined using the mea-
sured cross section of charm-tagged events. In
the following measurements based on the recon-
struction of charmed mesons are presented. The
experimental value of F¢ is determined by:
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Here o,;7 (ohr,) denotes the measured (pre-

dicted) meson cross section in the visible phase
space of the analysis and Ff‘ih corresponds to
the model prediction for F§¢ in the full phase
space. The visible phase space accessible by
the detectors H1 and ZEUS via reconstruction of
charmed mesons covers only about 30% of the full
phase space. Therefore the determination of Fi$©
strongly depends on the model used for the ex-
trapolation. In the following, HVQDIS and CAS-
CADE are used as extrapolation models. The
extrapolation uncertainties within a single model
are estimated by the variation of the input param-
eters like parton densities, charm quark mass and
the renormalisation/factorisation scales as well
as by the variation of the charm fragmentation
model.

3.1. Cross section measurements

In the following, the charm tagging method
via reconstruction of decays of charmed hadrons
is illustrated using the D** mesons. The data
were collected with the H1 detector, correspond-
ing to an integrated luminosity L=345 pb~!.
D* are reconstructed in decays D* — DY +
Tsiow — K + T 4+ Tgow. The signal is ex-
tracted using the mass difference technique from
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Figure 1. Invariant mass difference of K7 and
K7 combinations of D* candidates.

the fit to the Am distribution of the D* can-
didates (Am=mgrr — mgr). In Fig. 1 the
Am distribution is shown for the D* candidates
and the wrong charge background. The double-
differential cross sections of D* production as
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Figure 2. Double-differential D* cross sections as
a function of the pseudo-rapidity 7 in bins of the
transverse momentum pp. The hatched (shaded)
area corresponds to the HVQDIS prediction using
the CTEQSF3 (MRST2004FF3) parton densities.
The widths of the bands corresponds to the vari-
ation of model parameters.
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function of the meson kinematics measured by
HI1 collaboration are shown in Fig. 2 [15]. The
measurements are compared to the NLO calcu-
lations using the CTEQSHF3 and MRST2004FF3
parton densities, respectively. Overall the NLO
calculation describes the distributions well, how-
ever, it seems to underestimate the cross section
in the forward region at low pr(D*). The dif-
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Figure 3. Differential cross section of DY-meson
production as a function of the meson kinemat-
ics, as measured by the ZEUS experiment. The
data are compared to the HVQDIS prediction
(shaded band) using the ZEUS-S-FF parton den-
sities. The expected beauty contribution is rep-
resented by the dotted line.

ferential cross sections of D and D°-mesons are
shown in Fig. 3 and Fig. 4 in comparison to the
HVQDIS calculation. The data are collected with
the ZEUS experiment corresponding to the inte-
grated luminosity of 135 pb~* [16]. The DIS kine-
matic region 5<Q?<1000 GeV? is explored. The
lifetime information from the ZEUS Micro Vertex
Detector [17] is used to obtain cleaner D-meson
signals in these analyses.

The D* cross sections are measured [15], [18] in
a wide range of Q?, as shown in Fig. 5 and Fig. 6.
The data are compared to the LO Monte-Carlo
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Figure 4. Differential cross section of D*-meson
production as a function of the meson kinemat-
ics, as measured by the ZEUS experiment. The
data are compared to the HVQDIS prediction
(shaded band) using the ZEUS-S-FF parton den-
sities. The expected beauty contribution is rep-
resented by the dotted line.
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Figure 5. Cross section of D* meson production
as a function of Q? as measured by the H1 experi-
ment. The data are compared to the Monte-Carlo
simulations RAPGAP using the CTEQGL (upper
solid line) and CTEQ65m (lower solid line) par-
ton densities and CASCADE (dotted line).



Figure 7. The fragmentation observable as mea-
sured by the ZEUS experiment using D* pho-
toproduction events with associated jets. The
data are compared to the NLO massive calcula-
tion (shaded band) using different parameters for
the phenomenological fragmentation function.

The charm fragmentation function was mea-
sured in DIS by the H1 experiment, using data
corresponding to an integrated luminosity of 47
pb~1 [22]. The energy of the charm quark was
approximated by the jet associated to the D*-
meson or by the event hemisphere containing a
D*. The presence of a D*-associated jet with
Er> 3 GeV in the photon-proton rest frame was
required, probing the kinematic region signifi-
cantly above the production threshold. The nor-
malised cross sections are measured as a function
of two fragmentation-sensitive observables, zjet
and zpem. The data are found to be consistent
with the ZEUS measurement and with the pre-
diction of the RAPGAP Monte-Carlo using the
fragmentation parameters for heavy quarks ob-
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tained from ete™ annihilation experiments. This
result is consistent with the hypothesis of frag-
mentation universality between ep and eTe™ col-
lisions. The hemisphere method is also used to
study the charm fragmentation close to the kine-
matical threshold. This region is defined by the
absence of jet with Er> 3 GeV. The result is
shown in Fig. 8: the fragmentation parameter ex-
tracted for the QCD models in this sample is sig-
nificantly different from those obtained from the
sample above threshold. Thus, the measurements
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Figure 8. Normalised D* cross section as a func-
tion of zpeyn, for the D* sample without associ-
ated jet. The data are compared to the RAPGAP
Monte-Carlo predictions using the Kartvelishvili
fragmentation function. The solid and dashed
line correspond to &+ 1o variation around the best
fit value of . The dotted line shows the predic-
tion using « fitted to the D*-jet sample. The ra-
tio R=model/data is shown as well as the relative
statistical (inner error bar) and systematic uncer-
tainties added in quadrature (outer error bars) for
the data points put to R=1.

of the charm fragmentation function at HERA in-
dicate a lack of understanding of charm fragmen-
tation close to the production threshold.

3.3. Extraction of F°¢

The contribution of charm events F§°¢ to the
proton structure function F5 is determined ac-
cording to Eq. 1 in bins of Q2 and y using a cer-
tain extrapolation model. The double-differential
cross section of D* meson production as measured
by the H1 experiment is shown in Fig. 9.
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Figure 9. Double differential D* cross sections
compared to the HVQDIS calculation. The solid
line corresponds to the central value of the pre-
diction. The charm quark mass has been var-
ied from m., = 1.3 GeV to m. = 1.6 GeV,
the renormalisation and factorisation scales have
been varied simultaneously 0.5p < p, = py < 2.
The light shaded band represents the full the-
ory uncertainty, obtained from the variations of
the charm mass, renormalisation and factorisa-
tion scales and the fragmentation model. The
dark shaded band shows the theory uncertainty
alone from the variations in the fragmentation
model.

Predicted visible differential cross sections are
calculated using the HVQDIS program after



fragmenting the charm quarks in the photon-
proton centre of mass frame into D* mesons.
The Kartvelishvili fragmentation function is used.
Following the line of the experimental observa-
tion [22], an §-dependent charm fragmentation
function is used: close to threshold (small §) a
harder fragmentation parameter is chosen than
at large s.
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Figure 10. The ratios of extrapolation factors
from the visible to the full phase space as ob-
tained by the models CASCADE and HVQDIS.

The extraction of F§¢ according to Equation 1
is faced with the problem that the measurement
covers only about 20% to 60% of the total phase
space for charm production, with the lowest ac-
ceptance at large x in the low Q2 region. Thus
the extrapolation depends significantly on the
used model. To investigate this model depen-
dence Fy “P is determined using both the NLO
DGLAP calculation HVQDIS and the LO Monte-
Carlo simulation CASCADE. Both models give a
reasonable description of the differential cross sec-
tions in both the event kinematics and the kine-
matics of the D* meson. The ratios of the ex-
trapolation factors from the visible range to the
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full phase space, estimated by using CASCADE
and HVQDIS, are shown in Fig. 10. Overall only
small differences are observed. However at high
2 and low @2, the two models differ almost by a
factor of 2. The origin of these differences is prob-
ably not related to the different parton evolution
schemes but rather to the hadronisation models
which is currently under investigation.

The measurement of F£€ in the kinematical re-
gion 5<(Q?<1000 GeV?, using the HVQDIS cal-
culation, is shown in Fig. 11
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Figure 11. The charm contribution, F$°, to the
proton structure function using HVQDIS for the
extrapolation. The measurements are compared
to the NLO FFNS prediction using the CTEQ5F3
(upper line) and MRST2004FF3 (lower line) par-
ton densities. The extrapolation uncertainty, es-
timated by variation of the renormalisation and
factorisation scales and the fragmentation param-
eters as well as by a variation of parton densities,
is shown by the lighter shaded band. The uncer-
tainty alone due to variation of PDFs is shown by
the dark band.



Figure 12. The muon transverse momentum
wrt. the associated jet axis as measured in semi-
leptonic decays by the ZEUS experiment. The
data are compared to the RAPGAP Monte-Carlo
(light solid line). The prediction for the charm
contribution is shown by the dark solid line. The
contribution from b-quarks is indicated by the
shaded area. The light flavour (uds) background
is depicted by the dashed line.

In Fig. 12 the inclusive distribution of the muon
transverse momentum with respect to the associ-

ated jet axis, p’”TeL, is shown. From comparison
:

of the data to the predicted charm, beauty and
uds cross sections the contribution of the specific
flavour is determined. The single differential cross
sections as functions of the muon kinematics are
shown in Fig. 13 and Fig. 14 compared to the
HVQDIS calculation.
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Figure 13. Single differential cross section of
muons from b- and c- semi-leptonic decays as
function of the muon pseudo-rapidity. The cross
sections of beauty (lower data points) and charm
(upper data points) are compared to the NLO
prediction (shaded band).

The contribution of charm and beauty events
to the inclusive proton structure function as de-
termined from the semi-muonic decays is shown
in Fig. 15.  The HVQDIS calculation was
used for the extrapolation. The parton den-
sity sets ZEUS-S-FF and CTEQ5F3, the charm
mass m. =1.5+0.2 GeV and the renormalisa-
tion/factorisation scales py = p, = /Q? + 4m?2
are used. The phenomenological Peterson [24]
fragmentation function, defined by a single pa-
rameter € =0.055, was used.

In a similar way, the inclusive charm and
beauty reduced cross sections are measured at
the H1 experiment in the kinematic region of
5<Q?<650 GeV? and 0.0002<x<0.032 [25]. The
data correspond to an integrated luminosity of
189 pb~!. The charm and beauty fractions
are determined using the observables determined
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Figure 15. The charm contribution to the pro-
ton structure function extracted from the semi-
muonic events. The data are compared to the
NLO FFNS prediction (solid line) using the
ZEUS-S-FF parton density functions. Dash-
dotted lines correspond to the variation of c- and
b-quark masses.
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with help of the H1 central vertex detector. The
most important of these observables are the trans-
verse displacement of tracks from the primary
vertex and the reconstructed position of the sec-
ondary vertex in the transverse plane. The charm
and beauty reduced cross sections are presented
in Fig. 16.
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Figure 16. The reduced charm cross section as
a function of z in different Q% bins. The inner
error bars represent the statistical and the outer
error bars represent the statistical and systematic
uncertainties added in quadrature. The data are
compared to different QCD predictions.

The measurements are compared with two re-
cent NLO QCD predictions based on the variable
flavour number scheme (VFNS) from CTEQ [26]
and MSTW [27] as well as with prediction based
on the CCFM parton evolution. The predictions
provide a reasonable description of the present
data. In Fig. 17 F5¢, extracted from the reduced
cross section after small corrections for Ff°, is
compared to the NLO and NNLO models from
the MSTW group [28]. While the NLO predic-
tion by the MSTW group seems to overestimate
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Figure 17. Measured F5°¢ as a function of Q? for
different values of x. The data are compared to
the MSTW NLO (solid line) and NNLO (dashed
line) predictions.

F$°, the NNLO one is in much better agreement
with the data.

5. Summary

The recent measurements of the charm contri-
bution F§° to the inclusive structure function at
HERA are approaching the final precision. The
distinction power of the measurements with re-
spect to the recent developments of the QCD
models in NLO and NNLO has significantly in-
creased. The harvest of the current F$°¢ measure-
ments at HERA is shown in Fig. 18. Together,
the H1 and ZEUS experiments collected data
amounting to an integrated luminosity of about
600 pb~!. Both experiments are working on fur-
ther improvements in both, statistical and sys-
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Figure 18. F§¢ measurements at HERA as a func-
tion of x for different values of Q? compared to
different QCD predictions.

tematic uncertainties of the measurement. Dif-
ferent charm tagging methods show consistent re-
sults and will be combined taking into account
proper correlations between the data points and
the measurement methods. The results of both
collaborations will be combined, thereby the im-
rovement in precision is expected. The extrapola-
tion problems has to be studied further to reduce
the theory uncertainty. The charm fragmenta-
tion function close to the production threshold
has to be studied in more details. Taking into
account the contribution of charm events to Fy
in the global PDF fits will put an important con-
strain on the gluon distribution, which is of the
crucial issues for the physics at the LHC.
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