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CHARM AND BEAUTY PRODUCTION
CROSS-SECTION MEASUREMENTS IN DEEP
INELASTIC ELECTRON-PROTON
SCATTERING AT HERA

The open charm and beauty production cross-sections in the deep inelastic ep scattering (DIS)
at HERA from the H1 and ZEUS Collaborations are combined. Reduced cross-sections are
obtained in the kinematic range of megative four-momentum transfer squared of a photon
2.5< Q% <2000 GeV? and the Bjorken scaling variable 3x 107° < rB; <IX 1072, The
different charm- and beauty-tagging methods are used for the heavy-flavor production study
in DIS. The combined method accounts for the correlations of systematic uncertainties, as
well as statistical uncertainties among the different datasets. Perturbative QCD (pQCD)
calculations are compared to the measured combined data. A NLO QCD analysis is per-
formed using these data together with the combined inclusive deep inelastic scattering cross-
sections from HERA. The running charm- and beauty-quark masses are determined as
me(me) = Z.290jg:gj16(exp/ﬁt)fg:gff(model)fgjg‘;l (parametrization) GeV and my(my) =
= 4.0497 0104 (eap /fit) t9-999 (model) * 5 9% (parametrization) GeV.
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1. Introduction

Measurements of open charm and beauty productions
in the deep inelastic ep-scattering at HERA provide
the important input for tests of quantum chromody-
namics (QCD). HERA collected about 0.5 fb~! of the
integrated luminosity by each experiment. Measure-
ments at HERA have shown that the heavy-flavor
(HFL) production in DIS proceeds predominantly via
the boson-gluon-fusion process, i.e. y¢ — qg. The-
refore, the cross-section depends on the gluon dis-
tribution in the proton, as well as the heavy-quark
mass. This mass provides a hard scale for the appli-
cability of pQCD. At the same time, other hard scales
are also present in this process such as the transverse
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momenta of the outgoing quarks and the virtuality,
Q?, of the exchanged photon. The presence of several
hard scales complicates the calculation of the HFL
production in pQCD. We used different approaches
to cope with the multiple scale problem. In our study,
the massive fixed-flavor-number scheme (FFNS) and
the variable-flavor-number scheme (VENS) are used.

The ZEUS and H1 detector systems at the HERA
electron-proton collider were general purpose detec-
tors. They have a similar structure and consist of
tracking systems (including high-resolution silicon
vertex detectors) surrounded by electromagnetic and
hadronic calorimeters and muon detectors. This pro-
vides almost 47 coverage of the collision region.

In this report, a H1 and ZEUS combination of
the charm and beauty quark productions is presented
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[4]. This analysis is an extension of the previous com-
bination of charm cross-section measurements in DIS,
including new charm and beauty data. A single con-
sistent dataset of reduced charm and beauty cross-
sections from both detectors is obtained. All corre-
lations are included. This dataset covers the kine-
matic range of boson (photon) virtualities 2.5 < Q2 <
<2000 GeV? and the Bjorken scaling variable in the
region 3 x 107 < zp; <5 x 1072

For these measurements, different flavor tagging
methods are used: the full reconstruction of D or
D** mesons, which is sensitive to the charm produc-
tion; the lifetime of heavy-flavored hadrons and their
semileptonic decays. This allows the measurement
of charm and beauty cross-sections simultaneous-
ly. These methods show the dependences on sources
of systematic uncertainties for different regions of the
heavy-quark phase space. The simultaneous combina-
tion of charm and beauty cross-section measurements
reduces all uncertainties. The combined charm cross-
sections of the previous analysis [1] are superseded by
the new results presented in this paper. The measured
combined beauty cross-sections are presented for the
first time. In general, this paper sums up almost 20
years of HFL researches at HERA.

The new data are analyzed using QCD methods
for determining the running charm and beauty quark
masses at the NLO calculations in the minimum-
subtraction (MS) scheme. The FFNS is used for
pQCD calculations for the corrections of measure-
ments to the full phase space and in the QCD fits. In
this scheme, heavy quarks are always treated as mas-
sive. The number of active flavors in the PDFs, ny, is
set equal to 3. In this model, heavy quarks are pro-
duced only in the hard-scattering ep process. In all
FFNS heavy-quark calculations presented in this pa-
per, the default renormalization scale p, and factor-
ization scale py are set to p, = py = \ﬂQQ + 4m2Q),
where m is a pole or running mass. Predictions from
different variants of the VFNS are also compared to
the data. In the VFNS, heavy quarks are treated as
massive at small Q2 up to Q2 =~ O(m?Q) and as mass-
less at Q% > mé , with interpolation prescriptions
between the two regimes.

2. Combined Cross-Sections
and QCD Analysis

The data have been obtained from both the HERA I
(in the years 1992-2000) and HERA II (in the years
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2003—-2007) data-taking periods. The combination in-
cludes measurements based on using different HFL-
tagging techniques: the reconstruction of particular
decaying D mesons, the inclusive analysis of tracks
exploiting the lifetime information and the recon-
struction of electrons and muons from heavy-quark
semileptonic decays.

A total of 209 charm and 57 beauty data points
are combined simultaneously to obtain 52 charm and
27 beauty cross-section data-sets. A x2 value of 149
for 187 degrees of freedom is obtained in the com-
bination, indicating a good counsistency of the input
data. There are 167 sources of correlated uncertain-
ties in total. These are 71 experimental systematic
sources, 16 sources due to the extrapolation proce-
dure (including the uncertainties on the fragmenta-
tion fractions and branching ratios), and 80 statistical
charm and beauty correlations.

The experiments at HERA typically measure the
so-called reduced cross-section,oyeq, which is closely
related to the double-differential cross-section in the
kinematic quantities @2 and z. The combined re-
duced cross-sections oy, are shown as functions of
zp; in bins of Q? together with the input H1 and
ZEUS data in Fig. 1. As we can see, the combined
cross-sections are significantly more precise than any
of the individual input data-sets for the charm and
beauty productions. This is illustrated in Fig. 2,
where the charm measurements for Q? = 32 GeV?
are shown. The uncertainty of the combined charm
cross-section is 9% on the average and reaches val-
ues of about 5% or better in the region 12 GeV?Z <
< @? < 60 GeV2. The uncertainty of the combined
beauty cross-section is about 25% on the average and
reaches about 15% at small zp; and 12 GeVZ < @Q? <
<200 GeV2.

Theoretical predictions of the FFNS in the MS
running mass scheme are compared to the combined
reduced cross-sections 0%, and PP, as we can see
in Figs. 3 and 4, respectively. In these calculations,
the running quark masses are set to the world av-
erage values [2] of m.(m.) = 1.27 £ 0.03 GeV and
my(my) = 4.18 £ 0.03 GeV.

The charm cross-sections of the current anal-
ysis agree well with the previous measurements,
but have considerably smaller uncertainties. The ob-
served changes in the x? values are consistent with
an improvement in the data precision. The tension
observed between the central theory predictions and
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Fig. 1. Combined measurements of the charm production

cross-sections, oyeq, (full circles) as functions of zp; for differ-
ent values of Q2. The inner error bars indicate the uncorrelated
part of the uncertainties, and the outer error bars represent the
total uncertainties. The input measurements with their total
uncertainties are also shown by different markers. For a bet-
ter visibility, the individual input data are slightly displaced in
xp; toward larger values

the charm data ranges from ~3¢ to more than 6o,
depending on the prediction. The NLO FFNS cal-
culations provide the best description of the charm
data. For the beauty cross-sections, a good agreement
of theory and data is observed within the larger ex-
perimental uncertainties. The effect of the PDF un-
certainties on the y? values is negligible.

The combined charm and beauty data are used
together with the combined HERA inclusive DIS
data [3] to perform a QCD analysis. In our QCD
analysis, we determined simultaneously the running
heavy-quark masses m.(m.) and my(mp). We inves-
tigated the zp; dependence of the reduced charm
cross-sections. We used the XFITTER programme,
in which the scale evolution of partons is calculated
through DGLAP equations at NLO (using the QCD-
NUM programme). The theoretical FFNS predictions
for the HERA data are obtained using the OPEN-
QCDRAD programme interfaced in the XFITTER
framework. The number of active flavors is set to
ny = 3 at all scales. For the heavy-quark contribu-
tions, the scales are set to u, = uy = /(Q? + 4m2Q).
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Fig. 2. Reduced cross-sections as a function of zp; at

Q? = 32 GeV? for the charm production. The combined cross-
sections (full circles) are compared to the input measurements
shown by different markers. For the combined measurements,
the inner error bars indicate the uncorrelated part of the un-
certainties and the outer error bars represent the total uncer-

tainties
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Fig. 3. Combined reduced charm cross-sections, &< (full cir-
cles) as functions of zp; for given values of Q? , compared to
the NLO QCD FFNS predictions based on the HERAPDF2.0
FF3A (solid lines), ABKMO09 (dashed lines), and ABMP16
(dotted lines) PDF sets. The approximate NNLO prediction
using ABMP16 (dash-dotted lines) is also shown. The shaded
bands on the HERAPDF2.0 FF3A predictions show the theory
uncertainties obtained by adding PDF, scale, and charm-quark
mass uncertainties in quadrature
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Fig. 4. Combined reduced beauty cross-sections 0' (full
circles) as functions of xp; for the given values of Q2 , com-
pared to the NLO QCD FFNS predictions based on the HER-
APDF2.0 FF3A (solid lines), ABKMO09 (dashed lines), and
ABMP16 (dotted lines) PDF sets. The approximate NNLO
prediction using ABMP16 (dashed-dotted lines) is shown as
well. The shaded bands on the HERAPDF2.0 FF3A predic-
tions show the theory uncertainties obtained by adding PDF,
scale, and beauty-quark mass uncertainties in quadrature
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Fig. 5. Ratio of the combined reduced cross-sections, o7,
nom

to the respective NLO FFNS cross-section predictions, o]
based on HERAPDF-HQMASS, as a function of the partonic
average z for different values of Q2

The ¢ and b-quark masses are left free by fitting. The
running heavy-quark masses are fitted simultaneously
with the PDF parameters. The fit yields a total x2 =
= 1435 for 1208 degrees of freedom. The smaller un-
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certainties of the new combination reduce the uncer-
tainty of the charm-quark mass determination with
respect to the previous result. The beauty quark mass
determination improves the previous result based on
a single dataset. The running quark masses are deter-
mined (in GeV) as

me(me) =
= 1.29077:031 (exp /fit) 077 (model) £5:3, (param),
mb(mb) =

= 4.049*0: 109 (exp /fit) 4535 (model) £ 551 (param).

The model uncertainties are dominated. A better de-
scription of the charm data can be achieved, if zp; <
< 0.01 are excluded from the fit. Alternative NLO
and NNLO QCD calculations, including those with
low-x resummation, do not provide a better descrip-
tion of the combined heavy-quark data.

Since, in LO QCD, the heavy-quark production
proceeds via the photon-gluon-fusion, at least two
partons are present in the final state. The = of the
incoming parton is different from xp; measured at
the photon vertex. The x of the gluon is equal to

S
T = TRBj <1+622>’

where § is the invariant mass of the heavy-quark
pair. In Fig. 5, the ratio of the measured reduced
cross-sections to the NLO FFNS predictions based on
HERAPDF-HQMASS is shown. More detailed stud-
ies of the x slope tension showed that it can not be
solved by varying the gluon density, or adding higher
orders, or resumming log( terms, within the respec-
tive pQCD frameworks.

3. Conclusions

The results of measurements of charm and beauty
production reduced cross-sections in the deep inelas-
tic ep scattering by the H1 and ZEUS experiments
at the HERA collider are combined for the first
time (beauty) and significantly reduced uncertainties
(charm) than those previously published. Next-to-
leading and approximate next-to-next-to-leading or-
der QCD predictions are compared to the data. Cal-
culations are found to be in a good agreement with
the charm data. The NLO calculations in the fixed-
flavor-number scheme provide the best description of
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the heavy-flavor data. The beauty data have larger
experimental uncertainties. These data are well de-
scribed by all QCD predictions. The new combined
data are subjected to a NLO QCD analysis in the
fixed-flavor-number scheme using the MS running-
mass definition. The running heavy-quark masses are
determined from combined data. The simultaneously
determined parton density functions are found to
agree well with HERA-PDF2.0 FF3A. The QCD
analysis reveals some tensions, at the level of 3o,
in describing simultaneously the inclusive and heavy-
quark HERA DIS data. The measured reduced charm
cross-sections show a stronger xp; dependence than
that obtained in the combined QCD fit of charm and
inclusive data, in which the PDFs are dominated by
the fit of the inclusive data.
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BUMIPIOBAHH{ ITOIIEPEYHNX ITEPEPI3IB
YTBOPEHHA KBAPKIB CHARM TA BEAUTY
B EJIEKTPOH-ITPOTOHHUX

SITKHEHHAX HA HERA

Peszmowme

HaBeneno xomGinoBami 3HadeHHsT mepepisiB yTBOpeHHS ¢ Ta b
KBapKiB B IVIMOOKO-HEINPYKHUX €JIEKTPOH-IIPOTOHHUX B3aE€MO-
nisx wa xosaitgepi HERA, Bumipsaux komaboparismu ZEUS i
H1. ITapamerpu Bu3HA4YEHO B Jialla30Hi BipTyaJbHOCTI OOMiH-
Horo ¢orona 2,5 < Q2 < 2000 I'eB2? ra 3HavenHs: 3MiHHOT
Bitopkena 31075 < zB; <5- 1072, BuxopucraHo pisHi MeTO-
Y TaryBaHHs ¢ Ta b KBapKiB, sKi ClIMpaloThCs Ha BcebiuHe J10-
CJIKeHHsT BaxKKux apomaris. [Ipu koMbinyBaHHI 069uCTIOBA-
JINCh CTATUCTUYHI Ta CHCTEMAaTUYHI HEBU3HAYUEHOCTI JIJIs PI3HUX
HabopiB mganux. ns 064YnCiIeHb BHKOPHCTOBYBAJACh LIEPTYP-
6aruBaa KX/I B pisHuHX mopsizkax HaOJIMKEHHSI 1 PE3yIbTaTH
064KCIeHb MOPIBHIOBAJIUCH 3 BUMIpAHUMU JaHuMu. Busnade-
HO IIOTOYHI 3HAYEHHS Mac ¢ Ta b KBapKiB, sIKi CTAHOBJISTH:
me(me) = 1,2907:8:81(1; (exp /ﬁt)fg:g?i(model)fgzggl(param),
mp(mp) = 4,049t8‘&83 (exp /ﬁt)tgiggg (model)tgigg% (param).
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