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Combination and QCD analysis of beauty and charm production
Cross section measurements in deep inelagtecattering at
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Abstract

Measurements of open charm and beauty production crossrsean deep inelastiep
scattering at HERA from the H1 and ZEUS Collaborations amalioed. Reduced cross
sections are obtained in the kinematic range of negativerfmamentum transfer squared
of the photon 2 Ge\? < Q? < 2000 Ge\f and Bjorken scaling variable-307° < xgj <
5.10 2. The combination method accounts for the correlations efstatistical and sys-
tematic uncertainties among the different data sets. Bative QCD calculations are
compared to the combined data. A next-to-leading order Q@dbyais is performed us-
ing these data together with the combined inclusive dedpstie scattering cross sections
from HERA. The running charm and beauty quark masses arendetd asm.(m.) =
1.290" 2028 (exp/fit) T0.952(mode) T3 053 (parameterisationGeV andm,(my,) = 4.049"915¢
(exp/fit) F3399(mode) "0 993 (parameterisationGeV.



. 1 Introduction

N

» Measurements of open charm and beauty production in nezuragnt (NC) deep inelastic
» electrot—proton scattering (DIS) at HERA provide important input fests of the theory of
2« Strong interactions, quantum chromodynamics (QCD). Mesmsants at HERA [1-24] have
s shown that heavy flavour production in DIS proceeds predantiy via the boson-gluon-fusion
» processyg — QQ, where Q is the heavy quark. The cross section thereforendisstrongly on

= the gluon distribution in the proton and the heavy quark méks mass provides a sufficiently
s high scale for the applicability of perturbative QCD (pQCDBipwever, other hard scales are
» also present in this process: the transverse momenta ofutigeiog quarks and the negative
» four momentum squared?, of the exchanged photon. The presence of several hardsscale
s complicates the calculation of heavy flavour production @Qb. Different approaches have
» been developed to cope with the multiple scale problem @tten this process. In this paper,
s the massive fixed-flavour-number-scheme (FFNS) [25-33#fetent implementations of the
s« variable-flavour-number scheme (VFNS) [34-37] are comeitle

3 At HERA different flavour tagging methods are applied forrchand beauty cross section
% Mmeasurements: the full reconstruction@®for D** mesons [1, 2,4-6,10-12, 15,17, 20-22],
s Which is almost exclusively sensitive to charm productitme lifetime of heavy flavoured
ss hadrons [7-9, 14, 23] and their semi-leptonic decays [1319F both enabling the measure-
s ment of the charm and beauty cross section simultaneouslyeneral, the different methods
« explore different regions of the heavy quark phase spaceslhod different dependencies on
« sources of systematic uncertainties. Therefore, by usiifgrent tagging techniques a more
» complete picture of heavy flavour production is obtained.

s In this paper a simultaneous combination of charm and bgaotjuction cross section mea-
« Surements is presented. This analysis is an extension pfélveus H1 and ZEUS combination
» Of charm measurements in DIS [38], including new charm amdityedata [13,14,16,19,21-23]
« and extracting combined beauty cross sections for theifingt tAs a result, a single consistent
«» dataset from HERA of reduced charm and beauty cross seati@i$ is obtained, including all
» cross-correlations. This dataset covers the kinematigerahphoton virtuality 5 < Q? < 2000

» GeV2 and Bjorken scaling variablex310° < xg; < 5x 1072,

50 The procedure used is based on that described in [38—42].cdinelated systematic un-

s certainties and the normalisation of the different measerds are accounted for such that one
2 consistent data set is obtained. Since different expetimhéechniques of charm and beauty
s tagging have been employed using different detectors atigads of kinematic reconstruction,

s« this combination leads to a significant reduction of stagtand systematic uncertainties. The
s Simultaneous combination of charm and beauty cross sestEasurements reduces the cor-
s relations between them and hence also the uncertainties.cibined reduced charm cross
s» sections of the previous analysis [38] are superseded hyavaesults presented in this paper.

58 The combined data are compared to theoretical predictibtasreed in the FFNS at next-to-

» leading order (NLOO(a2)) QCD using HERAPDF2.0 [43], ABKM09 [26,27] and ABMP16 [29]
o parton distribution functions (PDFs), and to approximatetsio-next-to-leading order (NNLO,

a2 O(al)) using ABMP16 [29] PDFs. In addition QCD calculations in tREOPT variable-

« flavour-number scheme (VFNS) at NLO and approximate NNLQ §8é compared with the

LIn this paper the term ‘electron’ denotes both electron asitmn if not stated otherwise.
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data. The NLO calculations are@fa?) except for the massless parts the coefficient functions,
which are atO(as); the NNLO calculations split identically but are one ordérog higher.

A comparison is also made to predictions of two variants ef BONLL-C scheme [35, 36]
(O(a) (NNLO) in the PDF evolution®(a?) in all coefficient functions): the default FONLL-

C scheme, which includes next-to-leading-log (NLL) resuattion of quasi-collinear final state
gluon radiation, and a variant which includes NLL lowresummation in the PDFs and the
matrix elements (NLLsx) [37] in addition.

The new data are subjected to a QCD analysis together witlsine DIS cross section data
from HERA [43] allowing for the determination at NLO of themuing charm and beauty quark
masses, as defined in the QCD Lagrangian in the modified mmkisubtraction¥IS) scheme.

The paper is organised as follows. In section 2, the redueashhflavour cross section is
defined and the theoretical framework is briefly introduclte heavy flavour tagging methods,
the data samples and the combination method are presergedtian 3. The resulting reduced
charm and beauty cross sections are presented in sectiahid aection 5 they are compared
with theoretical calculations based on existing PDF setbsvaith existing predictions at NLO
and at NNLO in the FFNS and VENS. In section 6, the NLO QCD asialig described and the
measurement of the running masses of the charm and beauksdquaheMS scheme at NLO
Is presented. The conclusions are given in section 7.

2 Heavy flavour production in DIS

In this paper, charm and beauty production via NC deep itieleg scattering are considered.
In the kinematic range explored by the analysis of the dagagnted her®? is much smaller
thanM2, such that the virtual photon exchange dominates. CortimitisifromZ exchange and
yZ interference are small and therefore neglected. The cexg®n for the production of a
heavy flavour of type Q, with Q being either beauty,or charm,c, may then be written in

terms of the heavy flavour contributions to the structurefiomsF, andF_, FZQQ(XBJ-,QZ) and
% (xgj, Q7). as

RoR  21(a(Q?)’

dedez = XBjQ4 ([1+(1-y) ]FQQ XBJ;QZ YZFQQ XB];Q2 (1)

wherey denotes the lepton inelasticity. The suEerscrip@ iQdicate the presence of a heavy
quark pair in the final state. The cross sectiéa%Q/dej dQ? is given at the Born level without
QED and electroweak radiative corrections, except for timning electromagnetic coupling,

a(Q).

In this paper, the results are presented in terms of reduosd sections, defined as follows:

oRQ _ *oR _ xg; Q"
Ored dxg;dQ? 2ma?(Q?) (1+(1—y)?)
_ 2 _
_ FQQ y QQ
= F 1+(1—y)2F'- : 2)
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In the kinematic range addressed, the expected contribfrion the exchange of longitudinally
polarised photonSZ,LQQ, is small. In charm production it is expected to reach a fencget at

highy [45]. The structure function§2QQ and FLQQ are always calculated to the same order
(mostlyO(a?)) in all calculations explicitly performed in this paper.

2.1 Theory of heavy flavour production

Several theoretical approaches can be used for descril@agyflavour production in DIS.
At values ofQ? not very much larger thamg, heavy flavours are produced predominantly
dynamically by the photon-gluon-fusion process. The @eatdf a QQ pair sets a lower limit
of 2mg to the mass of the hadronic final state. This low mass cutédctf the kinematics
and the higher order corrections in the phase space acleeasiHERA. Therefore, a careful
theoretical treatment of the heavy flavour masses is manadtiothe pQCD analysis of heavy
flavour production as well as for the determination of the BDFRhe proton from data including
heavy flavours.

In this paper, the FENS is used for pQCD calculations for tresctions of measurements
to the full phase space and in the QCD fits. In this scheme yhgaarks are always treated as
massive and therefore are not considered as partons indgtenpiThe number of (light) active
flavours in the PDFsj¢, is set to three and heavy quarks are produced only in thedtartd
tering process. The leading order (LO) contribution to lyeféavour production Q(as) in the
coefficient functions) is the boson-gluon-fusion procegee NLO massive coefficient func-
tions using on-shell mass renormalisation (pole masses) wadculated in [25] and adopted
by many global QCD analysis groups [28, 30-32], providing-Bderived from this scheme.
They were extended to tHdS scheme in [27], using scale dependent (running) heavikqua
masses. The advantage of performing heavy flavour calonkin theMS scheme are reduced
scale uncertainties and improved theoretical precisiothefmass definition [24, 33]. In all
FFENS heavy flavour calculations presented in this paperdéf@ult renormalisation scajg

and factorisation scalgs are set tquy = s = 4 /Q2+4mé, whereny is the appropriate pole
Or running mass.

For the extraction of the combined reduced cross sectiobsatiity and charm production
presented in this paper, the FFNS at NLO is used to calculatesive [25] and exclusive [46]
quantities in the pole mass scheme. This is currently thg sziieme for which exclusive NLO
calculations are available.

The QCD analysis at NLO including the extraction of the hegqugrk running masses is
performed in the FFNS with the OPENQCDRAD programme [47]ha XFITTER (former
HERAFRTTER) framework [48]. In OPENQCDRAD, heavy quark production edoulated
either using théViS or the pole mass treatment of heavy quark masses. In ther paeMS
scheme is adopted.

Predictions from different variants of the VFNS are also pamed to the data. The ex-
pectations from the NLO and approximate NNLO RTOPT [34] iempéntation as used for
HERAPDF2.0 [43] are confronted with both the charm and beaubss sections while the
FONNL-C calculations [36, 37] are compared to the charm dalg. In the VENS, heavy
quarks are treated as massive at si@alup toQ? ~ O(mé) and as massless @t > mé with
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interpolation prescriptions between the two regimes wihnbid double counting of common
terms. In the FONLL-C calculations, the massive part of tharm coefficient functions is
treated at NLOQ(a2)) while the massless part and the PDFs are treated at NKI(@2() and
O(a3), respectively). In addition to the default FONLL-C scheaneariant with NLL lowx
resummation in the PDFs and matrix elements (NLLsx) [37pissidered.

3 Combination of H1 and ZEUS measurements

The different charm and beauty tagging methods exploitddEERA enable a comprehensive
study of heavy flavour production in NC DIS.

Using fully reconstructed or D** mesons gives the best signal-to-background ratio for
measurements of the charm production process. Althoudiréimehing ratios of beauty hadrons
to D andD** mesons are large, the contribution from beauty productidhé observe® or
D** meson samples is small for several reasons. Firstly, bgmatiuction is suppressed rela-
tive to charm production by a factor/4 because of the quark’s electric charge coupling to the
photon. Secondly, the boson-gluon-fusion cross sectiperm#s on the invariant mass of the
outgoing partonss, which has a threshold value om%. Because the beauty quark mass,
is about three times the charm quark mams, beauty production is significantly suppressed.
Thirdly, in beauty productiod and D** mesons originate from the fragmentation of charm
quarks that are produced by the weak decaf ofiesons. Therefore the momentum fraction
of the beauty quark carried by tiizor D** meson is small, so that the mesons mostly remain
undetected.

Fully inclusive analyses based on the lifetime of the heaayollired mesons are sensitive
to both charm and beauty production. Although the first twasoms given above for the sup-
pression of beauty production relative to charm productimo hold in this case, sensitivity
to beauty production can be enhanced by several means. ®pergdifetime ofB mesons is
about a factor of 2 to 3 that dd mesons on average [54]. Therefore, the charm and beauty
contributions can be disentangled by using observablesttiirsensitive to the lifetime of the
decaying heavy flavoured hadrons. The separation can befumproved by the simultaneous
use of observables sensitive to the mass of the heavy flavtwadron: the relative transverse
momentum,prTe', of the particle with lifetime information with respect tbe flight direction
of the decaying heavy flavoured hadron; the number of tradits lifetime information; the
invariant mass calculated from the charged particleslathto a secondary vertex candidate.

The analysis of lepton production is sensitive to semidefut decays of both charm and
beauty hadrons. When taking into account the fragmentdtawtions of the heavy quarks
as well as the fact that in beauty production leptons mayireatg both from théo — ¢ and
the c — stransition, the semi-leptonic branching fractionB®mesons is about twice that of
D mesons [54]. Because of the large masseB ofiesons and the harder fragmentation of
beauty quarks compared to charm quarks, leptons origmdirectly from theB decays have on
average higher momenta than those produc&inmeson decays. Therefore the experimentally
observed fraction of beauty induced leptons is enhancativelto the observed charm induced
fraction. Similar methods as outlined in the previous peaply are then used to further facilitate
the separation of the charm and beauty contribution on eistal basis.
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While the measurement of fully reconstruct@cbr D** mesons yields the cleanest charm
production sample, it suffers from small branching fracsiand significant losses, because
all particles from theD or D** meson decay have to be measured. Fully inclusive and semi-
inclusive lepton analyses, which are sensitive to bothroleard beauty production, profit from
larger branching fractions and better coverage in polalearithey are however affected by a
worse signal to background ratio and the large statistmabtations between charm and beauty
measurements inherent to these methods.

3.1 Data samples

The H1 [49] and ZEUS [50] detectors were general purposeunmstnts which consisted of
tracking systems surrounded by electromagnetic and hedralorimeters and muon detectors,
ensuring close to# coverage of thep interaction region. Both detectors were equipped with
high-resolution silicon vertex detectors [51, 52].

The datasets included in the combination are listed in thblEhe data have been obtained
from both the HERA | (in the years: 1992—-2000) and HERA 1l ie years: 2003—2007) data-
taking periods. The combination includes measurememntgukiferent tagging techniques: the
reconstruction of particular decays Bfmesons [4, 6, 10,12, 15, 20-22] (datasets729, 10),
the inclusive analysis of tracks exploiting lifetime infieation [14, 23] (datasets,11) and
the reconstruction of electrons and muons from heavy-flasemileptonic decays [13, 16, 19]
(datasets 8.2 13).

The datasets 1 to 8 have already been used in the previousraih [38] of charm cross
section measurements, while the datasets 9 to 13 are indadehe first time in this analysis. It
is important to note that dataset 9 of the current analygsrsedes one dataset of the previous
charm combination (dataset 8 in table 1 of [38]), becauses#inker analysis was based on a
subset of only about 30% of the final statistics collectedrduthe HERA Il running period.

For the inclusive lifetime analysis of reference [14] (de&tal) the reduced cross sections
o<, and o, are taken directly from the publication. For all other measents, the combina-
tion starts from the measured double differential visilstese sectionsis pin in bins ofQ? and
eitherxg; ory, where the visibility is defined by the particular range afsverse momentum
pr and pseudorapidifyn of the D-meson, lepton or jet as given in the corresponding publi-
cations. In case of inclusil® meson cross sections, small beauty contributions as dstima
in the corresponding papers are subtracted. All publish&tle cross section measurements
include corrections for radiation of real photons from theaming and outgoing lepton using
the HERACLES programme [53]. QED corrections to the incayrand outgoing quarks are
not considered. All cross sections are updated using the meosnt hadron decay branching
ratios [54].

3.2 Extrapolation of visible cross sections t(wr%d6

Except for data set 1 of table 1, for which only measuremexypsassed in the full phase space
are available, the visible cross sectiang nin measured in a limited phase space are converted

. 2The pseudorapidity is defined gs= — Intan% where the polar angl® is defined with respect to the proton
irection.



to reduced cross sectio Q usmg a common theory. The reduced cross section of a heavy
flavour Q at a referencqu,Q ) point is extracted according to

QQth 2
0, (XB'7Q )
0.3 (Xej, @) = Ovis pin—"2 5~ 3)
vis,bin

204 The programme for heavy quark production in DIS HVQDIS [46]ised to calculate the theory
ws predictions forog%3™(xg;,Q?) and ol . in the NLO FFNS. Since the ratio in equation (3)

Ored vis,bin
xs describes the extrapolation from the visible phase spapg andn of the heavy flavour tag to
27 the full phase space, only the shape of the cross sectiorcpoes in pt andn is relevant for

208 the corrections, while theory uncertainties related tomadisation cancel.

200 In pQCD, gt re 4 can be written as the convolution integral of the proton P@dik the hard

20 Matrix elements. For the identification of heavy flavour prttbn, however, specific particles
a1 used for tagging have to be measured in the hadronic fina. stdtis requires that in the cal-
22 culation of glfl, the convolution includes the proton PDFs, the hard matgrents and the
zs  fragmentation functions. In the case of the HVQDIS programmmon- perturbatlve fragmen-
24 tation functions are used. The different forms of the coutioh integrals foro! and ol

VIS
25 Necessitates the consideration of different sets of theargmeters.

216 The following parameters are used consistently in these Naloulations and are varied
27 Within the quoted limits to estimate the uncertainties ia pgredictions introduced by these
zs  parameters:

210 e Therenormalisation and factorisation scalesare taken agl, = s = /Q? +4mé The
220 scales are varied simultaneously up or down by a factor of two

221 e The pole masses of the charm and beauty quarkare set tom. = 1.50+ 0.15 GeV,

222 m, = 4.50+ 0.25 GeV, respectively. These variations also affect theasbf the renor-
223 malisation and factorisation scales.

224 e Forthestrong coupling constant the valueusnf:S(Mz) =0.1054+0.002 is chosen, which
225 corresponds torg’ 5( Mz) = 0.116-£0.002.

226 e Theproton PDFsare described by a series of FFNS variants of the HERAPDIEL |38,

227 41] at NLO determined within theFITTER framework. No heavy flavour measurements
228 were included in the determination of these PDF sets. ThB§esBts are thonsg usedinthe
229 previous combination [38] which were calculatedigy=1.5+0.15 GeV, a5 ' (Mz) =

230 0.105+0.002 and a simultaneous variation of the renormalisatiorfactdrisation scales
231 up and down by a factor two. For the determination of the PEespeauty quark mass
232 was fixed atm, = 4.50 GeV. The renormalisation and factorisation scales wetrog;, =

233 = Qfor the light flavours and tpi, = s = / Q%+ 4m§2 for the heavy flavours. For all
234 parameter settings considered, the HERAPDFl 0 set witledlhresponding parameter
235 setting is used. As a cross check of the extrapolation proeedhe cross sections are
236 also evaluated with the 3-flavour NLO versions of the HERARDFset (FF3A) [43]; the
237 differences are found to be smaller than the PDF-relatessesection uncertainties.
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For the calculation o6, assumptions have been made on the fragmentation of thg heav
quarks into particular hadrons and, when necessary, onuibgegquent decays of the heavy
flavoured hadrons into the particles used for tagging. Tagnfrentation model far quarks is
based on the measurements by H1 [56] and ZEUS [57] and is ss#ekaribed in detail in the

previous charm combination [38]. It is only briefly summaddelow.

In the calculation obll the following settings and parameters are used in additidhdse

needed fooll and are varied within the quoted limits:

e Thecharm fragmentation function is described by the Kartvelishvili function [55] con-
trolled by a single parameterc to describe the longitudinal fraction of the charm quark
momentum transferred to tfizor D** meson. Depending on the invariant mass the
outgoing parton system, different valuesay and their uncertainties are used as mea-
sured at HERA [56,57] foD** mesons. The variation afx as a function o§dbserved in
D** measurements has been adapted to the longitudinal fragtitenfunction of ground
stateD mesons not originating fro** decays [38]. Transverse fragmentation is mod-
elled by assigning to the charmed hadron a transverse maméagtwith respect to the
direction of the charmed quark with an average valugef = 0.35+0.15 GeV [38].

e The charm fragmentation fractions of a charm quark into a specific charmed hadron
and their uncertainties are taken from [60].

e Thebeauty fragmentation function is parameterised according to Peterson et al. [58]
with &, = 0.003540.0020 [59].

e Thebranching ratios of D and D** mesonsinto the specific decay channels analysed
and their uncertainties are taken from [54].

e Thebranching fractions of semi-leptonic decay®f heavy-quarks to a muon or electron
and their uncertainties are taken from [54].

e Thedecay spectra of leptons originating from charmed hadronsre modelled accord-
ing to [61].

e Thedecay spectrum for beauty hadrons into leptonsre taken from the PYTHIA [62]
Monte Carlo (MC) programme, mixing direct semi-leptonicags and cascade decays
through charm according to the measured branching ratjs|tas checked that the MC
describes BELLE and BABAR data [63] well.

e When necessary for the extrapolation procedyaton level jets are reconstructed
using the same clustering algorithms as used on detectel, land the cross sections
are corrected for jet hadronisation effects using coroastiderived in the original pa-
pers [16, 23F

While the central values for the extrapolation facto;%?’th(xBj,Qz) /o . (see equation 3)
are obtained in the FFNS pole mass scheme at NLO, their aties are calculated such

that they should cover potential deviations from the unkmé@vwe’ QCD result. The resulting

3Since no such corrections are provided in [16], an uncextaiin5% is assigned to cover the untreated hadro-
nisation effects [16].
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reduced cross sections, which include these uncertaicaeshus be compared to calculations
in any QCD scheme to any order provided these calculatiarisde uncertainties for potential
deviations from the ‘true’ result.

3.3 Combination method

The quantities to be combined are the reduced charm andyberass sectiongg~ andar%%,
respectively. The combined cross sections are determihednamon ((Bj,QZ) grid points.

For g%, the grid is chosen to be the same as in [38]. The results aemdor a centre-of-
mass energy of/s = 318 GeV. The results of the H1 inclusive lifetime analysiatéset 1)
are taken directly from the original measurement in the fofnw&,and 02%,.When needed,
these measurements are transformed to the commoigi®?) points using the NLO FFNS

calculations [25]. The uncertainties on the resultingiagdiactors are found to be negligible.

The combination is based on tly& minimisation procedure [39] used previously [38, 40,
41,43]. The tota? is defined as

2
m' z]yernlb] I'l >
2 o(mb) = (
e e

e

+ bj%. 4)
|

The three sums are running over the different input datasdisted in table 1, thexg;, QZ)
grid pointsi, for which the measured cross sectiqni§ are combined to the cross sectian's
and the sourceg of the shiftsbj in units of standard deviations of the correlated uncetiesn
The correlated uncertainties comprise the correlate@syeic uncertainties and the statistical
correlation between the charm and beauty cross sectionumegasnts. The quantiti

0 esat andd euncorr denote the relative correlated systematic, relativessiedil and relative
uncorrelated systematic uncertainties, respectivelye d@mponents of the vectoms are the
combined cross sectioms while those of the vectds are the shifts;.

In the present analysis, the correlated and uncorrelatgdrsptic uncertainties are predom-
inantly of multiplicative nature, i.e. they are proportibto the expected cross sectian's The
statistical uncertainties are mainly background domuohated thus are treated as constant. All
experimental systematic uncertainties are treated ap@miient between H1 and ZEUS. For the
datasets 1, 8 and 11 of table 1, statistical correlationgd®si charm and beauty cross sections
are accounted for as reported in the original papers. Whemessary, the statistical correlation
factors are corrected to take into account differencesarkthematic region of the charm and
beauty measurements (dataset 11) or binning schemesdtajassing theoretical predictions
calculated with the HVQDIS programme. The consistent inesit of the correlations of statis-
tical and systematic uncertainties, including the cotrefes between the charm and beauty data
sets where relevant, yields a significant reduction of theyaV uncertainties of the combined
data, as detailed in the following section.

4 Combined cross sections

The values of the combined cross sectiaif§and o2, b, together with the statistical, the un-
correlated and correlated systematic and the total unceets, are listed in tables 2 and 3. A

8
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total of 209 charm and 57 beauty data points are combinedtsinaously to obtain 52 reduced
charm and 27 reduced beauty cross-section measuremegtsvalue of 149 for 187 degrees
of freedom (d.o.f.) is obtained in the combination, indicgtgood consistency of the input data
sets. The distribution of pulls of the 266 input data poinithwespect to the combined cross
sections is presented in figure 1. Itis consistent with a Gansaround zero without any signif-
icant outliers. The observed width of the pull distributissmaller than unity which indicates
a conservative estimate of the systematic uncertainties.

There are 167 sources of correlated uncertainties in {Okedse are 71 experimental system-
atic sources, 16 sources due to the extrapolation procéshatading the uncertainties on the
fragmentation fractions and branching ratios) and 80sttesil charm and beauty correlations.
The sources of correlated systematic and extrapolatioartainties are listed in the appendix in
table A.1, together with the cross section shifts inducethbysources and the reduction factors
of the uncertaintie, obtained as a result of the combinaBmth quantities are given in units of
o of the original uncertainties. All shifts of the systemataurces with respect to their nominal
values are smaller thanSo. Several systematic uncertainties are reduced signifjcaby up
to factors of two or more. The reductions are due to the diffeheavy flavour tagging methods
applied and to the fact that for a given process (beauty amelpgoduction), an unique cross
section is probed by the different measurements at a qanZ) point. Those uncertainties
for which large reductions have been observed already ipréngous analysis [38] are reduced
to at least the same level in the current combination, soméuather significantly reduced due
to the inclusion of new precise data [21-23]. The shifts autlictions obtained for 80 statisti-
cal correlations between beauty and charm cross sectiemsashown. Only small reductions
in the range of 10% are observed and these reductions ageindent okg; andQ?. The cross
section tables of the combined data together with the fliirmation on the uncertainties can
be found elsewhere [64].

The combined reduced cross sectiarf§and o,are shown as a function og; in bins
of Q? together with the input H1 and ZEUS data in figures 2 and 3,e@sgely. The com-
bined cross sections are significantly more precise thamaihe individual input data sets for
charm as well as for beauty production. This is illustratedigure 4, where the charm and
beauty measurements fQ¢ = 32 Ge\? are shown. The uncertainty of the combined reduced
charm cross section is 9% on average and reaches valuesuifs®aand below in the region
12 Ge\? < Q% < 60 Ge\2. The uncertainty of the combined reduced beauty crossoseisti
about 25% on average and reaches about 15% at ggpaihd 12 GeV < Q% < 200 Ge\2.

In figure 5 the combined reduced charm cross sections of tlallysis are compared to the
results of the previously published combination [38]. Gaoodsistency between the different
combinations can be observed. The detailed analysis oftiss section measurements reveals
a relative improvement in precision of about 20 % on averaitje ngspect to the previous mea-
surements. The improvement reaches about 30% in the rang¥7<GQ? < 60 Ge\?, where
the newly added data sets (datasets1d in table 1) contribute with high precision.

5 Comparison with theory predictions

The combined heavy flavour data are compared with calculstising various PDF sets. Pre-
dictions using the FFNS [25-32] and the VFNS [34-37] are idaned, focussing on results
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using HERAPDF2.0 PDF sets. The data are also compared to prd&tions based on differ-
ent variants of PDF sets at NLO and approximate NNLO provigethe ABM group [26, 29].
In the case of the VFNS, recent calculations of the NNPDF gtmased on the NNPDF3.1sx
PDF set [37] at NNLO, which specifically aim for a better dgstoon of the DIS structure func-
tions at smalkgj; andQ?, are also confronted with the measurements. CalculatiotreiFFNS
based on the HERAPDF2.0 FF3A PDF set will be considered asemde calculations in the
subsequent parts of the paper.

5.1 FFNS predictions

In figures 6 and 7, theoretical predictions of the FFNS inMf&running mass scheme are com-
pared to the combined cross sectiaf§,and ar%%, respectively. The theoretical predictions
are obtained within the open-source QCD fit framework for RI2EerminatiorX FITTER [48]
(version 2.0.0), which uses the OPENQCDRAD (version 2.bgmmme [47] for the cross
section calculations. The running heavy flavour massessate the world average values [54]
of m¢(mg) = 1.27+0.03 GeV andm,(m,) = 4.184+0.03 GeV. The predicted reduced cross sec-
tions are calculated using the HERAPDF2.0 FF3A [43] and ABBI29] NLO PDF sets using
NLO (O(a2)) coefficient functions and the ABMP16 [29] NNLO PDF set usimpgmximate
NNLO coefficient functions. The charm data are also comparddlL O predictions based on
the ABKMO9 [26] NLO PDF set already used in the previous asialy38] of combined charm
data. This PDF set was determined using a charm quark massmo§) = 1.18 GeV. The PDF
sets considered were extracted without explicitly usingvigeflavour data from HERA with
the exception of the ABMP16 set, in which the HERA charm dedanfthe previous combina-
tion [38] and some of the beauty data [14, 23] have been iecludror the predictions based
on the HERAPDF2.0 FF3A set, theory uncertainties are giveithvare calculated by adding
in quadrature the uncertainties from the PDF set, the sanatius variation oft, andus by a
factor of two up and down and the variation of the quark maasén the quoted uncertainties.

The FENS calculations reasonably describe the charm dgtadft) although in the kine-
matic range where the data are very precise, the data shkgwdapendence somewhat steeper
than predicted by the calculations. For the different PDX§ aad QCD orders considered, the
predictions are quite similar at largéf while some differences can be observed at smglfer
or xgj. For beauty production (figure 7) the predictions are in gageement with the data
within the considerably larger experimental uncertasitie

The description of the charm production data is illustrdtether in figure 8, which shows
the ratios of the reduced cross sections for data, ABKMO9ABREIP16 at NLO and approx-
imate NNLO with respect to the NLO reduced cross sectiondigied in the FFNS using the
HERAPDF2.0 FF3A set. F(Ii;)2 > 18 Ge\?, the theoretical predictions are similar in the kine-
matic region accessible at HERA. In this region, the préalnst based on the different PDF sets
and orders are well within the theoretical uncertaintiesioled for the HERAPDF2.0 FF3A
set. Towards smalle®? andxgj, some differences in the predictions become evident. In the
region of 7 GeV < Q% < 120 Ge\#, the theory tends to be below the data at smglland
above the data at largg;, independent of the PDF set and order used.

In figure 9, the corresponding ratios are shown for the bedatg. In the kinematic region
accessible at HERA, the predictions are very similar. Withe experimental uncertainties, the
data are well described by all calculations.
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5.2 VENS predictions

In figure 10, predictions of the RTOPT [34] NLO and approxien&iNLO VFNS using the
corresponding NLO and NNLO HERAPDF2.0 PDF sets are comptretie charm mea-
surements. As in figure 8, the ratio of data and theory priedistto the reference calcula-
tions are shown. While the NLO VFENS predictions are in gelneoasistent with both the
data cross sections and the reference calculations, thexapate NNLO cross sections show
somewhat larger differences, about 10% smaller than tleeaete cross sections in the region
12 Ge\? < Q? < 120 Ge\?. On the other hand, &? < 7 Ge\? the xgj-slopes of the NNLO
VFENS predictions tend to describe the data somewhat bétaer the reference calculations.
Overall, the NLO and approximate NNLO VFNS predictions déscthe data about equally
well, but not better than the reference FFENS calculations.

In figure 11, the same ratios in the preceding paragraph ansrsfor beauty production.
In the kinematic region accessible in DIS beauty producioHERA, the differences between
the different calculations are small in comparison to theeexnental uncertainties of the mea-
surements.

The calculations considered so far in general show somwtemsdescribing theg;-slopes
of the measured charm data over a large rang@inTherefore the charm data are compared
in figure 12 to recent calculations [37, 65] in the FONNL-Cestie with (NLLO+NLLsx) and
without (NNLO) low-x resummation in botf(aZ2) matrix elements an®(aZ) PDF evolution,
using the NNPDF3.1sx framework, which aims for a better dpeson of the structure functions
at low xg; andQ?. The charm data from the previous combination have alreaéy ised for
the determination of the NNPDF3.1sx PDFs. Both calculatiomovide a better description of
thexg;-shape of the measured charm cross sectior@¥et 32 Ge\2. However, the predictions
lie significantly below the data in most of the phase spacas iBhespecially the case for the
NNLO+NLLsx calculations. Overall, the description is notgroved with respect to the FFNS
reference calculations.

5.3 Summary of the comparison to theoretical predictions

The comparison to data of the different predictions consides summarised in table 4 in which
the agreement with data is expressed in termg?adind the corresponding fit probabilities-(
values). The table also includes a comparison to the prevdombined charm data [38]. The
agreement of the various predictions with the charm crosBssemeasurements of the cur-
rent analysis is poorer than with the results of the prevammsbination, for which consistency
between theory and data within the experimental uncerésint observed for most of the cal-
culations. As shown in section 4, the charm cross sectiortiseoturrent analysis agree well
with the previous measurement but have considerably smalkertainties due to the high pre-
cision data added. The observed changes iryfhealues are consistent with the improvement
in data precision if the predictions do not describe realitiie tension observed between the
central theory predictions and the charm data ranges #03o to more than 6, depending
on the prediction. Among the calculations considered, th® RFNS calculations provide the
best description of the charm data. For the beauty cros®mescyjood agreement of theory and
data is observed within the large experimental uncer&sntin all cases, the effect of the PDF
uncertainties on thg? values is negligible.
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6 QCD analysis

The combined beauty and charm data are used together witbthigined HERA inclusive DIS
data [43] to perform a QCD analysis in the FFNS in M8 scheme at NLO. The main focus
of this analysis is the simultaneous determination of threing heavy quark masses(mc)
andmy(my). The theory description of thesj-dependence of the reduced charm cross section
is also investigated.

6.1 Theoretical formalism and settings

The analysis is performed with theFITTER [48] programme, in which the scale evolution of
partons is calculated through DGLAP equations [66] at NLSngplemented in the QCDNUM
programme [67]. The theoretical FFNS predictions for theRAEdata are obtained using the
OPENQCDRAD program [47] interfaced in theé=ITTER framework. The number of active
flavours is set toy = 3 at all scales. For the heavy flavour contributions the scatte set to

Hr = pi =,/ Q? +4m%. The heavy-quark masses are left free in the fit unless statedwise.

For the light-flavour contributions to the inclusive DIS ssosections, the pQCD scales are
set toy; = us = Q. The massless contribution to the longitudinal structunection F_ is

calculated td(as). The strong coupling strength is seta§f:3(Mz) = 0.106, corresponding

to agf:5(Mz) = 0.118. In order to perform the analysis in the kinematic regidrere pQCD
is usually assumed to be applicable, @range of the inclusive HERA data is restricted to
Q%> Q2= 3.5 Ge\2. No such cut is applied to the charm and beauty data, sincelteant

scaleguf = uf = Q?+4mg are above % Ge\* for all measurements.

This theory setup is slightly different from that used fog triginal extraction [43] of HER-
APDF2.0 FF3A. In contrast to the analysis presented her& AHDF2.0 FF3A was determined
using the on-shell mass (pole-mass) scheme for the catmulat heavy quark production and
F_ was calculated t@(a?2).

Perturbative QCD predictions were fit to the data using tieese? definition as for fits to
the inclusive DIS data (equation (32) in reference [43].nttlides an additional logarithmic
term that is relevant when the estimated statistical andmuelated systematic uncertainties
in the data are rescaled during the fit [68]. The correlatestiesyatic uncertainties are treated
through nuisance parameters.

The procedure for the determination of the PDFs follows thg@ach of HERAPDF2.0 [43].
At the starting scalg o, the density functions of a partdnof the proton are parametrised using
the generic form:
xf(x) = A (1-x)° (14 Dx+ExX?), (5)

wherex is the momentum fraction transferred to the struck partothéinfinite momentum
frame of the incoming proton. The parametrised PDFs are linengdistributionxg(x), the
valence quark distributionsuy,(x) andxdy(x), and theu- and d-type antiquark distributions
XU (x) andxD(x).
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At the initial QCD evolution scafeu? , = 1.9 Ge\?, the default parameterisation of the
PDFs has the form: ’

xg(x) = AgP(1—x)%— AEs

Xuy(X) = AgxEw (1—x)% (14 Euvx ),

XAy(x) = Agx (1—X), (6)
XU(x) = ApxEU (1—x)9 (14 Dyx),

XD(x) = AgxEo(1—x)%o.

The gluon density functiorxg(x), is different from equation (5), it includes an additiorerh

—Apx%s . The antiquark density functionslJ (x) andxD(x), are defined agU (x) =
XU(X) ande( ) = xd(x) +x3(x), wherexu(x), xd(x), andxs(x) are the up, down, and strange
antiquark distributions, respectively. The total quarkglgy functions aredU (x) = xuy(X) +
XU (x) andxD(X) = xdy(x) +xD(x). The sea antiquark distribution is defined@$x) = xt(x) +
xd(x) +X35(x). The normalisation parametets,, Aq,, andAg are determined by the QCD sum
rules. TheB andB’ parameters determine the PDFs at smalihd theC parameters describe the
shape of the distributions as— 1. The paramete:té = 25 is fixed [69]. Additional constraints
By = By andAg = Ag(1— fs) are imposed to ensure the same normalisation foxarandxd
distributions ax — 0. The strangeness fractidg= x5/ (xd + x3) is fixed to fs = 0.4 as in the
HERAPDF2.0 analysis [43].

A selection from the parameters in equation (5) is made by fittsig with all D andE
parameters set to zero, and then including them one at a tirtheeifit. The improvement in
the x? of the fit is monitored. Ifx? improves significantly, the parameter is added and the
procedure is repeated until no further improvement is akeskerThis leads to the same 14 free
PDF parameters as in the inclusive HERAPDF2.0 analysis [43]

The PDF uncertainties are estimated according to the geapgyeoach of HERAPDF2.0 [43],
in which the experimental, model, and parameterisatioretamties are taken into account.
The experimental uncertainties are determined using teeatace criterion ohx? = 1. Model

uncertainties arise from the variations of the strong dtmgpd:onstantasn f:S(Mz) = 0.106+
0.0015, the simultaneous variation of the factorisation ambrmalisation scales up and down
by a factor of two, the variation of the strangeness fracld< fs < 0.5, and the value of
2.5 Ge\® < Q2. < 5.0 Ge\? imposed on the inclusive HERA data. The parameterisation
uncertainty is estimated by extending the functional fonnequation (6) of all parton density
functions with additional parameteBsandE added one at a time. An additional parameteri-
sation uncertainty is considered by using the functionahfm equation (6) wittg,, = 0. The

X2 in this variant of the fit is only 5 units worse than that witle tfeleasedg,, parameter;
changing this parameter noticeably affects the mass detation. In additionu]?O is varied

within 1.6 Ge\? < uf 0<22 Ge\. The parameterisation uncertainty is determined at each
xg; value from the maximal differences between the PDFs regpftiom the central fit and

all parameterisation variations. The total uncertaintgbained by adding the fit, model and
parameterisation uncertainties in quadrature. In th@oilg, the quoted uncertainties corre-
spond to 68% CL. The values of the input parameters for thadittaeir variations considered,

to evaluate model and parameterisation uncertaintiediséed in table A.2 of the appendix.

4In the FFNS this scale is decoupled from the charm quark mass.
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6.2 QCD fit and determination of the running heavy quark masse

In the QCD fit, the running heavy quark masses are fitted sanatiusly with the PDF param-
eters in equation (7). The fit yields a toted = 1435 for 1208 degrees of freedom. The ratio
x?/d.o.f. = 1.19 is of similar size than the values obtained in the analystee HERA com-
bined inclusive data [43]. The resulting PDF set is termedRABEDF-HQMASS. The central
values of the fitted parameters are listed in table A.3 of gpeadix.

In figure 13, the PDFs at the scglgo = 1.9 Ge\? are presented. Also shown are the
PDFs, including experimental uncertainties, obtained filyta the inclusive data only with the
heavy quark masses fixediig(m.) = 1.27 GeV andmn,(m,) = 4.18 GeV [54]. No significant
differences between the two PDF sets are observed. Onlglat gihhancement in the gluon
density of HERAPDF-HQMASS compared to that determined ftbeninclusive data only can
be observed arourx~ 2-10~2. This corresponds to the regionxrwhere the charm data are
most precise. When used together with the full sets of inmdUdERA data, the heavy flavour
data have only little influence on the shape of the PDFs détearnwith quark masses fixed
to their expected values. Despite the more precise heawuilalata available in the current
analysis, this finding does not alter the conclusion madeh@doint in the HERAPDF2.0
analysis [43]. However, the smaller uncertainties of the cembination reduce the uncertainty
of the charm mass determination with respect to the previesis®.

The running heavy quark masses are determined as:

me(me) = 1.290° 5345 expy/fit) +3.555(mod) *3.595(par) GeV,
mp(my) = 4.049 3194 exp/fit) +5-399(mod) *5- 353 (par) GeV. @)

The individual contributions to the uncertainties areslisin table 5. The model uncertainties,
(mod), are dominated by those arising from the scale vanati In the case of the charm
guark mass, the variation ims yields also a sizeable contribution while the other soulead

to uncertainties of typically a few MeV, both fon:(m:) andmy(my). The main contribution
to the parameterisation uncertainties, (par), comes flwfit variant in which the terng,,

is set to zero, other contributions are negligible. Both snadues are in agreement with the
corresponding PDG values [54] and the valuengfm) determined here agrees well with result
from the previous analysis of HERA combined charm cross@es{38].

A cross check is performed using the Monte Carlo method [P |7is based on analysing

a large number of pseudo data sets called replicas. Fortigs check, 500 replicas are created
by taking the combined data and fluctuating the values ofédaced cross sections randomly
within their statistical and systematic uncertaintiesrigknto account correlations. All uncer-
tainties are assumed to follow a Gaussian distribution.cCEmgral values for the fitted parame-
ters and their uncertainties are estimated using the mehRBIS values over the replicas. The
obtained heavy-quark masses and their fit uncertaintiesyargreement with those quoted in
equation (7).

In order to study the influence of the inclusive data on thesnaletermination, fits to the
combined inclusive data only are also tried. In this case,fithresults are very sensitive to

5The previous analysis did not consider scale variationsadass flexible PDF parameterisation was used [38].
The beauty mass determination improves the previous rieaséid on a single data set [23].

14



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

the choice of the PDF parameterisation. When using the Hefduparameters, the masses
are determined to bey(m) = 1.807515(fit) GeV, my(my,) = 8.45"3-33(fit) GeV, where only

the fit uncertainties are quoted. In the variant of the fit gghme inclusive data only and the
reduced parameterisation willy, = 0, the central fitted values for the heavy-quark masses are:
me(me) = 1.45 GeV,my(my) = 4.00 GeV. The sensitivity to the PDF parameterisation and the
large fit uncertainties for a given parameterisation dermmatesthat attempts to extract heavy
quark masses from inclusive HERA data alone are not reasomatiis framework. The large
effect on the fitted masses observed here, when sdtjng 0, motivates thés,, variation in

the HERAPDF-HQMASS fit.

The NLO FFNS predictions based on HERAPDF-HQMASS are coetptir the combined
charm and beauty cross sections in figures 14 and 15, regglgctihe predictions based on
the HERAPDF2.0 set are included in the figures. Only minded#hces between the different
predictions can be observed. This is to be expected becdubke similarities of the PDFs,
in particular that of the gluon. The description of the dataimilar to that observed for the
predictions based on the HERAPDF2.0 FF3A set.

In figure 16 the ratios of data and predictions based HERAPIQIMASS to the predictions
based on HERAPDF2.0 FF3A are shown for charm production.dBseription of the data is
almost identical for both calculations. The data show ap&iees; dependence than expected
in NLO FFNS. The partia)? value of 116 for the heavy flavour ditéd.o.f= 79) in the fit
presented is somewhat large. It correspondsgevalue’ of 0.004, which is equivalent to.90.

A similar behaviour can be observed already for the charmsscsections from the previous
combination [38], albeit at lower significance due to thgéaruncertainties.

In figure 17 the same ratios as in figure 16 are shown for beaotjugtion. Agreement is
observed between theory and beauty data within the largertanaties of the measurements.

cc bb i i
6.3 0 .4yand o as a function of the partonicx

Since in leading-order (LO) QCD heavy flavour productiongereds via boson-gluon-fusion, at
least two partons, the heavy quark pair, are present in thkediate. Therefore, already in LO,
thex of the parton emitted from the proton is different fro® measured at the lepton vertex.
At LO the gluonx s given by

A

x:xBj-(1+§). (8)

It depends on kinematic DIS variableg; and Q? and on the invariant massof the heavy
quark pair. At higher orders, the final state contains aold#i partons, such thatcannot be
expressed in a simple way. Independent of the order of tleilegions, only an average)
can be determined at a giveénBj,Qz) point by the integrations over all contributions to the
cross section in the vicinity of this phase space point. Iarggl8 the ratio of the measured

6]t is not possible to quote the charm and the beauty contoibub this x2 value separately because of the
correlations between the combined charm and beauty measats.

"The x? and thep-value given here do not correspond exactly to the stagistiefinition of x2 or p-value
because the data have been used in the fit to adjust thebreiweartainties. Therefore the theory is somewhat
shifted towards the measurements. However this bias iscéaghéo be small because the predictions are mainly
constrained by the much larger and more precise inclusitaeesdanple.
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reduced cross sections to the NLO FFENS predictions basedEARDF-HQMASS is shown

as a function ofx) instead ofxgj, where(x) is the geometric mean calculated with HVQDIS.
While the charm measurements cover the ran@8@b < (x) < 0.1 the beauty data is limited to

a higherxrange, 0004 < (x) < 0.1, because of the large beauty quark mass. For the charm data,
a deviation from the reference calculation is evident, shgwa steeper slope xin the range
0.0005< (x) < 0.01, consistent with being independent@f. Due to the larger experimental
uncertainties, no conclusion can be drawn for the beauty. dat

6.4 Increasing the impact of the charm data on the gluon densi

While inclusive DIS cross sections constrain the gluon demnsdirectly via scaling violations,
and directly only through higher order corrections, heasydur production probes the gluon
directly already at leading order. Contributions to heaaydur production from light flavours
are small. For charm production they amount to five to eightgeat, varying only slightly
with xg; or Q? [45]. Because of the high precision of’, reached in this analysis, a study is
performed to enhance the impact of the charm measuremeheagiuon determination in the
QCD fit.

To reduce the impact of the inclusive data in the deternonadf the gluon density func-
tion, a series of fits is performed, varying the values of theimum xg; for the inclusive data
included in the fit in the range-20~4 < Xgj,min < 0.1. No such requirement is applied to the
heavy flavour data. The?/d.o.f. values for the inclusive plus heavy flavour data and the garti
x?/d.o.f. for the heavy flavour data only are presented in figure 19 ascitn ofXgj min. The
partial x2/d.o.f. for the heavy flavour data improves significantly with riskgmin-cut reach-
ing @ minimum atxg; min ~ 0.04, while thex?/d.o.f. for the inclusive plus heavy flavour data
sample is slightly larger than that obtained without cutgn. For further studie®g; min = 0.01
is chosen. The totg{? is 822 for 651 degrees of freedom. The parjélof the heavy flavour
data improves to 98 for 79 degrees of freedom (corresportdiag-value of 007 or 180). The
resulting gluon density function, shown in figure 20 at tmzlespvf?0 =1.9 Ge\2, is significantly
steeper than the gluon density function determined whdadiryg all inclusive measurements
in the fit. The other parton density functions are consisietit the result of the default fit.

In figure 21, a comparison is presented of the ratios of theboosd reduced charm cross
section,g,, and the cross section as calculated from the alternatjvie fithich the inclusive
data are subject to the cut; > 0.01, to the reference cross sections based on HERAPDF2.0
FF3A. The predictions from HERAPDF-HQMASS are also showrs eXxpected, the charm
cross sections fitted with thes; cut imposed on the inclusive data rise more strongly towards
smallxg; and describe the data better than the other predictiongrieral, the predictions from
the fit with xg; cut follow nicely the charm data. A similar study for beawutyaiso made but no
significant differences are observed.

Cross section predictions based on the three PDF setssdestin the previous paragraph,
are calculated for inclusive DIS. In figure 22, these prealist are compared to the inclusive
reduced cross sections [43] for N&& p DIS. The predictions based on HERAPDF2.0 FF3A
and on HERAPDF-HQMASS agree with the inclusive measurenidre calculations based on
the PDF set determined by requirirg > 0.01 for the inclusive data predict significantly larger
inclusive reduced cross sections at smgjl This illustrates the tension between the inclusive
data and the charm data.
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612 This study shows that a better description of the charm daide achieved in NLO FFNS
s Within the framework for PDFs applied by excluding the legy-inclusive data in the fit. How-
s €ver, the calculations then fail to describe the inclusa@adt lowxg;j. In the theoretical frame-
as  WOrk used in this analysis, it seems impossible to resolee-tt8c difference in describing
as  Simultaneously the inclusive and charm measurements frBRA] using this simple approach
sz Of changing the gluon density. The comparison of variousrheredictions to the charm data
as IN Section 5 suggests that the situation is unlikely to imprat NNLO because the NNLO pre-
a0 dictions presented provide a poorer description of therohgata than that observed at NLO.
&0 1he combined inclusive analysis [43] already revealed s@mgions in the theory description
&1 Of the inclusive DIS data. The current analysis reveals saduitional tensions in describing
&2 Simultaneously the combined charm data and the combinéalsive data. However, a dedi-
s cated investigation shows, that this does not affect thdtrethe mass measurements beyond
¢ the quoted uncertainties.

= ( Summary

e Measurements of beauty and charm production cross seatiolegp inelastiep scattering by

e the H1 and ZEUS experiments are combined at the level of extlamss sections, accounting
s fOr their statistical and systematic correlations. Theubgaross sections are combined for the
o0 first time. The data sets are found to be consistent and théioech data have significantly
s0 reduced uncertainties. The charm cross sections presented paper are significantly more
e precise than those previously published.

632 Next-to-leading and approximate next-to-next-to-legeander QCD predictions of differ-
ss €Nt schemes are compared to data. The calculations are folnedin fair agreement with the
s« Charm data. The next-to-leading-order calculations irfikesl-flavour-number scheme provide
s the best description of the heavy flavour data. The beausy, ddtich have larger experimental
s Uncertainties, are well described by all QCD predictions.

637 The combined heavy flavour data together with the publisteedbined inclusive data
ss from HERA are subjected to a next-to-leading-order QCD ymisalin the fixed-flavour-number
20 Scheme using th&IS running mass definition. The running heavy quark massesleter-

=0 mined asmg(me) = 1.29070 94%(exp/fit) " 3:%2(mod) *5:393(par) GeV for the charm quark and

s Mp(My) = 4.049" 0153 exp/fit) TO999(mod) 79 991 (par) GeV for the beauty quark. The simulta-

«2 Neously determined parton density functions are found teeagrell with HERAPDF2.0 FF3A.

643 The QCD analysis reveals some tensions, at the levet 86, in describing simultane-

s 0USIly the inclusive and the heavy flavour HERA DIS data. Thasue=d reduced charm cross
s Sections show a stronges; dependence than obtained in the combined QCD fit of charm and
s INclusive data, in which the PDFs are dominated by the fit efititlusive data. A study in

e Which inclusive data withgj < 0.01 are excluded from the fit is carried out. A much better
«s description of the charm data can be achieved this way. Hexyéve resulting PDFs fail to

a0 describe the inclusive data in the excludggdregion. The alternative next-to-leading-order and
ss0 Next-to-next-leading-order QCD calculations considemecluding those with lowx resumma-

e1  tion, are not able to provide a better description of the doedbheavy flavour data.
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Data set Tagging Q?range Z VS| Ne | Np
[GeV’]  |[pb~']|[GeV]

1 H1VTX|[14] VTX 5 — 2000 245 318 29 1P
2 H1D*' HERA-I[10] D** 2 — 100 47 318 17

3 H1D** HERA-II (medium@Q?) [20] | D** 5 - 100 348 318 25

4 H1D** HERA-II (high Q%) [15] D*+ 100 — 1000 351 318 b

5 ZEUSD*' 96-97 [4] D*+ 1 - 200 37 300 21

6 ZEUSD*' 98-00 [6] D** 15 - 1000 82 318 31

7 ZEUSDC 2005 [12] DO 5 — 1000 134 318 9

8 ZEUSu 2005 [13] u 20 — 10000 126 318 B B
9 ZEUSD™ HERA-II [21] D+ 5 — 1000 354 318 14

10 ZEUSD*'™ HERA-II [22] D** 5 — 1000 363 318 3L

11 ZEUS VTX HERA-II [23] VTX 5 — 1000 354 318 18 17
12 ZEUSe HERA-II [19] e 10 — 1000 363 318 D
13 ZEUSpu + jet HERA-I [16] u 2 — 3000 114 318 11

Table 1: Data sets used in the combination. For each datasefgging method, th@? range,
integrated luminosity ), centre-of-mass energy/§) and the numbers of charniNg) and
beauty ;) measurements are given. The tagging method VTX denotksine measurements
based on lifetime information using a silicon vertex detect
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# | Q?[GeV?] XBj Ugd Ogtat [%] | Suncor [%0] | Ocor [%0] | Orot[%0)

1 2.5 0.00003 0.1142 8.9 10|7 9.4 16.9
2 2.5 0.00007, 0.1105% 5.8 67 8,2 12.1
3 2.5 0.00013 0.0911 7.4 6,2 7.9 12.3
4 2.5 0.00018 0.0917 4.8 9/6 7.2 12.9
5 2.5 0.00035 0.0544 5.8 8,2 6,9 12.0
6 5.0 0.00007, 0.1532 11.6 9|6 8.2 17.1
7 5.0 0.00018 0.1539 5.8 34 7,8 10.0
8 5.0 0.00035 0.1164 5.p 53 57 9.3
9 5.0 0.00100 0.0776 4.8 8|7 5.6 11.4
10 7.0 0.00013 0.2249 4.3 3|3 6.7 8.6
11 7.0 0.00018 0.2023 6.8 5|7 7.2 11.4
12 7.0 0.0003Q 0.176y 2.3 2|4 5.4 6.4
13 7.0 0.0005Q0 0.1616 2.5 1/8 5.2 6.0
14 7.0 0.0008Q0 0.1199 4.6 4|0 4.9 7.8
15 7.0 0.0016Q 0.0902 4.1 3|9 5.2 1.7
16 12.0 0.00022 0.3164 4.9 219 5.7 8.0
17 12.0 0.00032 0.290¢4 2/9 1\5 g.3 1.1
18 12.0 0.00050 0.241p 2/4 1,3 4.6 53
19 12.0 0.00080 0.181B 2,1 114 4.5 51
20 12.0 0.00150 0.147p6 32 1\5 51 6.2
21 12.0 0.00300 0.101p 4.4 4,0 51 1.8
22 18.0 0.00035 0.3198 52 33 5.2 8.1
23 18.0 0.00050 0.290b 26 114 6.4 7.0
24 18.0 0.00080 0.2554 2,2 1,2 4.2 4.9
25 18.0 0.00135 0.201p 2)0 111 4.1 4.7
26 18.0 0.00250 0.163p 1.9 1,3 4.2 4.7
27 18.0 0.00450 0.113) 5,5 401 5.4 8.7

Table 2: The averaged reduced cross section for charm piodug,, obtained by the com-
bination of H1 and ZEUS measurements. The cross sectiorwalte given together with
the statistical d¢at) and the uncorrelate®ncor) and correlated deor) Systematic uncertain-
ties. The total uncertaintigs) are obtained through adding the statistical, uncorrelatet

correlated systematic uncertainties in quadrature. Adeutainties are quoted in per cent.
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# Q2 [GeVZ] XBj Gr‘ffd Ogtat [%0] | Suncor [%0] | Ocor [%0] | Orot[%0)

28 32.0 0.00060 0.388p 85 93 5.8 13.9
29 32.0 0.00080 0.375b 2.3 114 4.4 5.2
30 32.0 0.00140 0.280y 20 111 34 4.1
31 32.0 0.00240 0.2190 2.3 114 3.9 4.7
32 32.0 0.00320 0.201p 36 1,6 5.4 6.6
33 32.0 0.00550 0.1558 4.2 310 4.1 6.6
34 32.0 0.00800 0.0940 87 5[4 6.0 11.9
35 60.0 0.00140 0.3254 3.2 114 4.8 5.9
36 60.0 0.00200 0.328P 2.3 112 4.1 4.9
37 60.0 0.00320 0.2576 22 1,2 3.6 4.4
38 60.0 0.00500 0.192b5 2.3 1,6 4.1 5.0
39 60.0 0.00800 0.1596 4,8 31 3.4 6.7
40 60.0 0.01500 0.094pb 81 615 4.9 11.5
41 120.0 0.00200 0.3766 3/3 2.6 5.0 6.5
42 120.0 0.00320 0.2274 1416 13.7 2.7 20.2
43 120.0 0.00550 0.2173 313 1.6 5.4 6.5
44 120.0 0.01000 0.1519 319 2.3 8.2 6.9
45 120.0 0.02500 0.070p 13}6 12.6 4.4 19.1
46 200.0 0.00500 0.2389 31 2.4 4.5 6.0
47 200.0 0.01300 0.1704 34 2.3 5.0 6.5
48 350.0 0.01000 0.2230 5/1 3.0 g.4 8.7
49 350.0 0.02500 0.1065 6{1 2.9 1.4 10.0
50 650.0 0.01300 0.2026 5/4 3.7 9.1 11.2
51 650.0 0.03200 0.0885 7/8 3.8 12.8 15.4
52 2000.0 0.05000 0.0603 16(0 g.7 26.4 3.6

Table 2: continued
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# | Q?[GeV?] XBj Or%% Otat | Quncor | Ocor | Otat
1 2.5 0.00013 0.0018 284 224 114 379
2 5.0 0.00018 0.0048 10.5 711 19.8 235
3 7.0 0.00013 0.0059 8.8 11j2 12.7 19.1
4 7.0 0.00030 0.0040 85 10{3 152 20.2
5 12.0 0.00032 0.0072 49 58 10.5 13.0
6 12.0 0.00080 0.004L 4 6/9 11.1 139
7 12.0 0.00150 0.0014 322 269 36 421
8 18.0 0.00080 0.0082 4.8 50 12.8 14.5
9 32.0 0.0006Q 0.020F 8.9 718 89 14.8
10 32.0 0.00080 0.015p 5.8 61 10.0 13.1
11 32.0 0.00140 0.0118 39 53 9.0 11.2
12 32.0 0.00240 0.0082 90 95 129 184
13 32.0 0.00320 0.004p 322 419 3.0 52.9
14 32.0 0.00550 0.0058 39/8 204 574 72.8
15 60.0 0.00140 0.026p 4.8 6|9 88 122
16 60.0 0.00200 0.016f 7)5 6/5 105 14.4
17 60.0 0.00320 0.009F¢ 107 77 144 195
18 60.0 0.00500 0.0129 54 42 14.7 16.2
19 120.0 0.00200 0.0288 6,3 54 9.0 12.2
20 120.0 0.00550 0.0127 21j2 149 109 2B.1
21 120.0 0.01000 0.0149 20(5 20.6 23.6 3.5
22 200.0 0.00500 0.0274 3i8 37 6.9 8.7
23 200.0 0.01300 0.0123 95 48 195 2.2
24 350.0 0.02500 0.0138 20{4 26.2 350 4B.2
25 650.0 0.01300 0.0164 8j1 75 131 17.1
26 650.0 0.03200 0.01083 8)1 87 146 18.8
27 2000.0 0.05000 0.0052 306 15.2 47.6 58.6

Table 3: The averaged reduced cross section for beauty q:tiodwr%%, obtained by the com-
bination of H1 and ZEUS measurements. The cross sectiorwalte given together with
the statistical d¢4t) and the uncorrelate®ncor) and correlated &) Systematic uncertain-
ties. The total uncertaintigs) are obtained through adding the statistical, uncorrelatet
correlated systematic uncertainties in quadrature. Adeutainties are quoted in per cent.
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Dataset PDF (scheme) x? [p-valug
HERAPDF2QNLO_FF3A (FFNS) 590.23
charm [38] ABKMO9 (FFNS) 591]0.23
ABMP16.3.nlo (FFNS) 61/0.18|
ABMP16.3_nnlo (FFNS) 70/0.05
HERAPDF2QNLO _EIG (RT OPT) 71/0.04
(Ngat=52) | HERAPDF2ONNLO_EIG (RT OPT) 66/0.09]
] NNPDF31sx NNLO (FONLL-C) | 1061.5-10°9] |
(Ngat=47) | NNPDF31sx NNLO+NLLX (FONLL-C)|  710.013
HERAPDF2QNLO_FF3A (FFNS) 860.002
ABKMO9 (FFNS) 82[0.005
charm, ABMP16.3.nlo (FFNS) 90[0.0008
this analysis| ABMP16_nnlo (FFNS) 1096-1079
HERAPDF2QNLO_EIG (RT OPT) 999-1079
(Ngat=52) | HERAPDF2ONNLO_EIG (RT OPT) 1024-1079]
__________ NNPDF31sx NNLO (FONLL-C) | 14015-10 1 |
(Ngat= 47) | NNPDF31sx NNLO+NLLX (FONLL-C)| 1145.1077]
HERAPDF2QNLO_FF3A (FFNS) 330.20)
beauty ABMP16.3_nlo (FFNS) 370.10]
(Ngat=27) | ABMP163.nnlo (FFNS) 41/0.04
HERAPDF2QNLO _EIG (RT OPT) 330.20]
HERAPDF2QNNLO_EIG (RT OPT) 450.016

Table 4: Thex?, p-values and number of data points of the charm and beautydgtaespect
to the NLO and approximate NNLO calculations using varioD$® as described in the text.
The x? values that include PDF uncertainties are shown separdtietymeasurements @f =
2.5 Ge\ are excluded in the calculations of tly& values for the NNPDF3.1sx predictions,
by which the number of data points is reduced to 47. (Seeaaputi figure 12 for further
explantions.)
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Parameter Variation | mg(me) uncertainty| my(my) uncertainty

(GeV) (GeV)

Experimental / Fit uncertainty

2 10.046 +0.104
Total Axc=1 20,041 ~0.109

Model uncertainty

fs 0.4+91 0004 0001
Qi 35775 GeV? 0007 0007
e Het 50 10060 005
ad">(Mz) | 0.10620015 o0t 5005
Total o0 05

PDF parameterisation uncertainty

2 40.003 —0.001
Ht o 19+0.3 GeV ~0.001 40,001
Ey, setto 0 —0.031 —0.031

40.003 40.001
Total —0.031 ~0.031

Table 5: List of uncertainties for the charm and beauty quaaks determination. The rest of
PDF parameterisation uncertainties have no effeehgim:) andmy,(my).
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Figure 1. The pull distribution for the combination of theacim and beauty reduced cross
sections (shaded histogram). The solid line shows a fit of as&an to the pull distribution.
The mean and RMS values given are the results from the fit.
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Figure 2: Combined measurements of the reduced charm prodwcoss sectiongg, (full

circles) as a function ofg; for different values of)?. The inner error bars indicate the uncor-
related part of the uncertainties and the outer error bgmesent the total uncertainties. The
input measurements are also shown by the different markanspresentation purposes each

individual measurement is shiftedxg; .
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Figure 3. Combined measurements of the reduced beauty grodwcross sectionszr%%, (full
circles) as a function ofg; for different values oQ?. The inner error bars indicate the uncor-
related part of the uncertainties and the outer error bgmesent the total uncertainties. The
input measurements are also shown by the different markanspresentation purposes each
individual measurement is shifted xg; .
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Figure 4: Reduced cross sections as a functiogpéht Q? = 32 Ge\? for charm (upper panel)
and beauty production (lower panel). The combined crogsoses(full black circles) are com-
pared to the input measurements shown by the different ngarkée inner error bars indicate
the uncorrelated part of the uncertainties and the outer bars represent the total uncertain-
ties. For better visibility the individual input data arégsitly displaced inxg; towards larger
values.
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Figure 5: Combined reduced cross sectiang,, (full circles) as a function okg; for given
values ofQ?, compared to the results of the previous combination [38hated as ‘HERA
2012’ (open circles).
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Figure 6: Combined reduced charm cross sectiof]g, (full circles) as a function okg; for
given values of?, compared to the NLO QCD FFNS predictions based on the HERZZRD
FF3A (solid lines), ABKMOQ9 (dashed lines) and ABMP16 (ddttmes) PDF sets. Also shown
is the approximate NNLO prediction using ABMP16 (dashettatblines). The shaded bands
on the HERAPDF2.0 FF3A predictions show the theory unaeties obtained by adding PDF,
scale and charm quark mass uncertainties in quadrature.
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Figure 7: Combined reduced beauty cross sectio@%, (full circles) as a function okg; for
given values of?, compared to the NLO QCD FFNS predictions based on the HERZZRD
FF3A (solid lines), ABKMQ9 (dashed lines) and ABMP16 (ddttmes) PDF sets. Also shown
is the prediction in approximate NNLO using ABMP16 (dasliedted lines). The shaded
bands on the HERAPDF2.0 FF3A predictions show the theorgmiainities obtained by adding
PDF, scale and beauty quark mass uncertainties in quaeratur
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Figure 8: Combined reduced charm cross sectiof}§, (full circles) as a function okg; for
given values ofQ?, compared to the NLO (dashed and dotted lines) and approsihisLO
(dashed-dotted lines) QCD theoretical FFNS predictioniginobd using various PDFs, as in Fig.
6, normalised to the predictions obtained using HERAPDEEBA (solid lines with shaded
uncertainty bands).
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Figure 9: Combined reduced beauty cross sectio@%, (full circles) as a function okg; for
given values ofQ?, compared to the NLO (dotted bands) and approximate NNLGhgka:
dotted bands) QCD theoretical FFNS predictions obtain@étgugarious PDFs, as in Fig. 7,
normalised to the predictions obtained using HERAPDF2 BA-(solid lines with shaded un-
certainty bands).
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Figure 10: Combined reduced charm cross sectigffg, (full circles) as a function ofg; for
given values ofQ?, compared to NLO (dashed-dotted lines) and approximate ®lashed
lines) VFNS predictions based on HERAPDF2.0 using cormegdjpg NLO and NNLO HER-
APDF2.0 PDF sets, normalised to the FFNS predictions obthusing HERAPDF2.0 FF3A
(solid lines with shaded uncertainty bands). The uncer&sror the VFNS predictions are of
similar size to those presented for the FFNS calculation.
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Figure 11: Combined reduced beauty cross sectioﬂ%, (full circles) as a function okg;
for given values 0fQ?, compared to the NLO (dashed-dotted lines) and approxitiateO

(dashed lines) VENS predictions based on HERAPDF2.0 usimrgsponding NLO and NNLO
HERAPDF2.0 PDF sets, normalised to the FFNS predictionaioét using HERAPDF2.0
FF3A (solid lines with shaded uncertainty bands). For th&l8Fpredictions no uncertainties

are given. These are in size similar to those presented édffINS calculation.
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Figure 12: Combined reduced charm cross sectioff§, (full circles) as a function okg;

for given values ofQ?, compared to VFNS predictions of the NNPDF group normalised
the FFNS predictions obtained using HERAPDF2.0 FF3A (doiles with shaded uncertainty
bands). Results from two different calculations are showithout (FONNL-C, dotted lines
with uncertainty bands) and with lowresummation (FONNL-C+NLLsx , dashed lines). For
the calculations the NNPDF3.1sx PDF set is used. For beetycof the presentation the
uncertainties of the FONNL+NLLsx calculations are not showhese are in size similar to
those shown for the FONLL calculations. No FONNL predictdrased on NNPDF3.1sx are

shown atQ? = 2.5 Ge\? because this value lies below the starting scale of the Q@ton

in the calculation (B Ge\A).
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Figure 13: Parton density functioms f (x, Q%) at the starting scal®3 = 1.9 Ge\? with f =

Uy, dy, g, = for the valence up quark (a), the valence down quark (b), theng(c) and the sea
quarks (d) of HERAPDF-HQMASS (solid dark lines) and obtaife®m a fit to the combined
inclusive data only (light grey lines). The experimentalificertainties obtained from the fit to
the combined inclusive and heavy flavour data are indicayetthéd hatched bands. For better
visibility only the uncertainties for the fit to the inclugivlata are shown.
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Figure 14: Combined reduced charm cross sectiofs, (full circles) as a function okg;

for given values ofQ?, compared to the NLO QCD FFNS predictions based on HERAPDF-
HQMASS (dashed lines) and on HERAPDF2.0 FF3A (solid lind9)e shaded bands on the
HERAPDF2.0 FF3A predictions show the theory uncertainiesined by adding PDF, scale
and charm quark mass uncertainties in quadrature.
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Figure 15: Combined reduced beauty cross sectloﬁ% (full circles) as a function okg;

for given values ofQ?, compared to the NLO QCD FFNS predictions based on HERAPDF-
HQMASS (dashed lines) and on HERAPDF2.0 FF3A (solid lind9)e shaded bands on the
predictions using the fitted PDF set show the theory unceiési obtained by adding PDF, scale

and charm quark mass uncertainties in quadrature.

44



=

cC € nom
Gred /O(r:ed

o

0.8

1.2

0.8

1.2

0.8/

0 = DN

e HERA &= NLO HERAPDF2.0 FF3A
----- HERAPDF-HQMASS H1 and ZEUS

- -7 e .-~ 4 T- i.. ____________ B ==y Y
Y I AR _ ;
Q?=25GeV? 1 Q% =5 GeV? Q% =7 GeV?
- Q%= 1'2 r§v2 ' ' 40Q%= 1é GeV? ' Q%= 3'2 GeV?
----- 5 JREEEEEEE i E g
N ‘ 1 I ;
- Q%= 6:0 GeV? Q2 = 1'20 GeVZI Q2= 260 GeVZI '
: e el | 1
LI ; E ¥§§ { ! ‘ |
¢ mocar [ oo acamen T
i i $ _ 1 ® |
10* 10° 107 10* 10° 1072 10* 10° 102
Bj

Figure 16: Combined reduced charm cross secti@f§,, (full circles) as a function of
xgj for given values ofQ?, compared to the NLO FFNS predictions using HERAPDF-
HQMASS (dashed lines), normalised to the reference crasmsas using HERAPDF2.0 FF3A
(solid lines with uncertainty bands).
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Figure 17: Combined reduced beauty cross sectim}@,, (full circles) as a function of
xgj for given values ofQ?, compared to the NLO FFNS predictions using HERAPDF-
HQMASS (dashed lines), normalised to the reference crasmsas using HERAPDF2.0 FF3A
(solid lines with uncertainty bands).
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Figure 18: Ratio of the combined reduced cross sectioffy, (a) andar%Bd (b), to the NLO
FFENS cross section predictions, based on HERAPDF-HQMAS$, fanction of the partonic
(x) for different values of?.

47



H1 and ZEUS
]

—— DIS+ctb
1.7
—Y— ctb
1.6
1.5
1.4
1.3
1.2

1.1

=
<
I
=
<
w
=
<
N
=
Q
=
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Figure 20: Parton density functioms f (x,Q?) at the starting scal®3 = 1.9 Ge\? with f =
Uy, dy, g, = for the valence up quark (a), the valence down quark (b), bheng(c) and the sea
quarks (d) of HERAPDF-HQMASS (full lines) and obtained frame QCD fit to the combined
inclusive and heavy flavour data with imposing a minimum duxg > 0.01 to the inclusive
data included in the fit. The experimental/fit uncertaintiesshown by the hatched bands.
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Figure 21: Combined reduced charm cross secti@f§,, (full circles) as a function of
xgj for given values ofQ?, compared to the NLO FFNS predictions based on HERAPDF-
HQMASS (dashed lines) and those resulting from the altemét when requiringsgj > 0.01

for the inclusive data (dashed dotted lines, normalisecéoréference cross sections using
HERAPDF2.0 FF3A (full line). The experimental/fit uncertaes of the reference cross sec-
tions are indicated by the shaded bands.
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Figure 22: Combined reduced NC cross sectiangg, (full circles) as a function okg;

for selected values of)?, compared to the NLO FFNS predictions based on HERAPDF-
HQMASS (dashed lines) and those resulting from the alterdit with xg; > 0.01 required
for the inclusive data (dashed-dotted lines), normaligethé reference cross sections using

HERAPDF2.0 FF3A (solid lines).
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Appendix

Table A.1 lists the sources of correlated uncertaintiesttogr with the shifts and reductions
obtained as a result of the combination. Table A.2 provitesriput parameters for the
HERAPDF-HQMASS fit and the variations considered to evauabdel and parameterisation
uncertainties. Table A.3 provides the central values ofittesl parameters.
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Data set Name shifo] | reduction factor
2-7,8¢,9,10,11¢, theorgy 0.29 065
2-13 theory,, ys variation —0.82 045
2-13 theoryas(Mz) 0.17 095
1-7,8¢,9,10 theory fragmentatiorok —0.82 080
2-7,8¢,9,10 theory, fragmentatiors” —1.44 083
2-7,8¢,9,10 theory transverse fragmentation —0.10 090
2-7,10 f(c— D*") 0.43 092
2-6,10 BR(D** — Do) 0.14 099
2-7,10 BR(D? — K~ ") 0.47 098
1-4 H1 CJC efficiency 9 078
2 H1 integrated luminosity (1998-2000) —0.05 097
2 H1 trigger efficiency (HERA-I) —0.07 094
2-4 H1 electron energy P9 067
2-4 H1 electron polar angle .28 074
2 H1 MC alternative fragmentation —0.09 068
3,4 H1 primary vertex fit (3B1 098
1,34 H1 hadronic energy scale —0.06 081
3,4 H1 integrated luminosity (HERA-II) —0.19 Q77
3,4 H1 trigger efficiency (HERA-II) —0.06 098
3,4 H1 fragmentation model in MC -0.17 087
1,34 H1 photoproduction background .30 091
3,4 H1 efficiency using alternative MC model .30 071
1 H1 vertex resolution —0.53 088
1 H1 CST efficiency -0.34 089
1 H1 B multiplicity 0.26 079
1 H1 D™ multiplicity —0.30 094
1 H1D** multiplicity —-0.02 098
1 H1 D multiplicity 0.09 097

Table A.1: Sources of bin-to-bin correlated systematicetiainties considered in the combi-
nation. For each source, the affected datasets are givgeth#r with the cross section shift

induced by this source and the reduction factor of the catedluncertainty in units af after

the first iteration. For those measurements which have samebusly extracted beauty and
charm cross sections, a suftyor c indicates that the given systematic source applies only to

the beauty or charm measurements, respectively.
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Data set Name shift [o] | reduction factor
1 H1b fragmentation —0.05 096
1 H1 VTX model:x reweighting -0.20 092
1 H1 VTX model: pr reweighting -0.31 068
1 H1 VTX model:n(c) reweighting —0.36 080
1 H1 VTX uds background -0.14 043
1 H1 VTX ¢ of c quark 005 084
1 H1 VTX F, normalisation —0.05 093
9,10,11 | ZEUS integrated luminosity (HERA-II) —-1.24 088
9,10,11 | ZEUS tracking efficiency .@3 088
11 ZEUS VTX decay length smearing (tail) -0.23 096
9,10,11 | ZEUS hadronic energy scale .0® 054
9,10,11 | ZEUS electron energy scale 249 055
11 ZEUS VTXQ? reweighting in charm MC -0.10 100
11 ZEUS VTXQ? reweighting in beauty MC 04 100
11 ZEUS VTXn (jet) reweighting in charm MC | —0.57 097
11 ZEUS VTXn (jet) reweighting in beauty MC Qao 099
11 ZEUS VTXEr (jet) reweighting in charm MC a8 096
11 ZEUS VTXEr (jet) reweighting in beauty MG —0.43 092
11 ZEUS VTX light-flavour background .08 085
11 ZEUS VTX charm fragmentation fucntion -0.91 087
11 ZEUS VTX beauty fragmentation fucntion -0.17 095
f(c—D") -0.11 094
BR(D" — K- mtmh) -0.10 095
ZEUSD™ decay length smearing .@b 099
9,10 ZEUS beauty MC normalisation &y 085
9 ZEUSD™ n MC reweighting 023 085
9 ZEUSD™ pr, Q> MC reweighting 092 0.66
9 ZEUSD™ MVD hit efficiency —0.04 099
9 ZEUSD™ secondary vertex description —0.08 097
5,13 ZEUS integrated luminosity (1996-1997) .50 095

Table A.1: continued
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Data set Name shifo] | reduction factor
6,13 ZEUS integrated luminosity (1998-2000) .4P 087
10 ZEUSD*" pr(7%) description B4 092
10 ZEUSD** beauty MC efficiency -0.17 097
10 ZEUSD** photoproduction background .39 096
10 ZEUSD** diffractive background -0.35 092
10 ZEUSD** pr, Q* MC reweighting —0.45 091
10 ZEUSD*" n MC reweighting 034 077
10 ZEUSD** A(M) window efficiency -0.77 092
7 f(c— DO) 0.32 099
7,8,12 ZEUS integrated luminosity (2005) .66 091
8c BR(c—1) -0.10 097
8 ZEUSu: BIRMUON efficiency 054 090
8 ZEUSu: FMUON efficiency 015 095
8 ZEUSu: energy scale -0.01 067
8 ZEUSp: piss calibration 013 066
8 ZEUSu: hadronic resolution 62 058
8 ZEUSu: IP resolution —0.70 083
8 ZEUSu: MC model —0.08 075
1b H1 VTX beauty:Q? charm reweighting | —0.02 100
1b H1 VTX beauty:Q? beauty reweighting| —0.02 099
1b H1 VTX beautyx reweighting 009 089
1b H1 VTX beauty:pt reweighting —-1.06 082
1b H1 VTX beauty:n reweighting 001 091
1b H1 VTX beauty: BRD™) -0.21 099
1b H1 VTX beauty: BRD®) 0.16 100
8b,11b,12,13 theoryn, 0.60 093
8b,12,13 theoryh fragmentation -0.71 097
8b,12,13, BR(b—1) —0.60 097
13 ZEUS muon efficiency (HERA-I) —-1.02 091

Table A.1: continued
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Variation Standard Value Lower Limit Upper Limit
Q2. [GeV?] 3.5 25 5.0
fs 0.4 0.3 05
ad = (My) 0.106 01045 01075
s Q®+4mg | 0.25-(Q°+4md) | 4-(Q*+4nd)
pfo [Gev?] 1.9 16 2.2

Table A.2: Input parameters for the HERAPDF-HQMASS fit anel ¥ariations considered to

evaluate model and parametrisatiif{) uncertainties.

A B C D E A B’
Xg 281 | —0.198| 814 139 | —-0.273
XUy 3.66 | 0678 | 487 147
Xy 3.38 | 0820 | 427
xU 0.102| -0.172| 827 | 139
xD 0.170| —0.172| 583
me(me) [GeV] 1.29
my(mp) [GeV] 4.05

Table A.3: Central values of the fitted parameters of HERAFHIFMASS.
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