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Combination and QCD analysis of charm and beauty
production cross-section measurements in deep inelas@sp
scattering at HERA

The H1 and ZEUS Collaborations

Abstract

Measurements of open charm and beauty production cross sectioepimdkastiep scat-
tering at HERA from the H1 and ZEUS Collaborations are combined. Reldtross sec-
tions are obtained in the kinematic range of negative four-momentum tragsfared of the
photon 25 Ge\? < Q? < 2000 Ge# and Bjorken scaling variable 30> < xg; < 5-10°2.
The combination method accounts for the correlations of the statistical aredrstse un-
certainties among the different datasets. Perturbative QCD calculatiercomipared to
the combined data. A next-to-leading order QCD analysis is performed tag data to-
gether with the combined inclusive deep inelastic scattering cross secbamBlERA. The
running charm- and beauty-quark masses are determinegas) = 1.290"5 525(exp/fit)

fgzggf{(modeb 03 (parameterisatiorGeV andmy,(my,) = 4.0490193(exp/fit) T3033(mode)
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1 Introduction

Measurements of open charm and beauty production in necdragént (NC) deep inelastic
electrort—proton scattering (DIS) at HERA provide important input fests of the theory of
strong interactions, quantum chromodynamics (QCD). Meamsants at HERA [1-24] have
shown that heavy-flavour production in DIS proceeds predantly via the boson-gluon-fusion
processyg — QQ, where Q is the heavy quark. The cross section therefondisgstrongly on
the gluon distribution in the proton and the heavy-quarksnd$is mass provides a hard scale
for the applicability of perturbative QCD (pQCD). Howevemhet hard scales are also present in
this process: the transverse momenta of the outgoing qaaikshe negative four momentum
squaredQ?, of the exchanged photon. The presence of several hardssuateplicates the
calculation of heavy-flavour production in pQCD. Differempaoaches have been developed
to cope with the multiple scale problem inherent in this pss In this paper, the massive
fixed-flavour-number scheme (FFNS) [25—-33] and differerpiléementations of the variable-
flavour-number scheme (VFNS) [34—-37] are considered.

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

In this paper, a simultaneous combination of charm and peanatduction cross-section
measurements is presented. This analysis is an extenstbe pfevious H1 and ZEUS com-
bination of charm measurements in DIS [38], including newrahand beauty data [13, 14,
16, 19, 21-23] and extracting combined beauty cross secfmmthe first time. As a result,
a single consistent dataset from HERA of reduced charm andgtyeeoss sections in DIS is
obtained, including all correlations. This dataset covleekinematic range of photon virtuality
2.5 Ge\? < Q? < 2000 GeVf and Bjorken scaling variable-307° < xgj < 5-102,

The procedure follows the method used previously [38—-48E dorrelated systematic un-
certainties and the normalisation of the different measergs are accounted for such that one
consistent dataset is obtained. Since different expetahéechniques of charm and beauty
tagging have been employed using different detectors artiaug of kinematic reconstruc-
tion, this combination leads to a significant reduction afistical and systematic uncertainties
with respect to the individual measurements. The simuttasecombination of charm and
beauty cross-section measurements reduces the comslaeiween them and hence also the
uncertainties. The combined reduced charm cross sectioiine @revious analysis [38] are
superseded by the new results presented in this paper.

The combined data are compared to theoretical predictibtasred in the FFNS at next-to-
leading order (NLOQ(a2)) QCD using HERAPDF2.0 [43], ABKM09 [26,27] and ABMP16 [29]
parton distribution functions (PDFs), and to approximagetsio-next-to-leading order (NNLO,
O(ag)) using ABMP16 [29] PDFs. In addition, QCD calculations in tiHEG®PT [34] VFNS at

Ln this paper the term ‘electron’ denotes both electron asitmn.
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NLO and approximate NNLO are compared with the data. The Naloutations are ad(a?)
except for the massless parts of the coefficient functiomsctware atO(as); the NNLO cal-
culations are one order ofs higher. A comparison is also made to predictions of two vasa
of the FONLL-C scheme [35, 36]Q(a?) (NNLO) in the PDF evolutionQ(a?) in all coeffi-
cient functions): the default scheme, which includes iexteading-log (NLL) resummation of
guasi-collinear final state gluon radiation, and a variamtWwincludes NLL lowx resummation
in the PDFs and the matrix elements (NLLsx) [37] in addition.

The new data are subjected to a QCD analysis together withrthkificlusive DIS cross-
section data from HERA [43] allowing for the determinationNitO of the running charm-
and beauty-quark masses, as defined from the QCD Lagrangitre imodified minimum-
subtraction 1S) scheme.

The paper is organised as follows. In section 2, the redueashhflavour cross section is
defined and the theoretical framework is briefly introducHue 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 sectiahif section 5 they are compared
with theoretical calculations based on existing PDF setbveith existing predictions at NLO
and at NNLO in the FFNS and VENS. In section 6, the NLO QCD arnsiggescribed and the
measurement of the running masses of the charm and beauksdouaheMS 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 DIS areidensd. In the kinematic range
explored by the analysis of the data presented I@fés much smaller thaM%, such that the
virtual photon exchange dominates. Contributions fidraxchange angZ interference are
small and therefore neglected. The cross section for theugtmn of a heavy flavour of type
Q, with Q being either beauti, or charmgc, may then be written in terms of the heavy-flavour

contributions to the structure functiofis andF, F2°(xg;, Q%) and FLQG(XBJ- ,Q%), as

PoR  2ma?(Q?)
dXBde2 N XBj Q4
wherey denotes the lepton inelasticity. The superscrip@ i@dicate the presence of a heavy

guark pair in the final state. The cross sectiéa:r‘ab/dede2 is given at the Born level without
QED and electroweak radiative corrections, except for thming electromagnetic coupling,

a(Q?).

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

(14 (1 - y)IFR(xg;, Q%) — YRR (xg;, Q) | (1)

L0 _ FoX xg] Q"
o T dxgdQ? 2ma?(Q2) (1+ (1-y)?)
_ 2 _
_ p____ Y Q @)

F
2 1+(1-y2?t
In the kinematic range addressed, the expected contribfrian the exchange of longitudinally
polarised photonsELQQ, is small. In charm production it is expected to reach a femcpat at
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highy [44]. The structure functionEzQé and Fl_Qé are calculated to the same order (in most
case€D(a?)) in all calculations explicitly performed in this paper.

Various theoretical approaches can be used to describg-flesaur production in DIS. At
values ofQ? not very much larger than the heavy-quark masg, heavy flavours are predom-
inantly produced dynamically by the photon-gluon-fusiongess. The creation of a@pair
sets a lower limit of 2ng to the mass of the hadronic final state. This low mass cutfefttf the
kinematics and the higher order corrections in the phaseespecessible at HERA. Therefore,
a careful theoretical treatment of the heavy-flavour maissesindatory for the pQCD analysis
of heavy-flavour production as well as for the determinatibthe PDFs of the proton from
data including heavy flavours.

In this paper, the FENS is used for pQCD calculations for threections of measurements
to the full phase space and in the QCD fits. In this scheme, hgaasks are always treated as
massive and therefore are not considered as partons indtenpiThe number of (light) active
flavours in the PDF3)¢, is set to three and heavy quarks are produced only in thedzattiering
process. The leading-order (LO) contribution to heavyeilayroduction Q(as) in the coef-
ficient functions) is the photon-gluon-fusion process. N massive coefficient functions
using on-shell mass renormalisation (pole masses) [25¢ \@dppted by many global QCD
analysis groups [28, 30-32], providing PDFs derived from #itheme. They were extended
to theMS scheme [27], using scale dependent (running) heavykquasses. The advantages
of performing heavy-flavour calculations in tMS scheme are reduced scale uncertainties and
improved theoretical precision of the mass definition [24, 3n all FFNS heavy-flavour cal-
culations presented in this paper, the default renormadisacaleu; and factorisation scales

are settquy = s = 4 /Q2+4mé, wheremg is the appropriate pole or running mass.

For the extraction of the combined reduced cross sectionkarin and beauty production,
it is necessary to predict inclusive cross sections as vgedlxalusive cross sections with cer-
tain phase-space restrictions applied. For this purpbgel-ENS at NLO is used to calculate
inclusive [25] and exclusive [45] quantities in the polessacheme. This is currently the only
scheme for which exclusive NLO calculations are available.

The QCD analysis at next-to-leading orélémcluding the extraction of the heavy-quark
running masses is performed in the FFNS with the OPENQCDRA@rarame [46] in the
XFITTER (former HERARTTER) framework [47]. In OPENQCDRAD, heavy-quark produc-
tion is calculated either using ttS or the pole-mass scheme of heavy-quark masses. In this
paper, theViS 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 beautgs sections while the
FONLL-C calculations [36, 37] are compared to the charm detlg. In the VFNS, heavy
quarks are treated as massive at SIalup toQ? ~ O(mé) and as massless @t > m% with
interpolation prescriptions between the two regimes winebid double counting of common
terms. In the FONLL-C calculations, the massive part of tharm coefficient functions is
treated at NLOQ(a?)) while the massless part and the PDFs are treated at NIKI(@) and
O(ag), respectively). In addition to the default FONLL-C schethe NLLsx variant [37] is
considered.

2The analysis is restricted to NLO because the NNLO calmnat[48] are not yet complete.
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3 Combination of H1 and ZEUS measurements

The different charm- and beauty-tagging methods explatddERA 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. Althoudirémehing ratios of beauty hadrons
to D andD** mesons are large, the contributions from beauty produttiche observe® or
D** meson samples are small for several reasons. Firstly, yppeaduction inep collisions is
suppressed relative to charm production by a factdrdue to the quark’s electric charge cou-
pling to the photon. Secondly, the photon-gluon-fusiorssreection depends on the invariant
mass of the outgoing partorss which has a threshold value ovfn@g Because the beauty-quark
mass,my, is about three times the charm-quark mamsg, beauty production is significantly
suppressed. Thirdly, in beauty productidrandD** mesons originate from the fragmentation
of charm quarks that are produced by the weak decd&/roesons. Therefore the momentum
fraction of the beauty quark carried by tBeor D** meson is small, so that the mesons often
remain undetected.

Fully inclusive analyses based on the lifetime of the heldfayoured 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 producdiso hold in this case, sensitivity to
beauty production can be enhanced by several means. Therpifeime of B mesons is on
average a factor of 2 to 3 that & mesons [49]. Therefore, the charm and beauty contribu-
tions can be disentangled by using observables directlitaanto the lifetime of the decaying
heavy-flavoured hadrons. The separation can be furtherowvedrby the simultaneous use of
observables sensitive to the mass of the heavy-flavoureadthe relative transverse mo-
mentum,prTe', of the particle with respect to the flight direction of thecdging heavy-flavoured
hadron; the number of tracks with lifetime information; iheariant mass calculated from the
charged patrticles attached to a secondary-vertex caerdidat

The analysis of lepton production is sensitive to semidejat decays of both charm and
beauty hadrons. When taking into account the fragmentatactibns of the heavy quarks
as well as the fact that in beauty production leptons mayirtatg both from théo — ¢ and
the ¢ — s transitions, the semi-leptonic branching fractionByimesons is about twice that
of D mesons [49]. Because of the large masseB ofesons and the harder fragmentation of
beauty quarks compared to charm quarks, leptons origgdirectly from theB decays have on
average higher momenta than those produc&lrimeson decays. Therefore, the experimentally
observed fraction of beauty-induced leptons is enhandativeto 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 contributions ortiatstal basis.

While the measurement of fully reconstruct@cbr D** mesons yields the cleanest charm
production sample, it suffers from small branching fraesicand 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 botmratend beauty production, profit from
larger branching fractions and better coverage in polateartgowever, they are affected by a
worse signal to background ratio and the large statistmaibtations between charm and beauty
measurements inherent to these methods.



3.1 Data samples

The H1 [50] and ZEUS [51] detectors were general purposeumsnts which consisted of
tracking systems surrounded by electromagnetic and hadralorimeters and muon detectors,
ensuring close to# coverage of thep interaction region. Both detectors were equipped with
high-resolution silicon vertex detectors [52, 53].

The datasets included in the combination are listed in thblEhe data have been obtained
from both the HERA 1 (in the years 1992-2000) and HERA 1l (in tlears 2003-2007) data-
taking periods. The combination includes measurememgusiferent tagging techniques: the
reconstruction of particular decays Bfmesons [4, 6, 10, 12, 15, 20-22] (datasets 29, 10),
the inclusive analysis of tracks exploiting lifetime infioaition [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 previousratioh [38] of charm cross-
section measurements, while the datasets 9 to 13 are imcfadéhe first time in this analysis.
Dataset 9 of the current analysis supersedes one datadet pfd@vious charm combination
(dataset 8 in table 1 of [38]), because the earlier analyaslvased on a subset of only about
30% of the final statistics collected during the HERA 1l rurmireriod.

For the inclusive lifetime analysis [14] (dataset 1) theuwet cross sections, and or%%

are taken directly from the publication. For all other meaments, the combination starts from
the measured double-differential visible cross sectmpgn in bins ofQ? and eithexg;j ory,
where the visibility is defined by the particular range ofiseerse momenturmpr and pseudo-
rapidity® n of theD meson, lepton or jet as given in the corresponding pubtinati In case of
inclusiveD meson cross sections, small beauty contributions as @stinmathe corresponding
papers are subtracted. Consistent with equation (1), alighga visible cross-section mea-
surements are corrected to Born level apart from the runrfimg oe. they include corrections
for radiation of real photons from the incoming and outgdegon using the HERACLES pro-
gramme [54]. QED corrections to the incoming and outgoirgrksiare judged to be negligible
and are therefore not considered. All cross sections arategdising the most recent hadron
decay branching ratios [49].

3.2 Extrapolation of visible cross sections t@‘%g

Except for dataset 1 of table 1, for which only measuremexysessed in the full phase space
are available, the visible cross sectiang in measured in a limited phase space are converted

to reduced cross sectlom§QQ using a common theory. The reduced cross section of a heavy
flavour Q at a reference;, Q2) point is extracted according to

QQ;th 2
0, (XB'7Q )
O-r(ng(XBJaQ ) Ovis,bin red th ) . (3)
vis,bin

3The pseudorapidity is defined gs= — Intan%, where the polar angl® is defined with respect to the proton
direction in the laboratory frame.



The programme for heavy-quark production in DIS, HVQDIS][4$ used with runningx to
calculate the theory predictions fq(gg’th(xBj,Qz) and ol . in the NLO FFNS. Since the

vis,bin
ratio in equation (3) describes the extrapolation from tiséle phase space ior andn of the
heavy-flavour tag to the full phase space, only the shapeeatritss-section predictions py

andn is relevant for the corrections, while theory uncertamtielated to normalisation cancel.

In pQCD, ¢!, can be written as a convolution integral of proton PDFs windhmatrix
elements. For the identification of heavy-flavour productlmowever, specific particles used for
tagging have to be measured in the hadronic final state. €hisines that in the calculation of
ot the convolution includes the proton PDFs, the hard matements and the fragmentation
functions. In the case of the HVQDIS programme, non-pestivb fragmentation functions
are used. The different forms of the convolution integrals ¢, and o'l necessitate the

VIS
consideration of different sets of theory parameters.

The following parameters are used in these NLO calculatan are varied within the
guoted limits to estimate the uncertainties in the pregingiintroduced by these parameters:

e Therenormalisation and factorisation scalesare taken ag,, = s = / Q2+4mé. The
scales are varied simultaneously up or down by a factor of two

e The pole masses of the charm and beauty quarkare set tan; = 1.50+ 0.15 GeV,
my = 4.50+ 0.25 GeV, respectively. These variations also affect theesbf the renor-
malisation and factorisation scales.

e Forthestrong coupling constant the valueagf:s(Mz) =0.105+0.002 is chosen, which
corresponds tquZS(Mz) = 0.116+0.002.

e Theproton PDFsare described by a series of FFNS variants of the HERAPDF1[8&e
41] at NLO determined within the FITTER framework. No heavy-flavour measurements
were included in the determination of these PDF sets. ThBgesBts are those used in the
previous combination [38] which were calculatediigy= 1.5+ 0.15 GeV, an:3(|v|z) =
0.105+0.002 and simultaneous variations of the renormalisatiorfactdrisation scales
up or down by a factor two. For the determination of the PDRs,ldeauty-quark mass
was fixed atmy = 4.50 GeV. The renormalisation and factorisation scales wetdaos

U = Ui = Q for the light flavours and tey, = ps = 4 /Q2+4mé for the heavy flavours.

For all parameter settings considered, the respective HERAR set is used. As a Cross
check of the extrapolation procedure, the cross sectionslap evaluated with the 3-

flavour NLO versions of the HERAPDF2.0 set (FF3A) [43]; thdelénces are found to

be smaller than the PDF-related cross-section unceeainti

For the calculation &, assumptions have been made on the fragmentation of thg heav
quarks into particular hadrons and, when necessary, onulbgeguent decays of the heavy
flavoured hadrons into the particles used for tagging. Inctieulation ofo\t,?S the following
settings and parameters are used in addition to those n&mde,@d and are varied within the
guoted limits:
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e Thecharm fragmentation function is described by the Kartvelishvili function [55] con-
trolled by a single parameterk to describe the longitudinal fraction of the charm-quark
momentum transferred to tiizor 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] fob** mesons. The variation afi as a function o§dbserved in
D** measurements has been adapted to the longitudinal-fragtiserfunction of ground
stateD mesons not originating froM@** decays [38]. Transverse fragmentation is mod-
elled by assigning to the charmed hadron a transverse mamdgtwith respect to the
direction of the charmed quark with an average valugef = 0.35+0.15 GeV [38].

e Thecharm fragmentation fractions of a charm quark into a specific charmed hadron
and their uncertainties are taken from [58].

e Thebeauty fragmentation function is parameterised according to Peterson et al. [59]
with &, = 0.0035+ 0.0020 [60].

e Thebranching ratios of D and D** mesonsinto the specific decay channels analysed
and their uncertainties are taken from [49].

e Thebranching fractions of semi-leptonic decay®f heavy quarks to a muon or electron
and their uncertainties are taken from [49].

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

e Thedecay spectra for beauty hadrons into leptonsre taken from the PYTHIA [62]
Monte Carlo (MC) programme, mixing direct semi-leptonic decand cascade decays
through charm according to the measured branching rat8jsIf4s checked that the MC
describes BELLE and BABAR data [63] well.

e When necessary for the extrapolation procedpegton-level jets are reconstructed us-
ing the same clustering algorithms as used on detector, lewel the cross sections
are corrected for jet-hadronisation effects using coiwastderived in the original pa-
pers [16, 23}

While the central values for the extrapolation factcr@g’th(xBj,Qz) /ol . (see equation 3)
are obtained in the FFNS pole-mass scheme at NLO, their tancees are calculated such
that they should cover potential deviations from the unkmé@vwe’ QCD result. The resulting
reduced cross sections, with these uncertainties incjutdad can be compared to calculations

in any QCD scheme to any order.

3.3 Combination method

The quantities to be combined are the reduced charm andyberass sectiongg, ando®,,

respectively. The combined cross sections are determinsahamon ((Bj,Qz) grid points. For

4Since no such corrections are provided, an uncertainty ois58signed to cover the untreated hadronisation
effects [16].
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Oray» the grid is chosen to be the same as in [38]. The results wes gor a centre-of-mass
energy of,/s= 318 GeV. When needed, the measurements are transformedcmntineon grid
(xBj,QZ) points using inclusive NLO FFNS calculations [25]. The utaiaties on the resulting
scaling factors are found to be negligible.

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

. . . . 2
2 ( b) <rn| N ZJ yjhernlbj N IJI’e) b 2 (4)
X m,b) = : . + i
&P Z |Z (ute. d,e,stal)2 +(m'- d,e,uncorr)2 2 J

The three sums run over the different input dataseglisted in table 1, thex(gJ,Qz) grid points

i, for which the measured cross sectiqr€ are combined to the cross sectians and the
sourcesj of the shiftsb; in units of standard deviations of the correlated uncetitssn The
correlated uncertainties comprise the correlated systemnacertainties and the statistical cor-
relation between the charm and beauty cross-section nmezasuats. The quantitieﬁ"e, di e stat
andd e uncorr denote the relative correlated systematic, relativessiedl and relative uncorre-
lated systematic uncertainties, respectively. The comaptznof the vectom are the combined
cross sectionsY while those of the vectdp are the shiftd;.

In the present analysis, the correlated and uncorrelastdrspatic uncertainties are predom-
inantly of multiplicative nature, i.e. they are proportioo the expected cross sectian's The
statistical uncertainties are mainly background domuphaied thus are treated as constant. All
experimental systematic uncertainties are treated apamient between H1 and ZEUS. For the
datasets 1, 8 and 11 of table 1, statistical correlationsd®st charm and beauty cross sections
are accounted for as reported in the original papers. Wheessary, the statistical correlation
factors are corrected to take into account differencesarkthematic region of the charm and
beauty measurements (dataset 11) or binning schemesdtdafassing theoretical predictions
calculated with the HVQDIS programme. The consistent tineait 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 theral uncertainties of the combined
data, as detailed in the following section.

4 Combined cross sections

The values of the combined cross sectiar{§and o, b, together with the statistical, the un-
correlated and correlated systematic and the total unoges, are listed in tables 2 and 3. A
total of 209 charm and 57 beauty data points are combinedtsineously to obtain 52 reduced
charm and 27 reduced beauty cross-section measuremegtsvaue of 149 for 187 degrees
of freedom (d.o.f.) is obtained in the combination, indicgtgood consistency of the input
datasets. The distribution of pulls of the 266 input datanfsowith respect to the combined
cross sections is presented in figure 1. It is consistent avi@aussian around zero without
any significant outliers. The observed width of the pulldlsttion is smaller than unity which
indicates a conservative estimate of the systematic uaingés.
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There are 167 sources of correlated uncertainties in {okedse are 71 experimental system-
atic sources, 16 sources due to the extrapolation procépaiading the uncertainties on the
fragmentation fractions and branching ratios) and 80stte&l charm and beauty correlations.
The sources of correlated systematic and extrapolatioartainties are listed in the appendix,
together with the cross-section shifts induced by the ssuend the reduction factors of the
uncertainties, obtained as a result of the combination. Ba#ntities are given in units af
of the original uncertainties. All shifts of the systemat@urces with respect to their nominal
values are smaller thanSo. Several systematic uncertainties are reduced signifycaty up
to factors of two or more. The reductions are due to the d@ifieheavy-flavour tagging methods
applied and to the fact that for a given process (charm ortggaoduction), an unique cross
section is probed by the different measurements at a dixgnQ?) 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, soraduather significantly reduced
due to the inclusion of new precise data [21-23]. The shifi @ductions obtained for the
80 statistical correlations between charm and beauty a@ssons are not shown. Only small
reductions in the range of 10% are observed and these redsare independent af; and
Q?. The cross-section tables of the combined data togethértht full information on the
uncertainties can be found elsewhere [64].

The combined reduced cross sectiarf§ando2,are shown as a function &; in bins of
Q? together with the input H1 and ZEUS data in figures 2 and 3,esgly. The combined
cross sections are significantly more precise than any ahtheidual input datasets for charm
as well as for beauty production. This is illustrated in feydr, where the charm and beauty
measurements fap? = 32 Ge\? are shown. The uncertainty of the combined reduced charm
cross section is 9% on average and reaches values of aboutdter in the region 12 GAK
Q? < 60 Ge\2. The uncertainty of the combined reduced beauty crossoseistabout 25% on
average and reaches about 15% at smpiind 12 Ge? < Q? < 200 Ge\~.

In figure 5, the new combined reduced charm cross sectionsanpared to the results of
the previously published combination [38]. Good consisyeoetween the different combina-
tions can be observed. A detailed analysis of the crosssetteasurements reveals a relative
improvement in precision of about 20% on average with reSpebe previous measurements.
The improvement reaches about 30% in the range 7°GeQ? < 60 Ge\?, where the newly
added datasets (datasets 91 in table 1) contribute with high precision.

5 Comparison with theory predictions

The combined heavy-flavour data are compared with calomatusing various schemes and
PDF sets. Predictions using the FFNS [25-32] and the VFNS3BJare considered, focussing
on results using HERAPDF2.0 PDF sets. The data are also cethpar-FNS predictions
based on different variants of PDF sets at NLO and approeiN&tLO provided by the ABM
group [26, 29]. In the case of the VFNS, recent calculationhe NNPDF group based on
the NNPDF3.1sx PDF set [37] at NNLO, which specifically ainn &éobetter description of
the DIS structure functions at smads; and Q?, are also confronted with the measurements.
The calculations in the FFNS based on the HERAPDF2.0 FF3A RD®iHl be considered as
reference calculations in the subsequent parts of the paper
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5.1 FFNS predictions

In figures 6 and 7, theoretical predictions of the FFNS in M running mass scheme are
compared to the combined reduced cross sectiffisand o2, respectively. The theoreti-
cal predictions are obtained within the open-source QCDdrmBwork for PDF determination
XFITTER [47], which uses the OPENQCDRAD programme [46] for the cresstion calcu-
lations. The running heavy-flavour masses are set to thelhawdrage values [49] ofi;(m;) =
1.274+0.03 GeV andm,(m,) = 4.18+ 0.03 GeV. The predicted reduced cross sections are
calculated using the HERAPDF2.0 FF3A [43] and ABMP16 [29] NLDRPsets using NLO
(O(a2)) coefficient functions and the ABMP16 [29] NNLO PDF set usingraximate NNLO
coefficient functions. The charm data are also compared t® ltedictions based on the
ABKMO09 [26] NLO PDF set used in the previous analysis [38] ofdmned charm data. This
PDF set was determined using a charm-quark masg(@fi.) = 1.18 GeV. The PDF sets consid-
ered were extracted without explicitly using heavy-flavdata from HERA with the exception
of the ABMP16 set, in which the HERA charm data from the previcombination [38] and
some of the beauty data [14, 23] have been included. For #digtions based on the HERA-
PDF2.0 FF3A set, theory uncertainties are given which a@ized by adding in quadrature
the uncertainties from the PDF set, simultaneous variatadn, and i by a factor of two up
or down and the variation of the quark masses within the guoteertainties.

The FFENS calculations reasonably describe the charm dgtadft) although in the kine-
matic range where the data are very precise, the data shgydapendence somewhat steeper
than predicted by the calculations. For the different PO aad QCD orders considered, the
predictions are quite similar at largé¢ while some differences can be observed at smgffer
or xgj. For beauty production (figure 7) the predictions are in gagteement with the data
within the considerably larger experimental uncertagitie

The description of the charm-production data is illustidtether in figure 8, which shows
the ratios of the reduced cross sections for data, ABKM09 aBiIR16 at NLO and approx-
imate NNLO with respect to the NLO reduced cross sectiondigied in the FFNS using the
HERAPDF2.0 FF3A set. FoR? > 18 Ge\?, the theoretical predictions are similar to each
other in the kinematic region accessible at HERA. In thisaegthe predictions based on the
different PDF sets and orders are well within the theoretinaertainties obtained for the HER-
APDF2.0 FF3A set. Towards small€? andxg;j, some differences in the predictions become
evident. In the region of 7 GAAK Q? < 120 Ge\#, the theory tends to be below the data at
smallxg; and above the data at largg, independent of the PDF set and order used.

In figure 9, the corresponding ratios are shown for the bedaits. In the kinematic region
accessible at HERA, the predictions are very similar to edahlbro Within the experimental
uncertainties, the data are well described by all calcuhati

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 compareitid charm mea-
surements. As in figure 8, the ratio of data and theory priedistto the reference calcula-
tions are shown. While the NLO VENS predictions are in genecaisistent with both the
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data cross sections and the reference calculations, thiexap@ate NNLO cross sections show
somewhat larger differences, about 10% smaller than tleeaete cross sections in the region
12 Ge\? < @* < 120 Ge\?. On the other hand, &2 < 7 Ge\? the xg; slopes of the NNLO
VFENS predictions tend to describe the data somewhat bétder the reference calculations.
Overall, the NLO and approximate NNLO VFNS predictions discthe data about equally
well, but not better than the reference FENS calculations.

In figure 11, the same ratios as in the preceding paragrapshaken for beauty produc-
tion. In the kinematic region accessible in DIS beauty pobidim at HERA, the differences
between the different calculations are small in compartsahe experimental uncertainties of
the measurements.

The calculations considered so far generally show soméoteisdescribing 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 FONLL-C esete with (NNLO+NLLsx) and
without (NNLO) low-x resummation in bottd(aZ2) matrix elements an®(ag) PDF evolution,
using the NNPDF3.1sx framework, which aim for a better dption of the proton structure
functions at lowxg; and Q?. The charm data from the previous combination have already
been used for the determination of the NNPDF3.1sx PDFs. Baltulations provide a better
description of thexg; shape of the measured charm cross section®for 32 Ge\2. However,
the predictions lie significantly below the data in most & fihase space. This is especially the
case for the NNLO+NLLsx calculations. Overall, the desioip is not improved with respect
to the FENS reference calculations.

5.3 Summary of the comparison to theoretical predictions

The comparison to data of the different predictions considies 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 prexdombined charm data [38]. The
agreement of the various predictions with the charm cresfiesm measurements of the cur-
rent analysis is poorer than with the results of the prevemmbination, for which consistency
between theory and data within the experimental unceitsing observed for most of the calcu-
lations. As shown in section 4, the charm cross sectionseottinrent analysis agree well with
the previous measurements but have considerably smattertamties. The observed changes
in the x? values are consistent with the improvement in data pratigithe predictions do
not fully describe reality. The tension observed betweencémtral theory predictions and the
charm data ranges from 30 to more than 6, depending on the prediction. Among the calcu-
lations considered, the NLO FFNS calculations provide t& description of the charm data.
For the beauty cross sections, good agreement of theoryatadsdobserved within the larger
experimental uncertainties. In all cases, the effect ofB& uncertainties on the? values is
negligible.

6 QCD analysis

The combined charm and beauty data are used together witbthigined HERA inclusive DIS
data [43] to perform a QCD analysis in the FFNS usingNt&mass-renormalisation scheme at
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NLO. The main focus of this analysis is the simultaneousrdatetion of the running heavy-
quark masses(mc) andmy(m,). The theory description of they; dependence of the reduced
charm cross section is also investigated.

6.1 Theoretical formalism and settings

The analysis is performed with theé=ITTER [47] programme, in which the scale evolution of
partons is calculated through DGLAP equations [66] at NLSOngplemented in the QCDNUM
programme [67]. The theoretical FFNS predictions for theRAEata are obtained using the
OPENQCDRAD programme [46] interfaced in tR€ITTER framework. The number of active
flavours is set tas = 3 at all scales. For the heavy-flavour contributions theescate set to

Hr = Uf = 1/ Q? +4mé. The heavy-quark masses are left free in the fit unless stétedwise.

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

calculated tdO(as). The strong coupling strength is setaé”:?’(Mz) = 0.106, corresponding

to orsanS(Mz) = 0.118. In order to perform the analysis in the kinematic regidwere pQCD
is assumed to be applicable, tf® range of the inclusive HERA data is restricted@é >
Q2,.,=3.5Ge\2. No such cut is applied to the charm and beauty data, sinceltheant scales
pf = p? = Q-+ 4mj are above 3 Ge\ for all measurements.

This theory setup is slightly different from that used foe 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 catmulaft heavy-quark production and

F_ was calculated t®(a?).

Perturbative QCD predictions were fit to the data using theesghulefinition as for the fits
to the inclusive DIS data (equation (32) in reference [4B]ncludes 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 tiir@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)° (1+Dx+ExX?), (5)

wherex is the fraction of the incoming proton momentum carried lg/ittcoming parton in the
proton’s infinite-momentum frame. The parametrised PDIEstlae gluon distributiorxg(x),
the valence quark distributionsi,(x) andxdy(x), and theu- andd-type antiquark distributions
xU (x) andxD(x).

At the initial QCD evolution scafp?, = 1.9 Ge\?, the default parameterisation of the

5In the FFNS this scale is decoupled from the charm-quark mass
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PDFs has the form:

Xg = Ap®o(1—x)% - ' xBa (1—x)%,
XUy = AUVXBUV (]_ — x)cuv (1—|— EUVXZ),
xdy

(X)
(X)
(0 = AgxX(1-x), (6)
(0 = AgE (1-x% (1+Dyx),

(x) = ApX®(1-x).

The gluon density functionxg(x), is different from equation (5), it includes an additional
term —A,xB3s (1 — x)%. The antiquark density functionsiJ(x) and xD(x), are defined as
XU (x) = xt(x) andxD(x) = xd(X) + X3(x), wherext(x), xd(x), andxs(x) are the up-, down-,
and strange-antiquark distributions, respectively. Dhal quark density functions ar) (X) =
Xuy(X) + XU (x) and xD(X) = xdy(x) +xD(x). The sea-antiquark distribution is defined as
XZ(X) = xt(x) + xd(x) + xS(x). The normalisation parametets,, Aq,, andAg are determined
by the QCD sum rules. The andB’ parameters determine the PDFs at smadind theC pa-
rameters describe the shape of the distributions-ad. The parametet = 25 is fixed [69].
Additional constraint8y = By andAg = Ag(1 — fs) are imposed to ensure the same normal-
isation for thexu andxd distributions ax — 0. The strangeness fractidg= X5/(xd + X3) is
fixed to fs = 0.4 as in the HERAPDF2.0 analysis [43].

The selection of parameters in equation (6) from the gerferal, equation (5), is made
by first fitting with all D andE parameters set to zero, and then including them one at a time
in the fit. The improvement in thg? of the fit is monitored. Ify? improves significantly, the
parameter is added and the procedure is repeated until tiefugignificant improvement is
observed. This leads to the same 14 free PDF parameters las inclusive HERAPDF2.0
analysis [43].

The PDF uncertainties are estimated according to the geapgyeoach of HERAPDF2.0 [43],
in which the experimental, model, and parameterisatioretiamties are taken into account.
The experimental uncertainties are determined from thesfitguthe tolerance criterion of

Ax?=1. Model uncertainties arise from the variations of thersjreoupling constamngB(Mz) =
0.1060+ 0.0015, simultaneous variations of the factorisation an@m@alisation scales up or
down by a factor of two, the variation of the strangenesgifrad®.3 < fs < 0.5, and the value

of 2.5 GeV? < Q2. < 5.0 Ge\? imposed on the inclusive HERA data. The total model uncer-
tainties are obtained by adding the individual contribagian quadrature. The parameterisation
uncertainty is estimated by extending the functional fonneguation (6) of all parton density
functions with additional parameteBsandE added one at a time. An additional parameteri-
sation uncertainty is considered by using the functionahf equation (6) wittg,, = 0. The

X2 in this variant of the fit is only 5 units worse than that wite treleaseds,,, parameter;
changing this parameter noticeably affects the mass detation. In addition ufzo is varied

within 1.6 Ge\? < ufo < 2.2 Ge\A. The parameterisation uncertainty is determined at each
xgj value from the maximal differences between the PDFs regpfiom the central fit and

all parameterisation variations. The total uncertaintgbgined by adding the fit, model and
parameterisation uncertainties in quadrature. The valtitee input parameters for the fit and
their variations considered, to evaluate model and pamsation uncertainties, are given in
table 5.
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6.2 QCD fit and determination of the running heavy-quark masses

In the QCD fit, the running heavy-quark masses are fitted sanatiusly with the PDF param-
eters in equation (6). The fit yields a toted = 1435 for 1208 degrees of freedom. The ratio
x2/d.o.f. = 1.19 is similar in size to the values obtained in the analysth@HERA combined
inclusive data [43]. The resulting PDF set is termed HERARBPMASS. The central values
of the fitted parameters are given in the appendix.

In figure 13, the PDFs at the scalé, = 1.9 Ge\? are presented. Also shown are the
PDFs, including experimental uncertainties, obtained bita the inclusive data only with the
heavy-quark masses fixedng(m;) = 1.27 GeV andmn,(my,) = 4.18 GeV [49]. No significant
differences between the two PDF sets are observed. Onlglat €hhancement in the gluon
density of HERAPDF-HQMASS compared to that determined frbenibclusive data only can
be observed around= 2-10-3. This corresponds to the region xwhere the charm data
are most precise. When used together with the inclusive HER®, dlae heavy-flavour data
have only little influence on the shape of the PDFs determividdquark masses fixed to their
expected values. This confirms the findings [43] made witlptiegiously published combined
charm data. However, the smaller uncertainties of the nembawation reduce the uncertainty
of the charm-quark mass determination with respect to theipus resuft [38]. The beauty-
guark mass determination improves the previous resultdbasea single dataset [23]. The
running heavy-quark masses are determined as:

me(me) = 1.290" 0328 expy/fit) T3 9%%(mode) T3 393 (parameterisationGeV,
My (My) = 4.04970155(exp/fit) "0 9aa(mode) "0 091 (parameterisationGeV. 7)

The individual contributions to the uncertainties areelisin table 5. The model uncertainties
are dominated by those arising from the QCD scale variatibnthe case of the charm-quark
mass, the variation ims also yields a sizeable contribution while the other soutead to
uncertainties of typically a few MeV, both fan.(m:) andm,(m,). The main contribution to
the parameterisation uncertainties comes from the fit maimewhich the terng,, is set to zero,
other contributions are negligible. Both mass values argieement with the corresponding
PDG values [49] and the value ot.(m;) determined here agrees well with the result from the
previous analysis of HERA combined charm cross sections [38]

A cross check is performed using the Monte Carlo method [70]J7i5 based on analysing
a large number of pseudo datasets called replicas. Forrtigs 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. cérgral values for the fitted param-
eters and their uncertainties are estimated using the mehiREIS values over the replicas.
The obtained heavy-quark masses and their experimentafertainties are in agreement with
those quoted in equation (7).

In order to study the influence of the inclusive data on thesnuetermination, fits to the
combined inclusive data only are also tried. In this case,fithresults are very sensitive to
the choice of the PDF parameterisation. When using the deffdydlarameters, the masses are
determined to benc(mg) = 1.80"9-13(exp/fit) GeV, my(my,) = 8.45"228(exp/fit) GeV, where

5The previous analysis did not consider scale variationsadeds flexible PDF parameterisation was used.
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only the experimental/fit uncertainties are quoted. In #r@awnt of the fit using the inclusive data
only and the reduced parameterisation Vdth= 0, the central fitted values for the heavy-quark
masses arem¢(m;) = 1.45 GeV,my(m,) = 4.00 GeV. The sensitivity to the PDF parameteri-
sation and the large experimental/fit uncertainties fovamgparameterisation demonstrate that
attempts to extract heavy quark masses from inclusive HERA dl@ne are not reasonable
in this framework. The large effect on the fitted masses ofesehere, when settingy,, = 0,
motivates thdg,, variation in the HERAPDF-HQMASS fit.

The NLO FFNS predictions based on HERAPDF-HQMASS are conaptaréhe combined
charm and beauty cross sections in figures 14 and 15, regggctlhe predictions based on
the HERAPDF2.0 set are included in the figures. Only minoedéhces between the different
predictions can be observed. This is to be expected becétise similarities of the PDFs, in
particular that of the gluon and the values of the heavylquaasses. The description of the
data is similar to that observed for the predictions baseithetHERAPDF2.0 FF3A set.

In figure 16, the ratios of data and predictions based HERAPIIMASS to the predic-
tions based on HERAPDF2.0 FF3A are shown for charm producfidre description of the
data is almost identical for both calculations. The datarshosteepexg; dependence than
expected in NLO FFNS. The partigf value of 116 for the heavy-flavour détéd.o.f.= 79) in
the fit presented is somewhat large. It correspondspevalué® of 0.004, which is equivalent
to 290. A similar behaviour can be observed already for the chawsscsections from the
previous combination [38], albeit at lower significance tluéhe larger uncertainties.

In figure 17, the same ratios as in figure 16 are shown for bgaotjuction. Agreement is
observed between theory and data within the large uncéesiof the measurements.

6.3 Reduced heavy-flavour cross sections as a function of the partonc

Since in LO QCD heavy-flavour production proceeds via bodaofgfusion, at least two par-
tons, the heavy-quark pair, are present in the final staterefbre, already in LO, the of the
incoming parton is different fromg; measured at the photon vertex. At LO, the glxasigiven

by

A

x:xBj'(qu%). (8)

It depends on the kinematic DIS variableg andQ? and on the invariant masof the heavy-
quark pair. At higher orders, the final state contains agldigi partons, such thatcannot be
expressed in a simple way. Independent of the order of tleulegions, only an average)
can be determined at a givq‘NBj,Qz) point by the integration over all contributions to the
cross section in the vicinity of this phase space point. laorggl8, the ratio of the measured
reduced cross sections to the NLO FFNS predictions base EE®ARDF-HQMASS is shown
as a function of(x) instead ofxgj, where(x) is the geometric mean calculated at NLO with

/It is not possible to quote the charm and the beauty conioibub this x? value separately because of the
correlations between the combined charm and beauty measots.

8The x? and thep-value given here do not correspond exactly to the stagistlefinition of x2 or p-value
because the data have been used in the fit to adjust thebraimertainties. Therefore the theory is somewhat
shifted towards the measurements. However this bias isceeghéo be small because the predictions are mainly
constrained by the much larger and more precise inclusitaesianple.
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HVQDIS. While the charm measurements cover the ran@edb < (x) < 0.1 the beauty data
are limited to a highex range, 0004 < (x) < 0.1, because of the large beauty-quark mass. For
the charm data, a deviation from the reference calculag@vident, showing a steeper slope
in (x) in the range M005< (x) < 0.01, consistent with being independent@t. Due to the
larger experimental uncertainties, no conclusion can bedffor the beauty data.

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

While inclusive DIS cross sections constrain the gluon dgmsdirectly via scaling violations,
and directly only through higher order corrections, hefiayour production probes the gluon
directly already at leading order. Contributions to heaaydlur production from light-flavour
PDFs are small. For charm production they amount to five tbtgigr cent, varying only
slightly with xg; or Q? [44]. Because of the high precision of’, reached in this analysis, a
study is performed to enhance the impact of the charm measmteon the gluon determination
in the QCD fit.

To reduce the impact of the inclusive data in the deternonaif the gluon density function,
a series of fits is performed by requiring a minimug) > Xg;j min for the inclusive data included
in the fit, with Xgj min varying from 2 10~%to 0.1. No such cut is applied to the heavy-flavour
data. Thex?/d.o.f. values for the inclusive plus heavy-flavour data and theigdayf/d.o.f.
for the heavy-flavour data only are presented in figure 19 ametibn ofxgj min. The partial
x?/d.o.f. for the heavy-flavour data improves significantly with rgiXsj min CUt reaching a
minimum atxg;j min ~ 0.04, while thex?/d.o.f. for the inclusive plus heavy-flavour data sample
is slightly larger than that obtained without a cutdg). For further studiesgj min = 0.01 is
chosen. The totak? is 822 for 651 degrees of freedom. The parjélof the heavy-flavour
data improves to 98 for 79 degrees of freedom (corresporidiag-value of 007 or 180). The
resulting gluon density function, shown in figure 20 at thelsp? = 1.9 Ge\2, is significantly
steeper than the gluon density function determined whdndiay 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 thebaosa reduced charm cross
section and the cross section as calculated from the aftezrfd, in which the inclusive data
are subject to the cuxg; > 0.01, to the reference cross sections based on HERAPDF2.0 FF3A.
The predictions from HERAPDF-HQMASS are also shown. As etgubcthe charm cross
sections fitted with theg; cut imposed on the inclusive data rise more strongly towanaal|
xgj and describe the data better than the other predictionseriargl, the predictions from the
fit with xg; cut follow nicely the charm data. A similar study for beausyalso made but no
significantimprovement in the description of the beauty data is obskrviehe heavy-quark
masses extracted from the fit witig; > 0.01 are consistent with those quoted in equation (7).

Cross-section predictions based on the three PDF setssdestin the previous paragraph,
are calculated for inclusive DIS. In figure 22, these preoiit 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 measuremé&hé calculations based
on the PDF set determined by requirirg > 0.01 for the inclusive data predict significantly
larger inclusive reduced cross sections at sl

This study shows that a better description of the charm datebe achieved by excluding
the lowxg; inclusive data in the fit. However, the calculations thehttadescribe the inclusive
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data at lowxg;. In the theoretical framework used in this analysis, it seenpossible to resolve
the 290 difference in describing simultaneously the inclusive ahdrm measurements from
HERA, using this simple approach of changing the gluon dgn3ihe comparison of various
theory predictions to the charm data in section 5 suggest#tt situation is unlikely to improve
at NNLO because the NNLO predictions presented provide agpatescription of the charm
data than that observed at NLO. The combined inclusive arsajy3] already revealed some
tensions in the theory description of the inclusive DIS ddtae current analysis reveals some
additional tensions in describing simultaneously the cdoedb charm data and the combined
inclusive data.

7 Summary

Measurements of charm and beauty production cross seatiolegp inelastiep scattering by
the H1 and ZEUS experiments are combined at the level of esHomss sections, accounting
for their statistical and systematic correlations. Theubeaross sections are combined for the
first time. The datasets are found to be consistent and théioechdata have significantly re-
duced uncertainties. The combined charm cross sectiossmel in this paper are significantly
more precise than those previously published.

Next-to-leading and approximate next-to-next-to-legetander QCD predictions of differ-
ent schemes are compared to the data. The calculationsuare fo be in fair agreement with
the charm data. The next-to-leading-order calculationthénfixed-flavour-number scheme
provide the best description of the heavy-flavour data. Témuty data, which have larger
experimental uncertainties, are well described by all QG&ljmtions.

The new combined heavy-flavour data together with the pusiopublished combined
inclusive data from HERA are subjected to a next-to-leadirdgr QCD analysis in the fixed-
flavour-number scheme using thS running-mass definition. The running heavy-quark masses
are determined as:

me(me) = 1.2907332%(exp/fit) 79594 mode) 0053 (parameterisationGeV,
My(My) = 4.04970155(exp/fit) "0 99a(mode) "0 091 (parameterisationGeV.

The simultaneously determined parton density functioesf@aund to agree well with HERA-
PDF2.0 FF3A.

The QCD analysis reveals some tensions, at the leveF piif3describing simultaneously the
inclusive and the heavy-flavour HERA DIS data. The measureédoed charm cross sections
show a strongexg; dependence than obtained in the combined QCD fit of charm ahabive
data, in which the PDFs are dominated by the fit of the includata. A study in which inclusive
data withxg; < 0.01 are excluded from the fit is carried out. A better desaiptf the charm
data can be achieved this way. However, the resulting PDOFR®fdescribe the inclusive data
in the excludedkg; region. Alternative next-to-leading-order and next-extleading-order
QCD calculations considered, including those with lkwesummation, do not provide a better
description of the combined heavy-flavour data.
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Dataset Tagging Q?range Z VS | Ne | Np
[GeV?]  |[pb~'] |[GeV]
1 H1VTX|[14] VTX 5 — 2000 245 318 29 12
2 H1D** HERA-I [10] D"+ 2 — 100 47 318 17
3 H1D** HERA-Il (medium@Q?) [20] | D** 5 — 100 348 318 25
4 H1D** HERA-II (high Q?) [15] D*+ 100 — 1000 351 318 6
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 — 10000 134 318 9
8 ZEUSu 2005 [13] U 20 — 10000 126 318 8 8
9 ZEUSD™ HERA-II [21] D 5 — 1000 354 318 14
10 ZEUSD** HERA-II [22] D** 5 — 1000 363 318 3Ll
11 ZEUS VTX HERA-II [23] VTX 5 — 1000 354 318 18 17
12 ZEUSe HERA-II [19] e 10 — 1000 363 318 $
13 ZEUSpu + jet HERA-I [16] u 2 — 3000 114 318 11

Table 1: Datasets used in the combination. For each dathsd¢ggging method, th@? range,
integrated luminosity .#), centre-of-mass energy/6) and the numbers of charnNg) and
beauty () measurements are given. The tagging method VTX denotksine measurements
based on lifetime information using a silicon vertex detectCharge conjugates are always
implied for the particles given in the column 'Tagging'.
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# | Q?[GeV?] XB; Ur%cd Ostaf %] | Suncod%] | Ocor[%0] | Orot[%0]
1 2.5 0.00003 0.1142 8.9 10(7 9.4 16.9
2 2.5 0.00007, 0.110% 5.8 6/7 8.2 12.1
3 2.5 0.00013 0.0911 7.0 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 3/4 7.8 10.0
8 5.0 0.00035 0.1164 5. 5,3 5.7 9.3
9 5.0 0.00100 0.0776 4.8 8l7 5.6 11.4
10 7.0 0.00013 0.2249 4.3 313 6.7 8.6
11 7.0 0.00018 0.2023 6.8 5|7 7.2 11.4
12 7.0 0.00030 0.1767 2.3 2|4 5.4 6.4
13 7.0 0.0005Q 0.1616 2.5 1/8 5.2 6.0
14 7.0 0.00080 0.1199 4.6 4|0 4.9 1.8
15 7.0 0.00160 0.0902 4.1 319 5.2 1.7
16 12.0 0.00022 0.316 4.9 219 5.7 .0
17 12.0 0.00032 0.2904 2.9 115 6.3 7.1
18 12.0 0.00050 0.2410 2.4 1.3 4.6 5.3
19 12.0 0.00080 0.1818 211 1.4 4.5 51
20 12.0 0.00150 0.1476 3.2 1.5 51 6.2
21 12.0 0.00300 0.1010 4.4 4,0 51 1.8
22 18.0 0.00035 0.3198 5,2 313 52 8.1
23 18.0 0.00050 0.29056 216 1.4 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 0.1630 1.9 1.3 4.2 4.7
27 18.0 0.00450 0.1137 5,5 4,1 54 8.7

Table 2: Reduced cross section for charm productigf), obtained by the combination of H1
and ZEUS measurements. The cross-section values are giyethér with the statistic@bstar)
and the uncorrelate@yncor) and correlated dcor) Systematic uncertainties. The total uncer-
tainties(ot) are obtained through adding the statistical, uncorrelatebcorrelated systematic
uncertainties in quadrature.
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# Q2 [GeVZ] XB; Ur‘ffd Ostaf%0] | Suncord%] | Ocor[%0] | Orot%0]

28 32.0 0.00060 0.388b 8.5 9,3 5.8 13.9
29 32.0 0.00080 0.3756 2.3 1.4 4.4 5.2
30 32.0 0.00140 0.280¢ 2.0 111 34 4.1
31 32.0 0.00240 0.2190 2.3 1.4 3.9 4.7
32 32.0 0.00320 0.201b 3.6 116 54 6.6
33 32.0 0.00550 0.1558 42 310 4.1 6.6
34 32.0 0.00800 0.0940 8.7 5/4 6.0 11.9
35 60.0 0.00140 0.3254 32 1.4 4.8 5.9
36 60.0 0.00200 0.3289 2.3 1,2 4.1 4.9
37 60.0 0.00320 0.2576 2.2 1.2 3.6 4.4
38 60.0 0.00500 0.192b6 2.3 1.6 4.1 5.0
39 60.0 0.00800 0.1596 4,8 3i1 3.4 6.7
40 60.0 0.01500 0.0946 8.1 615 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 146 13.7 2.7 20.2
43 120.0 0.00550 0.2173 3/3 1.6 5.4 6.5
44 120.0 0.01000 0.1519 319 2.3 5.2 6.9
45 120.0 0.02500 0.070p 136 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 6.4 8.7
49 350.0 0.02500 0.1066 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 12.8 154
52 2000.0 0.05000 0.0603 16,0 g.7 26.4 31.6

Table 2: continued
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# | Q[GeVA] | xg | 0% | Sstal%] | Guncor[%] | Scor [%] | Sot%]
1 2.5 0.00013 0.0018 284 224 11.4 37.9
2 5.0 0.00018 0.0048 10.5 7/1 19.8 23.5
3 7.0 0.00013 0.0059 8.8 112 12.7 19.1
4 7.0 0.00030 0.0040 8.6 10{3 15.2 20.2
5 12.0 0.0003Z2 0.0072 4.9 58 10.5 13.0
6 12.0 0.00080 0.0041 4.6 6/9 11.1 13.9
7 12.0 0.00150 0.0014 322 26.9 3.6 42.1
8 18.0 0.0008Q 0.0082 4.8 5|0 12.8 14.5
9 32.0 0.0006Q 0.0207 8.9 718 8.9 14.8
10 32.0 0.00080 0.015p 5.8 6l1 10.0 13.1
11 32.0 0.00140 0.0118 3.9 53 9.0 11.2
12 32.0 0.00240 0.0082 9.0 9.5 12.9 18.4
13 32.0 0.00320 0.0046 32,2 41.9 3.0 52.9
14 32.0 0.00550 0.0058 398 20.4 57.4 72.8
15 60.0 0.00140 0.0260 4.8 6.9 8.8 12.2
16 60.0 0.00200 0.016y 7.5 6.5 10.5 14.4
17 60.0 0.00320 0.009y7 107 77 14.4 19.5
18 60.0 0.00500 0.0129 5/4 4.2 14.7 16.2
19 120.0 0.00200 0.0288 6.3 5.4 9.0 12.2
20 120.0 0.00550 0.0127 2112 14.9 10.9 28.1
21 120.0 0.01000 0.0149 205 20.6 23.6 3/7.5
22 200.0 0.00500 0.0274 3.8 3.7 8.9 8.7
23 200.0 0.01300 0.0128 95 4.8 19.5 22.2
24 350.0 0.02500 0.0138 20/4 2.2 35.0 48.2
25 650.0 0.01300 0.0164 81 7.5 13.1 1v.1
26 650.0 0.03200 0.0108 8|1 8.7 14.6 18.8
27 2000.0 0.05000 0.0052 30.6 15.2 47.6 58.6

Table 3: Reduced cross section for beauty productj@g, obtained by the combination of H1
and ZEUS measurements. The cross-section values are gyethér with the statisticébstay)
and the uncorrelateyncor) and correlateddeor) Systematic uncertainties. The total uncer-
tainties(dyt) are obtained through adding the statistical, uncorrelatedcorrelated systematic
uncertainties in quadrature.
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Dataset PDF (scheme) X2 [p-valué
HERAPDF2QONLO_FF3A (FFNS) 590.23
charm [38] ABKMO09 (FFNS) 591[0.23
ABMP16_3 nlo (FFNS) 61/0.18]
ABMP16.3.nnlo (FFNS) 70/0.05)
HERAPDF2QNLO_EIG (RTOPT) 71/0.04
(Ngata=52) | HERAPDF2ONNLO_EIG (RTOPT) 66{0.09]
| NNPDF31sxNNLO (FONLL-C) | 1061.5-10°9] |
(Ngata=47) | NNPDF31sx NNLO+NLLX (FONLL-C) 710.013
HERAPDF2QNLO_FF3A (FFNS) 860.002
ABKMO09 (FFNS) 82[0.005
charm, ABMP16.3.nlo (FENS) 90[0.0008
this analysis| ABMP1&_nnlo (FFNS) 1096-1079]
HERAPDF2QNLO_EIG (RTOPT) 999-10°°]
(Ngata=52) | HERAPDF2ONNLO_EIG (RTOPT) 1024-1079)
| NNPDF31sxNNLO (FONLL-C) | 1401.5-10 1 |
(Ngata= 47) | NNPDF31sx NNLO+NLLX (FONLL-C)| 1145-10"7]
HERAPDF2QNLO_FF3A (FFNS) 380.20
beauty, ABMP16.3_nlo (FFNS) 370.10
this analysis| ABMP16&_nnlo (FFNS) 41]0.04]
HERAPDF2QNLO_EIG (RTOPT) 330.20]
(Ngata=27) | HERAPDF2ONNLO_EIG (RTOPT) 450.016

Table 4: Thex?, p-values and number of data points of the charm and beautydéitaespect
to the NLO and approximate NNLO calculations using varioD$® as described in the text.
The measurements @ = 2.5 Ge\? are excluded in the calculations of tjyé values for the
NNPDF3.1sx predictions, by which the number of data pomteduced to 47, as detailed in
the caption of figure 12.
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Parameter Variation | me(m¢) uncertainty| m,(m,) uncertainty

[GeV] [GeV]

Experimental / Fit uncertainty

2 10,046 +0.104
Total Axc=1 20041 ~0.109

Model uncertainty

fs 0.4157 0004 0001
Qi 35'75 GeV? 10,007 10,007
Y He 58 10080 0050
as'°(Mz) | 0106033918 o011 0005
Total To0ea 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

4+0.003 4+0.001
Total —0.031 —0.031

Table 5: List of uncertainties for the charm- and beautyrkjuaass determination. The PDF
parameterisation uncertainties not shown have no effeoi.om.) andm,(my).
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Figure 1: The pull distribution for the combination of theacin and beauty reduced cross
sections. The solid line shows a fit of a Gaussian to the pattidution. The mean and the

width quoted are the results from the fit.
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Figure 2: Combined measurements of the reduced charm prodwcoss sectionsg <, (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 bamesent the total uncertainties. The
input measurements with their total uncertainties arestswn by different markers. For better

visibility the individual input data are slightly displagtén xg; towards larger values.
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Figure 3: Combined measurements of the reduced beauty piralgcoss sections;r%%, (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 bamesent the total uncertainties. The
input measurements with their total uncertainties arestswn by different markers. For better
visibility the individual input data are slightly displagtén xg; towards larger values.
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Figure 4: Reduced cross sections as a functiongpfat Q? = 32 Ge\ for (a) charm and
(b) beauty production. The combined cross sections (futles) are compared to the input
measurements shown by different markers. For the combireasunements, the inner error
bars indicate the uncorrelated part of the uncertaintiesthe outer error bars represent the
total uncertainties. For better visibility the individuabut data are slightly displaced ig;
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 [38hoted as ‘HERA
2012’ (open circles).
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Figure 6: Combined reduced charm cross sectiofg, (full circles) as a function okg; for
given values of?, compared to the NLO QCD FFNS predictions based on the HERARDF2
FF3A (solid lines), ABKMO09 (dashed lines) and ABMP16 (dottees) PDF sets. Also shown
Is the approximate NNLO prediction using ABMP16 (dashedeatblines). The shaded bands
on the HERAPDF2.0 FF3A predictions show the theory unceresmbtained by adding PDF,
scale and charm-quark mass uncertainties in quadrature.
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Figure 7: Combined reduced beauty cross sectiofly, (full circles) as a function ofg; for
given values of?, compared to the NLO QCD FFNS predictions based on the HERARDF2
FF3A (solid lines) and ABMP16 (dotted lines) PDF sets. Alsovehis the approximate NNLO
prediction using ABMP16 (dashed-dotted lines). The shaaadi®on the HERAPDF2.0 FF3A
predictions show the theory uncertainties obtained byrafl#DF, scale and beauty-quark mass
uncertainties in quadrature.
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Figure 8: Ratio of reduced charm cross secti@f§,, as a function okg; for given values of
Q? for the combined data (full circles) and the NLO (dashed astted lines) and approximate
NNLO (dashed-dotted lines) QCD FFNS predictions, obtaingdguvarious PDFs, as in fig-
ure 6, with respect to the FFNS NLO prediction$s,"°™, obtained using HERAPDF2.0 FF3A
(solid lines with shaded uncertainty bands).
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Figure 9: Ratio of reduced beauty cross sectiar§,, as a function okg; for given values of
Q? for the combined data (full circles) and the NLO (dashed astted lines) and approximate
NNLO (dashed-dotted lines) QCD FFNS predictions, obtainrgdgithe same PDF sets as in

figure 7, with respect to the FFNS NLO predictio@%”om, obtained using HERAPDF2.0

FF3A (solid lines with shaded uncertainty bands).
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Figure 10: Ratio of reduced charm cross secti@f§,, as a function okg; for given values
of Q? for the combined data (full circles) and the NLO (dashededbtines) and approximate
NNLO (dashed lines) VENS predictions, obtained using tepeetive HERAPDF2.0 PDF sets,
with respect to the FFNS NLO predictiorss,"°™, obtained using HERAPDF2.0 FF3A (solid
lines with shaded uncertainty bands). The uncertaintiethi®®VENS predictions (not shown)
are of similar size to those presented for the FFNS calauati
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Figure 11: Ratio of reduced beauty cross sectiaf8,, as a function okg; for given values

of Q? for the combined data (full circles) and the NLO (dashededbtines) and approximate
NNLO (dashed lines) VFENS predictions, obtained using tepeetive HERAPDF2.0 PDF sets,
with respect to the FFNS NLO predictiong2,"°™, obtained using HERAPDF2.0 FF3A (solid
lines with shaded uncertainty bands). The uncertaintiethi®®VFNS predictions (not shown)

are of similar size to those presented for the FFNS calaumati

42

Bj



° HERA
NLO HERAPDF2.0 FF3A

NNPDF31sx NNLO FONLL-C H1 and ZEUS

------ NNPDF31sx NNLO+NLLX FONLL-C

k]

g I o )
S5 1.2 HE
5 o /
58 - °
B 0.8 i
: i 5
1.2 i 5.:'.':
1_— -
0.8+
- Q%= 66 GeV?
1.2+
ir
0.8+
i i 1 T """i T """i T """I T "' LELRLARLL | T WA | LA | T '.m'l
1.2 [ Q" =350 GeV* 4] Q° =650 GeV ¥ [ Q” =2000 GeV? ’4‘;;5'
i 2%
1t , k=
0.8t + 1 -
10* 10° 102 10* 10° 102 10* 10° 107 y
Bj

Figure 12: Ratio of reduced charm cross sectiasf§,, as a function ofg; for given val-
ues ofQ? for the combined data (full circles) and the NNLO VFNS préidies of the NNPDF
group with respect to the FFNS prediction$s"°™, obtained using HERAPDF2.0 FF3A (solid
lines with shaded uncertainty bands). Results from two idiffecalculations are shown: with-
out (FONLL-C, dotted lines with uncertainty bands) and wibkvix resummation (FONLL-
C+NLLsx, dashed lines). For the calculations the NNPDF3RB¥ set is used. For better
clarity of the presentation the uncertainties of the FONNLtsx calculations are not shown.
These are in size similar to those shown for the FONLL cataria. No FONLL predictions
based on NNPDF3.1sx are shown@t= 2.5 Ge\? because this value lies below the starting
scale of the QCD evolution in the calculation§Ze\A).
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Figure 13: Parton density functions (x, Q%) at the starting scalg? = 2, = 1.9 Ge\? with

f = w,dy, g, for the valence up quark (a), the valence down quark (b), iheng(c) and the
sea quarks (d) of HERAPDF-HQMASS (solid dark lines) and atgdifrom fit to the combined
inclusive data only (light grey lines). The experimentalificertainties obtained from the fit to
inclusive data only are indicated by the hatched bands. &erbvisibility the uncertainties for
HERAPDF-HQMASS, which are of similar size, are not 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 lined)e $haded bands on the
HERAPDF2.0 FF3A predictions show the theory uncertainti#sioed by adding PDF, scale
and charm-quark mass uncertainties in quadrature.
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Figure 15: Combined reduced beauty cross sectiofly, (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 lined)e $haded bands on the
predictions using the fitted PDF set show the theory unceigsiobtained by adding PDF, scale
and beauty-quark mass uncertainties in quadrature.
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Figure 17: Ratio of reduced beauty cross sectiaf8,, as a function okg; for given values
of Q? for the combined data (full circles) and the NLO FFNS predit$ using HERAPDF-
HQMASS (dashed lines) with respect to the reference cragioss, g2%,"°™ based on HER-
APDF2.0 FF3A (solid lines with uncertainty bands).
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Figure 18: Ratio of the combined reduced cross sectiongiFgand (b)o,, to the respective
NLO FFNS cross-section predictionsy", based on HERAPDF-HQMASS, as a function of
the partonig/x) for different values ofQ?.
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Figure 19: The values gf? per degree of freedom of the QCD fit to the inclusive and heavy-
flavour data: (triangles) for the heavy-flavour data only @dats) for the inclusive plus heavy-
flavour data when including in the fit only inclusive data Wit > Xg;j min.
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f =uy,dy, g, Z for the valence up quark (a), the valence down quark (b),’tthmgc) and the sea
quarks (d) of HERAPDF-HQMASS (full lines) and obtained frame QQCD fit to the combined
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Figure 21: Ratio of combined reduced charm cross sectigfg, (full circles) as a function
of xg; for given values ofQ?, compared to the NLO FFNS predictions based on HERAPDF-

HQMASS (dashed lines) and those resulting from the altemét when requiringsg; > 0.01
for the inclusive data (dashed dotted lines), with respetiie reference cross sectiom$s,"°™,
based on HERAPDF2.0 FF3A (full line with uncertainty bands).
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Figure 22: Ratio of combined reduced NC cross sectiofige, (full circles) as a function of

xgj for selected values aD?, compared to the NLO FFNS predictions based on HERAPDF-
HQMASS (dashed lines) and those resulting from the altemdit with xg; > 0.01 required
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Table A.1 lists the sources of correlated uncertaintiesttogy with the shifts and reductions

Appendix

obtained as a result of the combination. Table A.2 providesentral values of the fitted
parameters.
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Dataset Name shifo] | reduction factor
2-7,8¢,9,10,11c, theorgye 0.29 065
2-13 theoryu,, ys variation -0.82 045
2-13 theoryps(Mz) 0.17 095
1-7,8¢,9,10 theory, fragmentatiorog —0.82 080
2-7,8¢,9,10 theory, fragmentatiors ™ —144 083
2-7,8¢,9,10 theory; transverse fragmentation —0.10 090
2-7,10 f(c— D*") 0.43 092
2-6,10 BRD*+ — DOrmrt) 0.14 099
2-7,10 BRD® — K~ ") 0.47 098
1-4 H1 CJC efficiency 29 078
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 2B 074
2 H1 MC alternative fragmentation —0.09 068
3,4 H1 primary vertex fit (B1 098
1,3,4 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 H1D* multiplicity —0.30 094
1 H1D** multiplicity —-0.02 098
1 H1Dg multiplicity 0.09 097

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

induced by this source and the reduction factor of the catedl uncertainty in units of af-

ter the first iteration. For those measurements which hamal&neously extracted charm and
beauty cross sections, a suffbor ¢ indicates that the given systematic source applies only to

the charm or beauty measurements, respectively.
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Datasetl Name shift [g] | 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 Q05 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 .09 054
9,10,11| ZEUS electron energy scale 29 055
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 Qo 099
11 ZEUS VTXErT (jet) reweighting in charm MC as 096
11 ZEUS VTXErT (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—DT) -0.11 094
BR(Dt — K mrm) -0.10 095
ZEUSD™ decay length smearing .@b 099
9,10 ZEUS beauty MC normalisation a7 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) 5D 095

Table A.1: continued
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Dataset 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 3D 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: piiss 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 beauty:x 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: BRDO) 0.16 100
8b,11b,12,13 theoryn, 0.60 093
8b,12,13 theonyh 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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A B C D E A B
Xg 281 | —0.198| 814 139 | -0.273
XUy 3.66 | 0678 | 487 147
Xdy 3.38 | 0820 | 427
xU 0.102| —-0.172| 827 | 139
xD 0.170| —0.172| 583
me(me) [GeV] 1.29
my(my) [GeV] 4.05

Table A.2: Central values of the fitted parameters of HERAPOPMASS (see equation 6).
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