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Abstract
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Measurements of open charm production cross sections rideasticep scatter-
ing at HERA from the H1 and ZEUS Collaborations are combinBéduced cross sec-
tions o<, for charm production are obtained in the kinematic rangehuftgn virtuality
2.5 < Q? < 2000 GeV? and Bjorken scaling variablg- 1075 < z < 5-1072. The com-
bination method accounts for the correlations of the syatenuncertainties among the
different data sets. The combined charm data together thitttombined inclusive deep-
inelastic scattering cross sections from HERA are usedms for a detailed NLO QCD
analysis to study the influence of different heavy flavouesegs on the parton distribution
functions. The optimal values of the charm mass as a parainéteese different schemes
are obtained. The implications on the NLO predictions W6F and Z production cross
sections at the LHC are investigated. Using the fixed flavoumnber scheme, the running
mass of the charm quark is determined.
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1 Introduction

Measurements of open charm production in deep-inelasﬁiﬂreiﬁ]—proton scattering (DIS) at
HERA provide important input for stringent tests of the theof strong interactions, quantum
chromodynamics (QCD). Previous measurements [1-18] hewmwdstrated that charm quarks
are predominantly produced by the boson-gluon-fusiongs®gg — c¢, which is sensitive to
the gluon distribution in the proton.

The mass of the charm quark,., provides a sufficiently high scale necessary to apply per-
turbative QCD (pQCD). However, additional scales are imedlin charm production, e.g. the
virtuality, @2, of the exchanged photon in case of DIS and the transverseemtappy, of

the outgoing quarks. The presence of several hard scaleglicates the QCD calculations
for charm production. Depending on the details of the treatnof m., @ andpr, different
approaches in pQCD have been formulated. In this paper, #ssine fixed-flavour-number-
scheme (FFNS) [19-23] and different implementations oféméable-flavour-number-scheme
(VENS) [24+31] are considered.

At HERA different techniques have been used to measure d@emgproduction cross sections
in DIS. The full reconstruction oD or D* mesonsl[1,2,14+6,10-12,115]18], the long lifetime
of heavy flavoured hadrons![7-+9, 12| 14] or their semi-lejatalecays|[13] are exploited. In
general, the best signal-to-background ratio of the chammpdes is observed in the analysis of
fully reconstructedD* mesons. However, the branching ratios are small and theepdpesce

of charm production accessible wiih* mesons is restricted considerably because all products
from the D* meson decay have to be measured. The usage of semi-lepémaigsdof charmed
hadrons for the analysis of charm production can profit frarge branching fractions and a
better coverage in polar angle at the cost of a worse sigrbktkground ratio. Fully inclusive
analyses using lifetime information are not hampered bygifipdranching ratios and are in
addition sensitive to low transverse momenta. Among théau= used it has the largest phase
space coverage, however it yields the worst signal-to-gpacind ratio.

In this paper the published data of H1[9/10,14,15,18] and 346,12, 13] are combined. All
publications on data sétare included for which the necessary information on systena-
certainties needed for the combination is available andfvhave not been superseded. For the
combination, the published cross sections in the restrighase space regions of the individual
measurements are extrapolated to the full phase spacermh ginaduction in a coherent man-
ner by the use of FFNS calculations in next-to-leading ofdi&O). This includes the coherent
treatment of the related systematic uncertainties.

The combination is based on the procedure described in f32-1he correlated systematic
uncertainties and the normalisation of the different mesments are accounted for such that
one consistent data set is obtained. Since different exjeatial techniques of charm tagging
have been employed using different detectors and metholdimematic reconstruction, this
combination leads to a significant reduction of statistesal systematic uncertainties.

The combined charm data are used together with the combickgive DIS cross sectioris [|34]
to perform a detailed QCD analysis using different modelsharm production in DIS. The

LIn this paper ‘electron’ is used to denote both electron agitpn if not otherwise stated.
2 The data taken up to the year 2000 and data taken after 2002fareed to as HERA-I and HERA-II,
respectively.



role of the value for the charm quark mass which enters asamer in these models is
investigated and the optimal value of the charm quark massweter is determined for each
of the QCD calculations considered. The impact of this ojstation on predictions df’ = and

Z production cross sections at the LHC is discussed. The mgmiass of the charm quark is
determined using the modified minimal subtraction schevifg)(variant [35] of the FFNS.

The paper is organised as follows. In section 2 the diffetkabretical schemes of charm
production are briefly reviewed. The data samples used écdmbination and the details of
the combination procedure are described in se¢fion 3. Thidtseon the combined reduced
cross section are presented in seclibn 4. The predictions different QCD approaches for
charm production in DIS are compared to the measurementtioe&. The QCD analysis is
presented in sectidd 6. Conclusions are given in settion 7.

2 Open charm production in DIS

In this paper, charm production via neutral-current dewegpaisticep scattering is considered.
In the kinematic domain addressed, where the virtu#@lityof the exchanged boson is small,
Q? < M2, charm production is dominated by virtual photon exchafde cross section may
then be written in terms of the structure functidié(z, Q%) and F¢%(x, Q?) as

d20.cE B 271'&2(622)
dzd@Q?  zQ*

([1+ (1 - 9)’)F(2, Q") — ¥*Fi (2, Q%) (1)

Herex = Q?/2p-q is the Bjorken scaling variable and= p- q/p- [ is the inelasticity wittp, ¢
and! denoting the 4-momenta of the proton, photon and electespectively, and)? = —q>.
The suffixcé indicates the presence ofca pair in the final state, including all possible QCD
production processes. The cross sectiéwr®/dxd@? is given at the Born level without QED
and electro-weak radiative corrections, except for theinmelectromagnetic coupling{Q?).

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

O_cE B d2ac6 ZBQ4
rd T dedQ? 27ra22(Q2) (1+(1—1y)?)
_ y _
N ) S— 2

The contributionF's¢, originating from the exchange of longitudinally poladsphotons, is
small in the kinematic range of this analysis and reachesoup few per cent only at high

y [36].

The above definition OF;(EL) (z,Q?) (also denoted a8, [29] or F, s, [37]) is suited for mea-
surements in which charm is explicitly detected. It difffnem what is sometimes used in
theoretical calculations in whichj (a: Q?) [28,29/38] is defined as the contribution to the
inclusive o1, (z, @?) in which the V|rtual photon couples directly tacar ¢ quark. The latter
excludes contrlbutlons from final state gluon splitting tecgair in events where the photon
couples directly to a light quark, and contributions fronemts in which the photon is replaced
by a gluon from a hadron-like resolved photon. As shown itetalof [29], the gluon splitting
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contribution is expected to be small enough to allow a realsiencomparison of the experi-
mental results to theoretical predictions using this difini The hadron-like resolved photon
contribution is expected to be heavily suppressed at Gigtbut might not be completely neg-
ligible in the low Q? region. From the point of view of pQCD it appears@ta?) and it is
neglected in all theoretical calculations used in this pape

At photon virtualities not much larger than the charm quaiss) charm production in DIS
is described in the framework of pQCD by flavour creation tigto the virtual photon-gluon-
fusion process. Sincea pair is being produced, there is a natural lower cutoftf, for the
mass of the hadronic final state. The non-zero mass influehedsnematics and higher order
corrections in essentially all the HERA phase space. Thezehe correct treatment of the mass
of charm and beauty quarks is of particular importance irQE#® analysis and determination
of parton distribution functions (PDFs) of the proton. le following, the different approaches
used in the treatment of the charm quark mass in pQCD calonsaére discussed.

2.1 Zero Mass Variable Flavour Number Scheme

In the zero-mass variable-flavour-number-scheme (ZM-VHRE the charm quark mass is set
to zero in the computation of the matrix elements and kinemsgand a threshold is introduced
at Q> ~ m?2, below which the charm production cross section is assumedhniish. The
charm quark is also excluded from the parton evolution arlg ttmee light flavours are left
active. Above this threshold, charm is treated as a magséetsn in the proton, leading to the
introduction of the charm quark distribution function oetproton. The transition from three
to four active flavours in the parton evolution follows the BM prescription[[26]. The lowest
order process for charm production in this approach is ttfekgparton-model like scattering
at order zero inv,. The running ofy, is calculated using three flavours ¢, s) below the scale
m,, and using four or five flavours (including charm and beaubypyva the respective threshold
scales. The main advantage of this scheme is th&thlevolution of the charm density provides
a resummation of terms proportionalltg(Q?/m?) that may be large at larg@?. It has been
shown [15], 18] that this approach does not describe the cherduction data at HERA.

2.2 Fixed Flavour Number Scheme

In the fixed-flavour-number-scheme (FFNS) the charm quare&ed as massive at all scales,
and is not considered as a parton in the proton. The numbectivkdlavours,n;, is fixed

to three, and charm quarks are assumed to be produced orig inard scattering process.
Thus the leading order (LO) process for charm productiohesioson-gluon-fusion process at
O(as). The next-to-leading order (NLO) coefficient functions @dvarm production a®(a?)

in the FFNS were calculated in [19] and adopted by many glQi&eD analysis groups [20—23],
providing PDFs in the FENS. In the data analysis presentddsmpaper, the prediction of open
charm production in the FFNS at NLO is used to calculate sieki[19] and exclusive [39]
quantities.

In the calculations[[19, 39] the pole mass definition/ [40] sedi for the charm quark mass,
and gluon splitting contributions are included. In a recariant of the FFNS scheme (ABM
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FFNS) [35], the running mass definition in the modified miniszbtraction schemeS) is
used instead. This scheme has the advantage of reducingrbigisty of the cross sections to
higher order corrections, and improving the theoreticatmion of the mass definition.

To O(a,), which is relevant for the calculation of cross section®©t@?), the MS and pole
masses are related hy [41]

2
mc(Q) = mc,pole 1 - % - 3as lIl <Q7>:| ) (3)

T 4 me(m,)?

I.e. the running mass evaluated at the s€ate m, is smaller than the pole mass.

2.3 General Mass Variable Flavour Number Scheme

In the general-mass variable-flavour-number-schemes WEMS) charm production is treated
in the FFENS in the lowQ? region, where the mass effects are largest, and in the ZMS/FN
approach at high)?, where the effect of resummation is most noticeable. Atrmezliate
scales an interpolation is made between the FFNS and the EMSY avoiding double count-
ing of common terms. This scheme is expected to combine thensages of the FFNS and
ZM-VENS, while introducing some level of arbitrariness irettreatment of the interpolation.
Different implementations of the GM-VFNS are available{32%] and are used by the global
QCD analysis groups.

The freedom introduced by choosing an interpolation apgrgaevents a clear interpretation
of the charm mass in terms of a specific renormalisation seherherefore the charm mass
appearing in the GM-VFNS will be treated in the following B8ens as an effective mass pa-
rameter,M., of the individual interpolation models.

3 Combination of H1 and ZEUS measurements

3.1 Data samples

The H1 [42] and ZEUS [43] detectors were general purposeumsints which consisted of
tracking systems surrounded by electromagnetic and hadralorimeters and muon detectors,
ensuring close tdr coverage of thep interaction point. Both detectors were equipped with
high-resolution silicon vertex detectors: the Centraic8it Tracker[[44] for H1 and the Micro
Vertex Detectorl[45] for ZEUS.

The data sets included in the combination are listed in {8lzgled correspond tb55 different
cross section measurements. The combination includesune@asnts of charm production
performed using different tagging techniques: the recansbn of particular decays ab-
mesons [[4,6,10,12,15,118], the inclusive analysis of sa{ploiting lifetime information [14]
or the reconstruction of muons from charm semi-leptoniagie¢13].

The results of the inclusive lifetime analysis [14] are dilgtaken from the original measure-
ment in the form oiz¢S, . In the case ofD-meson and muon measurements, the inputs to the
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combination are visible cross sectiong i, defined as theé (or 1) production cross section

in a particularpz andn range, reported in the corresponding publicaﬁom; bins of @ and

y or z. Where necessary, the beauty contribution to the inclusiges sections oD meson
production is subtracted using the estimates of the cavreipg papers. The measured cross
sections include corrections for radiation of a real phdtom the incoming or outgoing lepton
and for virtual electroweak effects using the HERACLES paog [46]. QED corrections to the
incoming and outgoing quarks were neglected. Atmeson cross sections are updated using
the most recent branching ratios [40].

3.2 Extraction of o¢¢, from visible cross sections

In the case ofD-meson and muon production;s, is obtained from the visible cross sections
Ovispin Measured in a limited phase space using a common theory. etineed charm cross
section at a reference (Q?) point is extracted according to
cc,th 2
- Oreq (z,Q
0542, Q) = o 2 L) @
vis,bin
The program from Riemersma et al. [19] and the program HVQB8 are used to calculate,
in NLO FENS, the reduced cross secticu‘fgth(m, @Q?) and the visible cross section';%‘i”s,bin,
respectively. The following parameters are used congigtenboth NLO calculations and the
corresponding variations are used to estimate the asedaiatcertainties on the extraction of

cC -
Ored -

e pole mass of the charm quarkm, = 1.5 £ 0.15 GeV,;

e renormalisation and factorisation scalesy; = p, = /Q? + 4m2, varied simultane-
ously up or down by a factor of two;

e strong coupling constanta?f:3(MZ) = 0.105 + 0.002, corresponding t@?fZS(MZ) =
0.116 + 0.002;

e the proton structure is described by a series of FFNS variants of the HERAPDF1.0
set [34] at NLO, evaluated fan, = 1.5 + 0.15 GeV and foras’ > (Mz) = 0.105 +
0.002. For the light flavour contribution, the renormalisatiorddactorisation scales are
settou, = puy = @, while for the heavy quark contributions the scalegipf= p, =

\/QF+ 4m§2 are used, witlng being the mass of the charm or beauty quark. Additional

PDF sets are evaluated, in which the scales are varied sinadusly by a factor of two

up or down. Only the scale variation in the heavy quark cbation has a sizeable effect
on the PDFs. The experimental, model and parameterisatioertainties of the PDFs

at 68% C.L. are also included in the determination of the PDF umdeties onc<s, .

For estimating the uncertainties of the NLO calculation,/[B9] due to the respective
choice of the scalesy, andm,., the appropriate PDF set is used. The effects of the PDF
uncertainties are calculated according to the HERAPDFe8quiption [34].

3A misprint was found in table 3 of [6]: for the rows 22 and 23 theanges should rea@l22 — 0.10 and
0.10 — 0.02, respectively. Another misprint was found in table 2[of [18je Q? range in the last row should be
400 : 10000 GeV2.
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The cross sectionsg?s,bin depend, in addition to the kinematics of the charm quark ypced
tion mechanism, also on the fragmentation of the charm qumcdkparticular hadrons. The
charm quark fragmentation function has been measured by4HlLgnd ZEUS [[11] using
the production ofD* mesons, with and without associated jets, in DIS and phothption
(Q* ~ 0 GeV?). In the calculation oty ;| the fragmentation is performed in thé-p centre-
of-mass frame, using for the fraction of the charm quark muoma carried by the charmed
meson a fragmentation function which is controlled by a leinmarameterqy [48]. The pa-
rameter relevant for charm fragmentation il mesons has been determined [11,47] for the
NLO FFNS calculation for three different kinematic and jetjuirements, which correspond
approximately to three different regions of tiieparton centre-of-mass energy squarted,he
values ofa, together with the corresponding rangesjrare listed in tablel2. The fragmen-
tation is observed to become softer with increasings expected from the evolution of the
fragmentation function. The limits on thlieranges are determined with HVQDIS by applying
the jet requirements of the individual analysis on partaelle Theay parameters and the

ranges were varied according to their uncertainties taaalthe corresponding uncertainty on
Ufrlils,bin'

Since ground-stat® mesons partly originate from decays bf and other excited mesons,
the corresponding charm fragmentation function is softantthat measured usidg* mesons.
From kinematic considerations [49], supported by expentaleneasurements [50], the expec-
tation value for the fragmentation function of charm ifm®"°?"", D+ and in the mix of charm
hadrons decaying into muons, has to be reduces by, with respect to that foD* mesons.
The values ofvy for the fragmentation into ground state hadrons, used fofteP"" D+
andp measurements, have been re-evaluated accordingly anepemead in tablgl2.

Transverse fragmentation is simulated assigning to chédumaérons a transverse momentum,
kr, with respect to the charm quark direction, according(ter) = kr exp(—2kz/(kr)). The
averag€kr) is sett00.35 + 0.15 GeV [51].

The fragmentation fractions of charm quarks into sped¥imesons are listed in tallé 3. They
are obtained from the averageddfe andep results[52]. The semi-leptonic branching fraction
B(c — ) [40] is also given. The decay spectrum of leptons from chaewagls is taken
from [53].

To evaluate the extrapolation uncertainty on the extramteddced cross section:’, , all the
above parameters are varied by the quoted uncertaintiesaaidvariation is considered as a
correlated uncertainty among the measurements to whipiplitss. The dominant contributions
arise from the variation of the fragmentation function (@ge3 — 5%) and from the variation
of the renormalisation and factorisation scales (avebagé%, reachingl5% at lowestQ?). In

a few cases, the symmetric variation of model parametetsdtsaa an asymmetric uncertainty
on the cross section. In such cases, the larger differertbe@apect to the default cross section

is applied symmetrically as systematic uncertainty.

3.3 Commonz — Q2 grid

Except for the H1 lifetime analysis [14], the valuesdff, for individual measurements are
determined at thé2 (z, Q%) points of a common grid. The grid points are chosen such that
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they are close to the centre-of gravity inand @?* of the corresponding.is i bins, taking
advantage of the fact that the binnings used by the H1 and Z&ig&riments are similar. Prior

to the combination, the H1 lifetime analysis measurememdransformed, when needed, to
the common grid#£, Q?) points using the NLO FFNS calculation [19]. The resulticgling
factors are always smaller thaf% and the associated uncertainties, obtained by varying the
charm mass, the scales and the PDFs, are negligible. Foutdilvb grid points at least two
measurements enter into the combination.

3.4 Combination method

The combination of the data sets uses-theninimisation method developed for the combina-
tion of inclusive DIS cross sections [32]34]. Théfunction takes into account the correlated
systematic uncertainties for the H1 and ZEUS cross sectieasaorements. For an individual
data sete, thex? function is defined as

R 2
mi — 3 ymib; — pie
Xexpe (M, 0) = ( R >,)2 +) b (5)
J

; (52 e,stat Mz,e)z + (51 e,uncor M*
7 ] )

Hereu®< is the measured value of?, (z;, Q?) at an(z, Q?) pointi and"*, 0i e stat ANAY; ¢ uncor

are the relative correlated systematic, relative statiftand relative uncorrelated systematic
uncertainties, respectively. The vectarof quantitiesn! expresses the values of the combined
cross section for each pointand the vectob of quantitiesh; expresses the shifts of the cor-
related systematic uncertainty sourcgsin units of the standard deviation. Several data sets
providing a number of measurements are represented byl atdtanction, which is built from

the sum of theyZ,, . functions of all data sets

X?ot = Z szp,e : (6)
e

The combined reduced cross sections are given by the vectatained by the minimisation
of x2,, With respect tom andb. With the assumption that the statistical uncertainties ar
constant and that the systematic uncertainties are piopartom?, this minimisation provides
an almost unbiased estimatoraf.

The double differential cross section measurements, usedpat for the combination, are
available [54] with their statistical and systematic unaeities. The statistical uncertainties
correspond td; . s, iN equation[(b). The systematic uncertainties within eagasnrement
are classified as either point-to-point correlated or ptmApoint uncorrelated, corresponding
to 7;."3 andd; . uncor, rf€Spectively. Asymmetric systematic uncertainties grersetrised before
performing the combination. The result is found to be ingamsto the details of the symmetri-
sation procedure.

In the present analysis the correlated and uncorrelateeragsic uncertainties are predomi-
nantly of multiplicative nature, i.e. they change propamtlly to the central values. In equa-
tion (8) the multiplicative nature of these uncertaintesaken into account by multiplying the
relative errorSyj’e andd; ¢ uncor DY the expectatiom?.
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In charm analyses the statistical uncertainty is mainljkemund dominated. Therefore it is
treated as constant independent6f To investigate the sensitivity of the result on the treat-
ment of the uncorrelated and, in particular, statisticalantainty, the analysis is repeated using
an alternativey? definition in which only correlated uncertainties are takesnmultiplicative
while the uncorrelated uncertainties are treated as aonsiia a third approach the statistical
uncertainties are assumed to be proportional to the sqoat®@fm¢. The differences between
the results obtained from these variations and the nomésailrr are taken into account as an
asymmetric procedural uncertainty and are added to thieuacartainty of the combined result
in quadrature.

Correlations between systematic uncertainties of diffemeeasurements are accounted for. Ex-
perimental systematic uncertainties are treated as imdiepe: between H1 and ZEUS. Extrap-
olation uncertainties due to the variation of the charm kuaass and the renormalisation and
factorisation scales, charm fragmentation as well as biagdractions are treated as correlated.
All reduced cross section data from H1 and ZEUS are combimemé simultaneous minimi-
sation, through which the correlated uncertainties areged also at®?, z) points where only
one measurement exists.

4 Combined charm cross sections

The values of the combined cross sectigf) together with uncorrelated, correlated, procedural
and total uncertainties are given in table 4. In totah measurements are combinedfocross-
section measurements.

The data show good consistency, withy‘avalue per degree of freedomg,s, of X?/ngor =
62/103, indicating that the uncertainties of the individual measwents have been estimated
conservatively. The distributions of pulls (as defined id])3s shown in figuré 1. No signif-
icant tensions are observed. For data with no correlate@msgic uncertainties the pulls are
expected to follow Gaussian distributions with zero meahwamit width. Correlated systematic
uncertainties lead to narrowed pull distributions.

There are in totalt8 sources of correlated systematic uncertainty, includilodpg normali-
sations, characterising the separate data sets. The ahdtshe reduction of the correlated
uncertainties are given in talllé 5. None of these systematicces shifts by more than2 o

of the nominal value in the averaging procedure. The inflaeriseveral correlated systematic
uncertainties is reduced significantly in the result. F@megle the uncertainties from the vertex
analyses due to the light quark background (H1) and due ttrélcking (ZEUS) are reduced
by almost a factor of two. The reductions can be traced mamthe different charm tagging
methods, and to the requirement that different measurenpeabe the same cross section at
each £, Q?) point. In addition, for certain kinematic regions one magasent has superior
precision and the less precise ones follow its trend thrabgHit. The reduction of systematic
uncertainties propagates to the other average pointsidimg those which are based solely on
the less precise measurements.

The cross section tables of the input data sets used in tihgsangee sectionl 3) together with
the full information of the correlations among these craagisn measurements can be found
elsewhere[[54]. The combined reduced cross section ismEbs@ figurd 2 as a function of

15



z, in bins of @2, and compared to the input H1 and ZEUS data in figure 3. The twdb
data are significantly more precise than any of the indiMichyaut data sets. This is illustrated
in figure[4, where the measurements @t = 18 Ge\? are shown. The uncertainty of the
combined results i$0% on average and reaché% in the region of smalk and mediumQ?.
This is an improvement of about a factor of 2 with respect thez the most precise data sets
in the combination.

5 Comparison to theoretical predictions

Before proceeding to the QCD analysis including these diaajnstructive to compare them
to various QCD predictions produced by different theoryugpsy for which the parameters are
listed in tabld 6. This comparison tests the interplay betwine gluon and/or heavy flavour
PDFs as obtained in different schemes and the charm treatmigin each scheme (section
2), as well as the related choice of the central value for éspective charm mass parameter.
Some of the findings in this section can be cross-relatedi@gponding more detailed NLO
QCD studies in sectiopn 6. In addition, the effect of NNLO eations is studied here. The
full calculation of the heavy quark coefficient functionsaigilable atO(a?) only. TheO(a?)
corrections listed in tablg 6 correspond to partial resution&orrections applied in some kine-
matic ranges of charm production. Most predictions alreamhtain some measured charm data
from previous publications as input (see tdBle 6 for détails

In figure[5 the reduced cross sectioff, is compared with predictions of the MSTW group
in the GM-VFNS at NLO and NNLO, using the RT standard|[28] ane RT optimised [31]
interpolation procedure of the cross section at the chawdymtion threshold. At NLO, the
optimised prediction tends to describe the data better theustandard one at lowé)?>. The
description of the data is improved in NNLO compared to NLO.

In figurel6 the data are compared to the NLO predictions basétElRAPDF1.5([55] extracted
in the RT standard scheme using as inputs the published HERA} and the preliminary
HERA-II combined inclusive DIS data. For the central PDFaseharm quark mass parameter
M, = 1.4 GeV is used. The uncertainty bands of the predictions refheciull uncertainties on
the HERAPDF1.5 set. They are dominated by the uncertainty/owhich is varied between
1.35 GeV andl.65 GeV [34]. Within these uncertainties the HERAPDF1.5 pradits describe
the data well. The central predictions are very similar tussthof the MSTW group for the same
scheme.

In figure[{ the data are compared to the predictions in the GNLY by the NNPDF and CT
collaborations. Both the NNPDF FONLL-A [29] and FONLL-B [Bpredictions describe the
data fairly well at higheQ?, while they fail to describe the data at low@f. The description
of the data at lowe€)? is improved in the FONLL-C{[30] scheme. The CT predictidn2,[E6]
are based on the S-ACOfheavy quark scheme. The NLO prediction, which is very simda
the FONLL-A scheme, describes the data well@r > 5 Ge\? but fails to describe the data
at lower@?. Similar to the FONNL-C case the description of the data immps significantly at
NNLO.

In figure[8 the data are compared to the prediction of the ABbugrin FFNS at NLO and
NNLO, based on the running-mass scheme for both the coeffitimctions and the PDFs
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[35)57]. The uncertainties on the prediction include theantainties onn,., which dominate at
small@Q?. The predictions at NLO and NNLO are very similar and desctite data well in the
whole kinematic range of the measurement.

In summary, the best description of the data is achieved égigtions including partiaD (a?)
corrections (MSTW NNLO and ABM NNLO). The predictions inding O(a?) terms in all
parts of the calculation (NNPDF FONLL C, CT NNLO and ABM NLO9 well as the MSTW
NLO optimal scheme also agree well with the data. The lardesiations are observed for
predictions based o@(«a;) terms only (NNPDF FONLL A and CT NLO). As investigated in
the next section, further differences can be partially axy@d by the different choices for the
value of the respective charm quark mass paraméter

6 QCD analysis

The combined H1 and ZEUS inclusi¥g neutral current and charged current DIS cross sec-
tions have been used previously to determine the HERAPDpAr®n density functions. In
the current paper a combined NLO QCD analysis is performawyuke reduced charm cross
section together with the combined inclusive DIS crossigest34]. Since the charm contri-
bution to the inclusive DIS cross section is sizeable andhes up tox 30% at highQ?, this
combined analysis is expected to reduce the uncertaiig®d to charm production inherent
in all PDF extractions. In particular, the role of the chagoark massn.(m.) or the charm
quark mass parametér., depending on the heavy flavour scheme, is investigatedniih
schemes discussed in section 2.

The analysis is performed with the HERAFITTER [58] prograsmjch is based on the NLO
DGLAP evolution scheme [59] as implemented in QCDNUMI|[60heTinvariant mass of the
hadronic system is restricted W > 15 GeV, and the Bjorken scaling variahteis limited
by the data tar < 0.65. In this kinematic range target mass corrections and higist
contributions are expected to be small. In addition, theyaisis restricted to data wit§? >

2 .= 3.5 GeV2 to assure the applicability of pQCD. The consistency of ipeit data sets and
the good control of the systematic uncertainties enabla#termination of the experimental
uncertainties on the PDFs using th&tolerance ofAy? = 1.

The following independent PDFs are chosen in the fit proedu, (), zd,(z), zg(x) and
zU(z), D(zx), wherezU (z) = 2%u(x), andzD(z) = zd(x) + 23(z). Compared to the HER-
APDF1.0 analysis, a more flexible parameterisation WikHree parameters is used. At the
starting scal&), of the QCD evolution, the PDFs are parametrised as follows:

zg(z) = AP (1-2)% — A - (1-a)%, (7)
zuy(z) = AygzPv . (1—2z)% . (1+ E,z2?%), (8)
xdy(z) = Ag B - (1 —2)%, 9)
wU(z) = AgaPv.-(1-2)%, (10)
tD(z) = ApzPp.(1—1)°D. (11)

The normalisation parameters,, A,,, Ay, are constrained by the sum rules. The parameter
By is set toBy and the constraintly; = Ap(1 — f;), with f, being the strangeness fraction

17



at the starting scale, ensures the same normalisationdar imdd densities for: — 0. The
strangeness fraction is setfp= 0.31, as obtained from neutrino-induced di-muon production
[61]. To ensure a positive gluon density at largehe parameter’, is set to25, in accordance
with [28].

The study involves variations of the charm mass parametendo M, = 1.2 GeV with the
exception of the S-ACO}- scheme for which thé/, scan starts at/, = 1.01 GeV. Since the
starting scal&), has to be smaller thall,, the fits are performed with settin@ = 1.4 Ge\?
andQ? = 1.0 GeV?, respectively. In order to keep the variation/df independent from &),
variation, this value for), is chosen irrespectively of the actual valueMf used during the
variation procedure.

The renormalisation and factorisation scales are sét fir the VFNS and for the light quark
contribution in the FFNS and tg@ + 4m? , for the contribution of a heavy quark in the FFNS.

For the strong coupling constant the valug$M ;) = 0.1176 [40] anda?fzg(MZ) = 0.105

with n; = 3 active flavours in the proton are used for the VFNS and for &, respectively.
The definition ofF; ;, and thea, order of the calculation are the same as those listed for the
respective scheme in taljle 6 at NLO (ACOT-full and ZM-VFN$ ScACOTy).

For each heavy flavour scheme a number of PDF fits is perfornigdvarying M, from 1.2
GeV to 1.8 GeV. For each fit the? (M, ) value is calculated and the optimal valuér®, of the
charm quark mass parameter in a given scheme is subseqdetgtynined from a parabolic fit
of the form ,
M, — MPP
2(M,) = 2., i 12
X ( C) Xmm + ( O_(Mgpt) ) ( )

to the x*(M,) values. Here 2, is thex? value at the minimum and (M) is the fitted
experimental uncertainty ob/?**. The procedure of thig?-scan is illustrated in figurg 9 for
the standard RT scheme when fitting only the inclusive HERAS$ data and when fitting
these data together withf’, . The inclusive NC and CC cross sections from HERA-I alone
only weakly constrainV/,; the value ofy?(M.) varies only slowly withAZ,. Once the charm
data are included, a clear minimum is observed, which thésricknesi/2rt.

The systematic uncertainties 8fi°°* are calculated from the following variations of the model
assumptions:

e the strangeness fractions varied in the rangé.23 < f, < 0.38. In a recent publication
the ATLAS collaboration([62] has observgd= 0.5. This value off; is also tested and
found to have only a negligible effect on the determinatib£®*.

e the b-quark massis varied by+0.25 GeV around the central value ¢f75 GeV.

e the minimum Q? value for data used in the fit, @2, , is varied for the inclusive data
from Q2,, = 3.5 Ge\? to 5.0 GeV?. For the charm data this variation is not applied
because it would significantly reduce the sensitivity ofdhalysis onl/.. However, the
full difference on the fitted valu@/Z* obtained by using the cut@?, = 3.5 Ge\? or

2., = b GeV, is then taken as symmetric uncertainty due to the variatfi@pg,,, .

¢ the parameterisation uncertaintyis estimated similarly to the HERAPDF1.0 procedure.

To all quark density functions an additional parameter mealdone-by-one such that the
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parameterisations are changed in equation (8) fromz? - (1 — z)¢ - (1 + Ez?) to
A-2B-(1—-12)° (1+ Dz + E2?) and in equation$(9-11) from - zZ - (1 — 2)¢ to either
A-2P.(1—2)° (1+Dzx)orA-2B-(1—=2)¢- (1+ Ex?). Furthermore, the starting scale
Qo is varied toQ?2 = 1.9 Ge\~2. The full difference on the fitted valu&**, obtained by
using@: = 1.9 Ge\? and@?2 = 1.4 Ge\ is then taken as symmetric uncertainty due to
the variation of the starting scafg,. The total parameterisation uncertainty is obtained
taking the largest difference il °P* of the above variations with respect6°®* for the
standard parameterisation.

e the strong coupling constanta (M) is varied by+0.002.

For each scheme the assumptions in the fits are varied oneslgnoirthe corresponding scan

as a function of\/, is performed. The difference betwe&ff** obtained for the default assump-
tions and the result of each variation is taken as the casreipg uncertainty. The dominant
contribution arises from the variation @€ ., while the remaining model and parameterisation
uncertainties are small compared to the experimental.error

6.1 Extraction of M?2P*in the VFNS

The following implementations of the GM-VFNS are consiader@COT full [25] as used for
the CTEQHQ releases of PDFs; S-ACQT27] as used for the latest CTEQ releases of PDFs,
and for the FONLL-A scheme [29] used by NNPDF; the RT standatieme|[28] as used
for the MRST and MSTW releases of PDFs, as well as the RT op#ichscheme providing

a smoother behaviour across thresholds [31]. The ZM-VFNBna¢emented by the CTEQ
group [25] is also used for comparison. In all schemes, ttlsebof the heavy quark PDFs is
controlled by the parametér,. in addition to the kinematic constraints.

In figure[10 they?-values as a function a¥/. obtained from PDF fits to the inclusive HERA-I
data and the combined charm data are shown for all schems&leogd. Similar minima?2-
values are observed for the different schemes, albeit & different values of/°?*. In table[Y
the resulting values a#/°** are given together with the uncertainties, the correspmntital
x? and they2-contribution from the reduced charm cross section measemés. The ACOT-
full scheme yields the best globgf, while the best partial? for the charm data is obtained
using the RT optimised scheme. The fits in the S-ACO8echeme result in a very low value of
MPPt as compared to the other schemes.

In figure[11 the NLO VFNS predictions fet, based on the PDFs evaluated usiig=M 2" of

the corresponding scheme are compared to the data. In ¢jdreedata are better described than
when using the default values féf,. and the predictions of the different schemes become very
similar forQ? > 5 Ge\2. Even the ZM-VFNS, which includes mass effects only indisg@5],
yields an equally good description of th€, as the GM-VFNS, although it fails to describe
more differential distributions abD** meson production and the lowe3t bin in figure 11, for
which the ZM-VFNS cross section prediction is zero.
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6.2 Impact of the charm data on PDFs

In figure[12 the PDFs from a 13 parameter fit using the inclusiEZ®A-I data only are com-
pared with the corresponding PDFs when including the coatbalmarm data in the fit. For both
of these fits the RT optimised VFNS is used. The total PDF uairgies include the parame-
terisation and model uncertainties as described in seBtiexcept for the uncertainties due to
M., which is treated as follows: in the fit based solely on thdusige data a central value of
M, = 1.4 GeV is used with a variation in the range5 < M, < 1.65 GeV, consistent with
the treatment for HERAPDF1.0. For the fit including the conaoi charm cross sections this
parameter is set td/°P* with the corresponding uncertainties as obtained by thentimaass
scan for the RT optimised VFNS (talile 7).

By comparing the PDF uncertainties obtained from the amabyfsthe inclusive data only and
from the combined analysis of the inclusive and charm dh&fdllowing observations can be
made:

e the inclusion ofs, in the fit does not alter the central PDFs significantly; thetce
PDFs obtained with the charm data lie well within the undgetyabands of the PDFs
based on the inclusive data only;

¢ the uncertainties of the valence quark distribution fumtsiare almost unaffected;

¢ the uncertainty on the gluon distribution function is reeldicmostly due to a reduction in
the parameterisation uncertainty coming from the consisahat the charm data put on
the gluon through theg — c¢ process;

¢ the uncertainty on the¢ distribution function is considerably reduced due to the-co
strained range aof/,;

e the uncertainty on thew distribution function is correspondingly reduced becatimge
inclusive data constrains the surti = xu + z¢;

e the uncertainty on thed distribution function is also reduced because it is coischto
be equal tarw at low z;

e the uncertainty on thes distribution function is not reduced because it is domiddig
the model uncertainty on the strangeness fracfion

Similar conclusions hold also for the other schemes distussthis paper.

6.3 Measurement of the charm quark mass

In the VFNS discussed in the previous section the charm guads paramete/. does not

correspond directly to a physical mass. This is differenttie FFNS. An NLO QCD analysis is
performed in the FFNS of the ABM group [35] to determine l® running charm quark mass
m.(m.) based on the inclusive neutral and charged current HERASl @ta and the charm
cross section. For this purpose the coefficient functiommpemented in OPENQCDRAD [20,
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63] are used. The strong coupling constant is evolved witingethe number of active flavours
tony = 3, usingas’~°(Mz) = 0.105. The same minimisation procedure as for the VFNS
analysis is applied and the resulting dependence ofthalues from the QCD fits on the charm
quark massn, is shown in figuré 13. The fit of the parabolic function, defiredquation[(1PR),
results in a value of

me(me) = 1.26 £ 0.05exp £ 0.03m0a £ 0.02p50am £+ 0.02,, GeV (13)

for the running charm mass in NLO. The errors correspond ¢oettperimental, the model,
parameterisation angl, dependent uncertainties. The same variations of the modgbaram-
eterisation assumptions are applied as for the resultepies in sectioh 611 and discussed in
sectior 6. The data are well described by the FFNS calcualgfiar m.(m.) = 1.26 GeV with

a totaly? = 627.7 for 626 degrees of freedom. The partial contribution from the chdata is

x? = 43.5 for 47 data points. The measured value of the running charm quask imaonsistent
with the world average aofi.(m.) = 1.275 4+ 0.025 GeV [40] defined at two-loop QCD, based
on lattice calculations and measurements of time-likegsses. It also compares well to recent
analyses [35, 64] of DIS and charm data at NLO and NNLO.

6.4 Impact of charm data on predictions for W+ and Z production at
the LHC

The different series of PDFs obtained from fits to the HERAadist the) . scanning procedure
in the different VFNSs are used to calculate cross sectiedigiions forl¥* andZ production
at the LHC at,/s = 7 TeV. These predictions are calculated for each scheme ttsenglCFM
program [65] interfaced to APPLGRID [66] far2 < M. < 1.8 GeV in0.1 GeV steps, except
for S-ACOT- for which the rangd.1 < M, < 1.4 GeV is used.

The predictedV * and Z production cross sections as a function\af for the different imple-
mentations of the VFNS are shown in figliré 14 and the valuethéooptimal choicé//2?* are
summarised in tablel 8. For all implementations of VFNS a lsimmonotonic dependence of
the W+ and Z production cross sections avi, is observed. This can be qualitatively under-
stood as follows. A higher charm mass leads to stronger sgpjan of charm near threshold
such that more light sea quarks are required to fit the incdudata. More gluons are also
needed to describe the HERA charm data. The need for moteskgiguarks at the initial scale
together with the creation of more sea quarks from gluoritspli at higher scales lead to an
enhancement of thd’* andZ cross sections at the LHC.

There is a significant spread of ab@$ between the predictions if they are considered for a
fixed value of M., e.g. atM.= 1.4 GeV. Similarly, the prediction typically varies by about
6% when raising,. from 1.2 to 1.8 GeV. However, when using th&°P* for each scheme the
spread of predictions is reduceditd% for W, 1.8% for Z and t02% for W+ production.

This indicates that a good description of the HERA charm dataelates with a very simi-
lar flavour composition of the quark PDFs at LHC scales, atnmadependent of the chosen
scheme. The uncertainty on thé* and Z cross section predictions due to the choice of the
charm mass can thus be considerably reduced. However,dh@ chass parameter must be ad-
justed to a different value for each scheme, consistenttivélHERA data, in order to achieve
this result.
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7 Conclusions

Measurements of open charm production in deep-inelagtacattering by the H1 and ZEUS
experiments using different charm tagging methods are awdbaccounting for the system-
atic correlations. The measurements are extrapolatedetéuthphase space using an NLO
QCD calculation to obtain the reduced charm quark-paircsestions in the region of photon
virtualities 2.5 < Q? < 2000 GeV?. The combined data are compared to QCD predictions
in the fixed-flavour-number-scheme and in the general-massable-flavour-number-scheme.
The best description of the data in the whole kinematic rasgeovided by the NNLO fixed-
flavour-number-scheme prediction of the ABM group. SoméeMNLO general-mass variable-
flavour-number-scheme predictions significantly underede the charm production cross sec-
tion at low@?, which is improved at NNLO.

Using the combined charm cross sections together with thoeed HERA inclusive DIS data,
an NLO QCD analysis is performed based on different impleatems of the variable-flavour-
number-scheme. For each scheme, an optimal value of thenaiass parametef/?*, is
determined. These values show a sizeable spread. All seharmadound to describe the data
well, as long as the charm mass parameter is taken at thesponeing optimal value. The
use of M* and its uncertainties in the QCD analysis significantly meduthe parton density
uncertainties, mainly for the sea quark contributions fidrarm, down and up quarks.

The QCD analysis is also performed in the fixed-flavour-nursiogeeme at NLO using the
MS running mass definition. The running charm quark mass isrméted asm.(m.) =
1.26 £ 0.05exp. £ 0.03moa £ 0.02param = 0.02,, GeV. This value agrees well with the world
average based on lattice calculations and on measurenfeimedike processes.

The PDFs obtained from the corresponding QCD analyses dsfflegent M/, are used to pre-
dict W* and Z production cross-sections at the LHC. A sizeable sprealdmtedictions is
observed, when the charm mass paraméferis varied between 1.2 and 1.8 GeV, or when
different schemes are considered at fixed valuk/gf The spread is significantly reduced when
the optimal value of\/,. is used for each scheme.
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Data set Tagging method Q? range N L

[GeV] [pb~"]
1 H1VTX[14] Inclusive track lifetime] 5 — 2000 | 29 245
2 H1D*HERA-I[10] | D** 2 - 100 | 17 47
3 H1D* HERA-II [18] | D** 5 — 100 | 25 348
4 H1D* HERA-II [15] | D** 100 — 1000 | 6 351
5 ZEUSD* (96-97) [4] | D** 1 - 200 | 21 37
6 ZEUSD* (98-00)[6]| D** 1.5 — 1000 | 31 82
7 ZEUSD[12] DOnoD™* 5 — 1000 | 9 134
8 ZEUSDT [17] D+ 5 — 1000 | 9 134
9 ZEUSu [13] L 20 — 10000 | 8 126

Table 1: Data sets used in the combination. For each dataeseharm tagging method, the
Q? range, the number of cross section measurem&némd the integrated luminositg are
given. The data set with thB%"°2"" tagging method is based on an analysi®8fmesons not
originating from detectabl®** decays. Charge conjugate modes are always implied.

§ range ak (D*) ak(g.s.) | Measurement

§ <5 6.14+0.9 4.6 +0.7 | [47] D*, DIS, no-jet sample
§1<8§<8 | 33+04 3.0+ 0.3 | [47] D*, DIS, jet sample

§ > 39 2.67+0.31 | 2.19+0.24 | [11] D* jet photoproduction

Table 2: Theay parameters used for the longitudinal fragmentation iftomesons and in
ground state (g.s.) charmed hadrons. The first column shwsrange in which a particular
value ofag is used, withs; = 70 + 40 GeV? ands, = 324 Ge\2. The variations ofyx are
given in the second and third column. The paramegjes not varied, since the corresponding
uncertainty is already covered by thg variations.

flc—= D) 0.2287 4 0.0056
flc— D") 0.2256 4 0.0077
f(c — DD [ 0.409 + 0.014
Blc — p) 0.096 £ 0.004

Table 3: Charm fragmentation fractions to charmed mesodgtecharm branching fraction
to muons.

27



PGV ][ @ Y | 0% | Guncl%%] | Geor %] | Oproced %] | Oeotl%]
2.5 0.00003 | 0.824 | 0.1126 14.0 10.9 0.3 17.8
2.5 0.00007 | 0.353 | 0.1068 9.0 9.9 0.2 134
2.5 0.00013 | 0.190 | 0.0889 10.0 9.1 2.2 13.7
2.5 0.00018 | 0.137 | 0.0907 9.5 8.3 1.4 12.7
2.5 0.00035 | 0.071 | 0.0560 8.7 8.2 0.0 11.9
5. 0.00007 | 0.706 | 0.1466 15.6 10.0 0.2 18.5
5 0.00018 | 0.274 | 0.1495 8.4 6.8 1.1 10.8
5 0.00035 | 0.141 | 0.1151 7.1 6.7 0.6 9.8
5 0.00100 | 0.049 | 0.0803 9.2 8.2 0.6 12.4
7 0.00013 | 0.532 | 0.2142 8.1 8.0 0.2 114
7 0.00018 | 0.384 | 0.1909 10.2 8.5 2.1 134
7 0.00030 | 0.231 | 0.1689 4.6 6.3 0.4 7.8
7 0.00050 | 0.138 | 0.1553 4.3 5.9 0.6 7.3
7 0.00080 | 0.086 | 0.1156 7.2 6.0 0.7 94
7 0.00160 | 0.043 | 0.0925 6.4 7.6 0.6 9.9
12 0.00022 | 0.539 | 0.2983 8.4 7.2 0.1 11.1
12 0.00032 | 0.371 | 0.2852 4.7 6.5 0.6 8.1
12 0.00050 | 0.237 | 0.2342 4.3 5.1 0.5 6.6
12 0.00080 | 0.148 | 0.1771 3.8 5.7 0.1 6.9
12 0.00150 | 0.079 | 0.1413 5.5 6.8 0.1 8.7
12 0.00300 | 0.040 | 0.1028 6.1 8.0 0.2 10.1
18 0.00035 | 0.508 | 0.3093 9.2 6.5 1.0 11.3
18 0.00050 | 0.356 | 0.2766 4.7 7.0 0.5 8.4
18 0.00080 | 0.222 | 0.2637 3.8 4.6 0.6 6.1
18 0.00135 | 0.132 | 0.2009 3.3 5.2 0.0 6.2
18 0.00250 | 0.071 | 0.1576 3.5 5.7 0.1 6.7
18 0.00450 | 0.040 | 0.1349 5.8 8.0 14 10.0

Table 4: The averaged reduced cross section of charm pioduef’, , as obtained from the
combination of H1 and ZEUS measurements. The values of th&s @ection are presented
together with uncorrelated(,.) correlated &) and procedurald(,...q) uncertainties. The
total uncertainty 4;,;) is obtained by adding the correlated, uncorrelated andegharal errors
in quadrature.
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PGV | & |y | 0% | dunel%] | deorl] | proced %] | 0]
32 0.00060 | 0.527 | 0.4119 15.1 5.7 0.1 16.2
32 0.00080 | 0.395 | 0.3527 4.3 5.3 0.3 6.9
32 0.00140 | 0.226 | 0.2767 3.9 4.2 0.4 5.8
32 0.00240 | 0.132 | 0.2035 4.8 4.9 0.3 6.9
32 0.00320 | 0.099 | 0.1942 7.1 5.6 0.3 9.0
32 0.00550 | 0.058 | 0.1487 6.9 6.0 0.4 9.1
32 0.00800 | 0.040 | 0.1027 10.7 8.3 0.4 13.5
60 0.00140 | 0.424 | 0.3218 6.1 5.4 14 8.3
60 0.00200 | 0.296 | 0.3387 4.3 3.7 0.4 5.7
60 0.00320 | 0.185 | 0.2721 4.7 3.9 0.4 6.1
60 0.00500 | 0.119 | 0.1975 4.7 4.9 0.3 6.8
60 0.00800 | 0.074 | 0.1456 12.0 5.2 0.6 13.1
60 0.01500 | 0.040 | 0.1008 10.6 6.4 0.8 12.4
120 0.00200 | 0.593 | 0.3450 7.1 5.2 0.6 8.8
120 0.00320 | 0.371 | 0.2432 15.9 4.0 2.1 16.5
120 0.00550 | 0.216 | 0.2260 5.2 4.5 0.6 6.9
120 0.01000 | 0.119 | 0.1590 6.6 5.4 0.8 8.6
120 0.02500 | 0.047 | 0.0866 13.7 6.8 1.2 15.3
200 0.00500 | 0.395 | 0.2439 8.1 5.7 0.7 9.9
200 0.01300 | 0.152 | 0.1659 6.7 4.8 0.4 8.3
350 0.01000 | 0.346 | 0.2250 8.8 5.0 4.1 10.9
350 0.02500 | 0.138 | 0.1016 11.2 5.8 5.1 13.6
650 0.01300 | 0.494 | 0.2004 11.1 7.2 1.1 13.3
650 0.03200 | 0.201 | 0.0939 12.4 10.6 0.9 16.4
2000 0.05000 | 0.395 | 0.0622 27.7 14.4 1.7 31.2

Table 4: continued
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source| data set§ name shift [¢] | Reduction factof%]
01 1 H1 vertex resolution -0.1 94
02 1-4 H1 CJC efficiency -0.3 82
03 1 H1 CST efficiency 0.0 98
04 1 B multiplicity -0.3 96
s 1-9 ¢ longitudinal fragmentation -0.9 84
d6 1,3,4 photoproduction background 0.2 94
87 1 DT multiplicity 0.0 99
s 1 D° multiplicity 0.0 99
do 1 D, multiplicity 0.1 98
010 1 b fragmentation 0.0 100
011 1 H1 VTX model: z-reweighting -0.4 95
012 1 H1 VTX model: pr-reweighting 0.3 74
013 1 H1 VTX model: n(c)-reweighting -0.3 87
014 1 H1 VTX uds-background 0.0 53
d15 1 H1 VTX ¢ of e-quark 0.2 90
016 1 H1 hadronic energy scale -0.1 89
o017 1 H1 VTX F, normalisation -0.2 97
018 3,4 H1 Primary vertex fit 0.1 99
019 2-4 H1 electron energy 0.6 69
020 2-4 H1 electron polar angle 0.3 77
021 3,4 H1 luminosity (HERA-II) -0.9 80
022 3,4 H1 trigger efficiency (HERA-II) -0.3 98
023 3,4 H1 fragmentation model in MC -0.1 89
(524 2-7 BR(D* — Kﬂ'ﬂ') 0.1 98
do5 2-6 f(c — D*) 0.1 94,
bo6 2,3 H1 efficiency using alternative MC model 0.4 73
Oa7 2-9 NLO, m. 0.5 72
02g 2-9 NLO, scale -1.2 66
029 2-9 c transverse fragmentation -0.2 78
030 2-9 NLO, PDF 0.2 97
031 2-9 NLO, as(Mz) -0.2 95
03 2 H1 luminosity (1998-2000) -0.1 97
33 2 H1 trigger efficiency (HERA-I) -0.2 95
034 2 H1 MC alternative fragmentation -0.1 70
035 9 ZEUS u: BIRMUON efficiency -0.1 92
036 9 ZEUS i: FMUON efficiency 0.2 97
037 9 ZEUS u: energy scale 0.0 85
S35 | 9 ZEUSp: PXiss calibration 0.0 72
039 9 ZEUS u: hadronic resolution 0.6 71
040 9 ZEUS u: IP resolution -0.2 97
041 9 ZEUS ui: MC model 0.1 86
042 9 B(c — n) 0.1 97
043 7,8 ZEUS lifetime significance 0.5 52
544 7 f(C — DO) 0.3 97
a5 8 f(C — D+) X BR(D+ — K‘IT‘IT) -0.6 91
Oag 7-9 ZEUS luminosity (2005) -0.1 95
047 5 ZEUS luminosity (1996-1997) 0.4 96
Oag 6 ZEUS luminosity (1998-2000) 0.3 90

Table 5: Sources of bin-to-bin correlated systematic uaggres considered in the combina-
tion. For each source the shifts in units of standard denaw and the reduction factor of
the uncertainty values are given. The systematic souraeespmnding to the extrapolation
uncertainties are highlighted in bold font. The second mwlishows the data sets (see table 1)
affected by each particular source.

30



T€

Theory Scheme Ref. | Fyp) Mg Massive Massless | as(mz) Scale Included

def. [GeV] (Q? <m?) (Q* > m2) | (ny =5) charm data
MSTWO08 NLO RT standard | [28] | Fy;, | 1.4 (pole) O(a?) O(a) 0.12108 Q (146819, 11]
MSTWO08 NNLO approx.O(a3d) O(a?) 0.11707
MSTWO8 NLO (opt.) | RT optimised| [31] O(a?) O(as) 0.12108
MSTWO08 NNLO (opt.) approx.O(a3) O(a?) 0.11707
HERAPDF1.5 NLO RT standard | [55] F2C(L) 1.4 (pole) O(a?) O(as) 0.1176 Q HERA inclusive DIS only
NNPDF2.1 FONLLA | FONLLA B0] | na. V2 O(as) O(as) 0.119 Q [46)12[13,15,18]
NNPDF2.1 FONLLB | FONLLB Fg(L) V2 (pole) 0O(a?) O(as)
NNPDF2.1 FONLLC | FONLL C Fy ) V2 (pole) O(a?) O(a?)
CT10 NLO S-ACOT«x | [22] | n.a. 1.3 O(as) O(a) 0.118 | /Q*+m2 | [446/8[9]
CT10 NNLO (prel.) [56] | Fyfyy | 1.3 (pole) O(a?) O(a?)
ABKMO09 NLO FFNS [57] FZC(EL) 1.18 (MS) O(a?) - 0.1135 | 1/Q2% + 4m2 | for mass optimisation only
ABKMO09 NNLO approx.©(a?) -

Table 6: Calculations from different theory groups as showfigured 5-8. The table shows the heavy flavour scheme uskitharcorrespond-
ing reference, the respectivg ;) definition (sectiof2), the value and type of charm mass usgaiation[(B)), the order iag of the massive

and massless parts of the calculation, the value,pthe renormalisation and factorisation scale, and whicRAEharm data were included
in the corresponding PDF fit. The distinction between thepassibleF, ;) definitions is not applicable (n.a.) fd?(«,) calculations.



scheme M2Pt X%/ Ndof X2 /nap
[GeV] Ored *0tea | Ofka
RT standard| 1.50 4= 0.06exp %= 0.06m0d £ 0.01param= 0.003,, 630.7/626 | 49.0/47
RT optimised| 1.38 % 0.05¢xp = 0.03mog = 0.01param® 0.014, | 623.8/626 | 45.8/47
ACOT-full | 1.52 4 0.05exp = 0.12moa £ 0.01param= 0.06,, | 607.3/626 | 53.3/47
S-ACOT=y 1.15 4= 0.04exp = 0.01mog == 0.01param == 0.024, 613.3/626 50.3/47
ZM-VFNS 1.60 4= 0.05exp = 0.03mod == 0.05param == 0.014, 631.7/626 55.3/47

Table 7: The values of the charm mass paramgfgf as determined from th&/. scans in
different heavy flavour schemes. The uncertainties of th@misation procedure are denoted
as ‘exp’, the model and parameterisation uncertaintiesegreesented by ‘mod’ and ‘param’,
respectively. Also the uncertainty duedg variation is listed. The corresponding global and
partial x* are presented per degrees of freedajg and per number of data pointg,, respec-
tively.

scheme oz [nb] ow+ [Nb] ow- [nb]

RT standard| 28.91 +0.30 | 57.04 +0.55 | 39.94 + 0.35
RT optimised| 28.85 + 0.24 | 57.03 +0.45 | 39.93 + 0.27
ACOT-full | 29.32+0.42 | 57.84 £0.74 | 40.39 +0.47
S-ACOT-y | 29.00+0.22 | 57.32 +0.42 | 39.86 + 0.24
ZM-VFENS | 28.81 +£0.24 | 56.71 +0.40 | 39.86 + 0.25

Table 8: NLO VFNS predictions foZ /W= cross sections at the LHC fqfs = 7 TeV using

the MCFM program. The calculations are based on the PDF setsted in the corresponding
schemes from the HERA data usinff®* for the charm quark mass parameter. The listed cross
section uncertainties correspond to the uncertaintie®/git only.
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Figure 1: Pull distribution for the combined data samplém@ed histogram). RMS gives the
root mean square of the distribution. The curve shows theltre$ a binned log-likelihood
Gaussian fit.
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Figure 2: Combined reduced cross sectioffsas a function of for fixed values ofQ?. The
error bars represent the total uncertainty including uretated, correlated and procedural un-
certainties added in quadrature.
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Figure 3: Combined reduced cross sectioffj (filled circles) as a function ot for fixed
values ofQ?. The error bars represent the total uncertainty includimgpurelated, correlated
and procedural uncertainties added in quadrature. For aosgnm, the input data are shown:
the H1 measurement based on lifetime information of ingkitiiack production is represented
by closed squares; the H1 measurements based on recoiostrofcD* mesons in HERA-I /
HERA-II running periods are denoted by filled up (down) tgées; the ZEUS measurement
using semileptonic decays into muons is represented by apsas; the ZEUS measurements
based on reconstruction @¥* mesons are depicted by open squares (open triangles) fr dat
collected in 1998-2000 (1996-1997) years; the ZEUS measemées based on reconstruction
of D° (D*) mesons are shown by open diamonds (crosses). For présemntatpose each
individual measurement is shifted in
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Figure 4: Combined reduced cross sectioffs (filled circles) as a function af for Q* = 18
Ge\2. The error bars represent the total uncertainty includingourelated, correlated and
procedural uncertainties added in quadrature. For cosgarthe input data are shown. For
further details see figufé 3.
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Figure 6: Combined reduced cross sectiefjs(filled circles) as a function of for fixed values
of Q2. The error bars represent the total uncertainty includingouelated, correlated and
procedural uncertainties added in quadrature. The datecan@ared to the NLO predictions
based on HERAPDF1.5 extracted in the RT standard schemdinghepresents the prediction
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by the variation of\/..
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Figure 7: Combined reduced cross sectioffs (filled circles) as a function of for fixed values of@?. The error bars represent the total
uncertainty including uncorrelated, correlated and pdacal uncertainties added in quadrature. The data are aechpa predictions by the
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Figure 9: The values of?(M.) for the PDF fit to the combined HERA DIS data in the RT
standard scheme. The open symbols indicate the result® dit tio inclusive DIS data only.
The results of the fit including the combined charm data aosvahy filled symbols.
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Figure 10: The values of?(M.) for the PDF fit to the combined HERA inclusive DIS and
charm measurements. Different heavy flavour schemes adleruee fit and presented by lines
with different styles. The values af/2** for each scheme are indicated by the stars.
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Figure 11: Combined measurementsff, as a function of for given values of)? is shown by
filled symbols. The error bars represent the total uncestémeluding uncorrelated, correlated
and procedural uncertainties added in quadrature. Theadataompared to the results of the fit
using different variants of the VFNS (represented by linkgitferent styles) choosing/- =
M?2Pt. The cross section prediction of the ZM-VFNS vanishesjér= 2.5 GeV2.

43



144

H1 and ZEUS H1 and ZEUS

I (a) Q?=10 GeV

T T T T
xd (x 1.1) (b) Q?=10 GeV
0.8

|| HERAPDF1.0 13p 1
HERAPDF1.0 + charm

Figure 12: Parton density functions: f(x,@Q?) with f = g,u,,d,, %, d,3,¢ for (a) valence quarks and gluon and for (b) sea anti-quarks
obtained from the combined QCD analysis of the inclusive @& andr&, (dark shaded bands) in the RT optimised scheme as a fundtion o
r atQ? = 10 Ge\2. For comparison the results of the QCD analysis of the inauBIS data only are also shown (light shaded bands). The
gluon distribution function is scaled by a factbf5 and thexd distribution function is scaled by a factbrl for better visibility.
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Figure 13: The values of? for the PDF fit to the combined HERA DIS data including charm
measurements as a function of the running charm quark mgss.). The FFNS ABM scheme
is used, where the charm quark mass is defined iMBescheme.
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Figure 14: NLO predictions for (a)y*, (b) W~ and (c) Z production cross sections at the
LHC for /s = 7 TeV as a function ofl/, used in the corresponding PDF fit. The different lines
represent predictions for different implementations ef¥#iNS. The predictions obtained with
PDFs evaluated with th®/°P* values for each scheme are indicated by the stars. The htalzo
dashed lines show the resulting spread of the predictiomsmwhoosingy/, = MP*.
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