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Abstract The impact of recent measurements of heavy-
flavour production in deep inelastic ep scattering and in
pp collisions on parton distribution functions is studied
in a QCD analysis in the fixed-flavour number scheme at
next-to-leading order. Differential cross sections of charm-
and beauty-hadron production measured by LHCb are used
together with inclusive and heavy-flavour production cross
sections in deep inelastic scattering at HERA. The heavy-
flavour data of the LHCb experiment impose additional
constraints on the gluon and the sea-quark distributions at
low partonic fractions x of the proton momentum, down to
x ~ 5 x 107, This kinematic range is currently not covered
by other experimental data in perturbative QCD fits.

1 Introduction

Understanding the nucleon structure is one of the fundamen-
tal tasks of modern particle physics. In quantum chromody-
namics (QCD), the structure of the nucleon is described by
parton distribution functions (PDFs), which, in collinear fac-
torisation, represent probability densities to find a parton of
longitudinal fraction x of the nucleon momentum at a factori-
sation scale i . The scale evolution of the PDFs is uniquely
predicted by the renormalisation group equations for factori-
sation [1-9]. The x-dependence cannot be derived from first
principles and must be constrained by experimental mea-
surements. The precision of the PDFs is of key importance
for interpreting the measurements in hadronic collisions. In
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particular, the uncertainty of the proton PDFs must be sig-
nificantly reduced in order to improve the accuracy of theory
predictions for Standard Model (SM) processes at the LHC.

Deep inelastic lepton—proton scattering (DIS) experi-
ments cover a broad range in x and u y. In the perturbative
regime, a wide x-range of 10™* < x < 10~ ! is probed by the
data of the H1 and ZEUS experiments at the HERA collider
[10]. These measurements impose the tightest constraints on
the existing PDFs. However, additional measurements are
necessary for a better flavour separation and to constrain the
kinematic ranges of very small and very high x, where the
gluon distribution is poorly known. A better constraint on
the high-x gluon is needed for an accurate description of
the SM backgrounds in searches for new-particle production
at high masses or momenta. A significant reduction of the
uncertainty of the low-x gluon distribution is important for
studies of parton dynamics, non-linear and saturation effects.
Furthermore, the precision of the gluon distribution at low
x has implications in physics of atmospheric showers, being
crucial for cross-section predictions of high-energy neutrino
DIS interactions [11] and for calculations of prompt lepton
fluxes in the atmosphere [12].

Heavy-flavour measurements of the LHCb Collabora-
tion [13,14] at the LHC probe the very forward range of the
heavy-hadron rapidity y and are sensitive to the gluon PDF at
low x, as schematically shown in Fig. 1. For this illustration,
in the calculation of the kinematics of heavy-quark produc-
tion at HERA, the leading-order (LO) relation is used for the

4 2
typical gluon x in boson-gluon fusion, x = xp; (1 + %) )
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HERA inclusive DIS 3.5<Q°<30000 GeV?, 4.32x10"*<x,,<0.65
ZEUS beauty 6.5<Q7<600 GeV?, 1.5x10"*<x, <3.5x10?
HERA charm 2.5<Q’<2000 GeV?, 3x10"°<x,;<5x10°

LHCb beauty y=4.5, 0<pT<40 GeV

LHCb beauty y=2.0, O<pT<40 GeV

LHCb charm y=4.5, 0<pr<8 GeV

LHCb charm y=2.0, o<pr<8 GeV
1

10° 10°

Fig. 1 Kinematic range in x for the gluon density covered by mea-
surements at HERA and LHCb. For the HERA inclusive DIS data, the
x range is indicated, where the gluon PDF uncertainties are less than

where xp; denotes the Bjorken scaling variable, m ¢ is the
heavy-quark mass, and Q7 is the virtuality of the exchanged
electroweak boson. In the case of heavy-quark production at
/2 2
LHCb, the LO formula x = e %}mQ, assuming p, = 0
in the parton—parton rest frame, is ellpplied. Here, pr and
p. represent the transverse and longitudinal momenta of the
heavy quark, respectively, and E, is the proton beam energy.
Heavy-flavour production in proton—proton collisions at
LHC is dominated by gluon—gluon fusion. Therefore the
LHCb measurements of charm [13] and beauty [14] pro-
duction in the forward region 2.0 < y < 4.5 probe the gluon
distribution at 5 x 107% < x < 1074, a region which is
not accessible with HERA data. Note that the LHCb data
are sensitive to the product of gluon densities in two non-
overlapping low and medium-to-high x ranges, as illustrated
in Fig. 1. Since the medium range is already well constrained
by HERA data, which furthermore bridge the gap between
the two LHCb ranges, the major impact of the LHCb heavy-
flavour measurements is expected at 5 x 1076 < x < 1074
The advantage of using heavy-flavour data is that the charm
and beauty masses provide hard scales for the perturbative
QCD (pQCD) expansion all the way down to their production
threshold. To estimate the impact of the LHCb measurement
of charm and beauty production on the gluon distribution at
low x, these data are included in a QCD analysis together with
the inclusive DIS [10] and heavy-flavour production [15,16]
cross sections measured at HERA.

2 Experimental data used in the QCD analysis

The main objective of the present QCD analysis is to demon-
strate the constraining power of the measurements of heavy-
flavour production in DIS and pp collisions for the determi-
nation of the PDFs of the proton. The measurements of charm
and beauty production at HERA and LHCb, together with the
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10 % at u% = 10 GeV2. For the LHCb data, the upper (lower) edge
of the box refers to the indicated upper (lower) end of the rapidity, y,
range of the heavy-hadron production

combined HERA inclusive cross-section measurements, are
used in a next-to-leading order (NLO) pQCD analysis.

Neutral current (NC) and charged current (CC) inclusive
DIS cross sections in ep scattering are directly sensitive to
the valence- and sea-quark distributions and probe the gluon
distribution through scaling violations [1-3]. HERA mea-
surements of the NC and CC cross sections in DIS at a
centre-of-mass energy /s = 320 GeV have been combined
taking into account systematic correlations [10]. This com-
bined data set contains the complete information on inclu-
sive DIS cross sections published by the H1 and ZEUS Col-
laborations based on data collected in the years 1994-2000,
and has been used for the determination of the PDF set
HERAPDF1.0 [10]. The kinematic range of the NC data is
6 x 1077 < xp; < 0.65,0.045 < Q% < 30000 GeV?, how-
ever, in the original HERAPDF1.0 fit the O range of the data
was restricted to Q% > QIZ][lin =3.5 GeV? to ensure the appli-
cability of perturbative calculations [10]. The CC cross sec-
tions span the kinematic range of 1.3 x 1072 < x Bj < 0.40
and 300 < Q2 < 30000 GeV?. These combined NC e* p
and CC e* p cross sections represent the basis for all PDF
determinations.

In ep scattering, charm and beauty quarks are produced
predominantly in the photon—gluon fusion process which
provides a direct probe of the gluon distribution in the pro-
ton. Measurements of open-charm production cross sections
in DIS at HERA from the H1 and ZEUS Collaborations have
been combined [15]. Cross sections for charm production
were obtained in the kinematic range of 2.5 < Q2 < 2000
GeVZ and 3 x 1079 < xgj < 5 x 10~2. The combina-
tion method accounts for the correlations of the systematic
uncertainties among the different data sets. These combined
measurements were used to improve constraints on the gluon
distribution and to determine the charm-quark mass [15]. The
charm reduced cross sections determined as a function of
Q% and xp ; are used in the present analysis together with all
provided details on the systematic correlations. In addition,
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cross sections for the production of b quarks in ep scatter-
ing, as measured by the ZEUS Collaboration [16] are used in
the present analysis. These data correspond to an integrated
luminosity of 354 pb~! and cover the kinematic range of
5 < Q% < 1000 GeVZ. The b- and c-quark content in the
events with at least one jet have been extracted using the
invariant mass of charged tracks associated with secondary
vertices and lifetime information, and the beauty-quark mass
has been measured [16]. In the present analysis, the beauty-
quark production data are used mainly to improve constraints
on the beauty-quark mass.

For additional constraints on the gluon distribution at low
x the differential cross sections of charm and beauty pro-
duction in pp collisions at /s = 7 TeV from the LHCb
experiment are used for the first time. The measurement of
charm production [13] is based on data corresponding to an
integrated luminosity of 15 nb~!. Charm production is iden-
tified through the full reconstruction of decays of the charmed
hadrons! D°, D+, D**, D} and A}. The cross sections are
measured as a function of the transverse momentum, pr,
and rapidity, y, of the reconstructed hadrons. The LHCb data
on B-meson production in pp collisions [14] correspond to
an integrated luminosity of 0.36 fb~!. The B*, B® and B?
mesons are reconstructed in exclusive decays mainly involv-
ing J /¢ final states. Correlations between the experimental
systematic uncertainties are accounted for as described in the
original publications. An uncorrelated systematic uncertainty
is obtained for each distribution by subtracting the correlated
uncertainties from the total ones. The 3.5 % luminosity uncer-
tainty is treated as correlated between the measurements of
charm and beauty production. In the present analysis, the
normalised cross sections, ?j—‘; / g—"o, for charm and beauty
production are calculated from the absolute measurements
published by LHCDb and are used in the QCD analysis, with
(‘1% being the cross section in the center bin, 3 < y < 3.5,
of the measured rapidity range in each pr bin. The uncorre-
lated experimental uncertainty on g—;’o is propagated as a cor-
related uncertainty to the respective complementary rapidity
bins. The QCD analysis is performed by using both, absolute
or normalised, representations of the LHCb measurements,
alternatively.

3 Theoretical predictions for heavy-flavour production

In the QCD analysis, the experimental measurements are
confronted with corresponding theoretical predictions. Com-
plete fixed-order theoretical predictions for differential pro-
duction of charm and beauty in both ep and pp collisions only
exist at NLO in the fixed-flavour number scheme (FFNS).
For higher orders, the most comprehensive results for heavy-

1" Charge conjugation is always implied for charm and beauty hadrons.

quark production in ep collisions are given in [17], which
contain combined approximate next-to-next-to-leading order
(NNLO) O(a_;”) expressions for three kinematic limits: in
the limit of high partonic centre-of-mass energy squared, in
the region of the production threshold, and in the high-scale
region. For heavy quark-pair production in pp collisions, the
cross sections in single-particle kinematics have been calcu-
lated at approximate NNLO O(ozf) [18,19] and at approx-
imate N3LO [20] by using methods of threshold resumma-
tion beyond the leading logarithmic approximation. Further
theory developments are necessary to include the available
HERA and LHCb heavy-flavour production measurements
in a QCD analysis at NNLO.

Consistent with the necessary theory predictions, the pre-
sented QCD analysis is performed at NLO in FFNS. This
scheme and its applicability to HERA measurements is dis-
cussed in detail in Ref. [15] and references therein. Predic-
tions for HERA data are obtained by following the approach
of the ABM group at NLO using its implementation in
OPENQCDRAD [21-23] in the framework of HERAFit-
ter [24]. The number of active flavours is set to Ny = 3, and
the renormalisation and factorisation scales (pQCD scales)
for heavy-flavour production are chosen as @, = uy =

JO%+ 4m2Q, where m g denotes the pole mass of ¢ or b

quarks.? For the light-flavour contribution to the inclusive
DIS cross sections, the pQCD scales are setto p, =y = Q.

Theoretical predictions for heavy-quark production in
pp collisions are obtained using the massive NLO cal-
culations [25-27] in the FFNS, also available as part of
the Mangano—Nason—Ridolfi (MNR) calculations [28]. The
pQCD scales are chosen as u, r = Af”j’cuo, with o =

/ p% + m%g and Af”j’[ being coefficients for ¢ and b quarks,

which are discussed in the following. These predictions were
used successfully for beauty production in pp collisions at
the SppS [29-31] and the Tevatron? [32]. They are concep-
tually very similar to the Frixione—-Mangano—Nason—Ridolfi
(FMNR) predictions [36,37] employed for heavy-flavour
photoproduction at HERA [38,39].

The cross-section predictions for heavy-flavoured hadron
production not only depend on the kinematics of the heavy-

27The pole mass is used for consistency with the pp predictions, since
MS running mass predictions are not available for LHCb.

3 Provided that fragmentation and other uncertainties are properly
treated [33]. Note that the NLO+NLL (FONLL) [34] calculations used
there, and also used by LHCb [13, 14], slightly reduce the cross sections
at high transverse momenta with respect to the pure NLO calculation,
while they are identical at low transverse momenta [34]. The Tevatron
data are well described by FONLL [33]. This conclusion is also appli-
cable to the NLO calculations [27] used here, since these were used as
input for the NLO part of the FONLL calculations. The claim in [32]
that the NLO predictions undershoot the data while FONLL describes
them must thus be attributed to parametrisations beyond the perturbative
part of the calculations, as illustrated, e.g., in Fig. 7 of [35].
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flavour production mechanism, but also on the fragmentation
of the heavy quark into a particular final-state hadron. There
is no final-state factorisation scale in the FENS since collinear
logarithms of the heavy-quark mass are included in fixed-
order perturbation theory. The calculations in [25-27,40]
describe the production of an on-shell heavy quark. Near
the kinematic threshold, the transition of the heavy quark
into the observed heavy-flavoured hadron can be taken into
account by multiplying the cross section with the appropriate
fragmentation fraction. This leads to an excellent description
of B- and D-meson production measurements at the Teva-
tron and the LHC from p7y = O up to pr ~ 4mg [41,42].
The scope of these calculations can be extended by con-
voluting the heavy-quark production cross section with a
suitable scale-independent fragmentation function describ-
ing the hadronisation of the heavy quark. The implemen-
tation of the convolution is not unique once the quark and
hadron masses are taken into account, and leads to a poten-
tially pr-dependent modeling uncertainty which is, however,
small compared to the scale-choice uncertainty at NLO. This
fragmentation function is used on a purely phenomenological
basis, since it does not strictly appear in the context of a fac-
torisation theorem, and therefore it has to be extracted from
data. It depends on the order of the perturbation series but is
generally assumed to be otherwise universal. Its main effect
is to lower the theoretical predictions at large pr. Typical
parametrisations used in the literature are those by Peterson
etal. [43] depending on one parameter ¢ and by Kartvelishvili
et al. [44] depending on one parameter ag .

For the HERA measurements, the fragmentation func-
tions and their uncertainties are considered and accounted
for in the original publications [15,16]. The measurements
of LHCb are provided as hadron-production cross sections
and the fragmentation functions have to be applied explic-
itly in order to use these data in the QCD analysis. In addi-
tion, fragmentation fractions describing the probability of a
quark to fragment into a particular hadron have to be applied.
The fragmentation fractions for c-flavoured hadrons are taken
from [45] and for b-flavoured hadrons from [14].

So far, no fragmentation measurements were performed
in pp collisions. Because of similarities of the c-quark-
production kinematics at HERA and LHCb, the Kartvel-
ishvili fragmentation function [44] with ax = 4.4 £ 1.7, as
obtained from corresponding HERA measurements [46,47]
extracted for the NLO FFENS scheme, is applied for predic-
tions of the LHCb measurements of charm-hadron produc-
tion. The fragmentation is performed in the laboratory frame
by rescaling the quark three-momentum, with the energy of
the produced hadron being calculated using the hadron mass.
This procedure is used for D+ and D; mesons, and for A"
baryons. For D% and D*-meson production, the contribu-
tion from D*t and D*Y mesons is treated as described in [48].
For beauty production, the value g = 11 £ 4 is used for

@ Springer

all b-flavoured hadrons, corresponding to measurements at
LEP [49].

The fragmentation-fraction uncertainties are assigned to
the measurements and are treated as correlated, while the
uncertainties arising from the variations of assumptions on
the fragmentation functions are treated in the form of varia-
tions of the theory predictions in the QCD fit.

4 Details of the QCD analysis

The open source QCD fit framework for PDF determina-
tion HER AFitter [24], version 1.0.0, is used. The partons are
evolved by using the QCDNUM program [50]. In the pre-
sented study, collinear factorisation is assumed throughout
the analysis performed using the DGLAP [1-9] evolution
equations. With the available techniques, no direct tests of
non-DGLAP models are possible with the data used here.
Such tests would require significant developments of the the-
ory and of the corresponding QCD analysis tools, which is
beyond the scope of this paper.

The analysis-specific modifications to HERAFitter
address the heavy-flavour treatment as follows. The mas-
sive FENS [51-54] with the number of flavours Ny = 3
is used for the treatment of heavy-flavour contributions. The
calculation of one-particle inclusive heavy-quark-production
cross sections in hadron collisions at NLO according to [27]
is implemented by using original routines from the MNR
code [55]. The results agree with those obtained with the
original MNR code at a level of accuracy better than 1 %.

The 3-flavour strong coupling constant in the NLO MS
scheme is set to ozs(mZ)Nf:3 = 0.1059 £ 0.0005, which
corresponds to the world average value of ag(m N7 = =
0.1185 £ 0.0006, using two-loop evolution equations [50].

The Q7 range of the inclusive HERA data is restricted to
0% > QIZnin =3.5GeV?. The procedure for the determination
of the PDFs follows the approach used in the HERAPDF1.0
QCD fit [10]. The following independent combinations of
parton distributions are chosen in the fit procedure at the ini-
tial scale of the QCD evolution Q% = 1.4 GeV?: the valence-
quark distributions xuy(x), xdy(x), the gluon distribution
xg(x) and the u-type and d-type anti-quark distributions
(which are identical to the sea-quark distributions), xU(x),
xD(x), where xU(x) = xu(x) and xD(x) = xd(x) + x5(x).
At the scale Qy, the parton distributions are represented by

xuty(x) = Ay, xBv (1 —x)C (1 4+ E, x?), 1)
xdy(x) = Ag, xBav (1 — x)Cav, )
xU(x) = Ag xP0 (1 — )T, 3)
xD(x) = Ag x50 (1 — x)%p, )
xg(x) = Ag xBs (1 — )% — AL xB (1 — 0% 5)
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The normalisation parameters A,,, Ag,, Ag are deter-
mined by the QCD sum rules, the B parameters are respon-
sible for the small-x behaviour of the PDFs, and the param-
eters C describe the shape of the distribution as x — 1.
A flexible form for the gluon distribution is adopted with
the choice of C [f’, = 25 motivated by the approach of the
MSTW group [56,57]. The s-quark distribution is defined
through x-independent strangeness fraction, f;, of the d-
type sea, x5 = fyxD at Q%, where f; = O.31f8:(1)g as in
the analysis of [57], including the recent complementary
measurement [58]. Additional constraints Bg = Bgy and
Ag = Ag(l — fy) are imposed, with xu — xd as x — 0.
The analysis is performed by fitting the remaining 13 free
parameters in Egs. (1-5).

The PDF parameters are determined in HERAFitter by
minimisation of a y >-function taking into account correlated
and uncorrelated uncertainties [24] of the measurements.
Systematic uncertainties are assumed to be proportional to
the central prediction values, whereas statistical uncertain-
ties scale with the square root of the predictions. Correlated
uncertainties are treated using a nuisance-parameter repre-
sentation [24]. To minimise biases arising from the likelihood
transition to x? when the scaling of the errors is applied, a
logarithmic correction is added to the X2-function [59].

The heavy-quark masses are left free in the fit. They are
well constrained by the measurements of charm and beauty
production in DIS and the fitted values (see Table 2 in the
Appendix A) are consistent with the ones obtained in the
corresponding HERA analyses [15,16] within the intrinsic
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T

theoretical systematic uncertainty of the pole-mass defini-
tion [60-62].

The QCD analysis is performed twice using either abso-
lute or normalised differential cross sections of heavy-flavour
production from LHCb measurements, as defined in Sect.
2. The implementation of the theory calculations [63] as
described in Sect. 3 allows the pQCD scales, i.e. the parame-
ters Ai’l;-, and the values for the pole mass of the heavy quarks
to be changed at each fit iteration.

In the QCD analysis using the normalised LHCb cross
sections, the pQCD scales are fixed to A, = Ay = 1 for the
central result. The scale dependence is studied by varying the
pQCD scales independently such that 0.5 < A,, Ay < 2.
A€ and A? are always varied simultaneously. The resulting
scale dependence is small, since it is largely absorbed by the
normalisation, as illustrated in Appendix A.

In the variant of the fit using the absolute LHCb cross sec-
tions, the scale dependence of the predicted cross section is
the dominant theoretical uncertainty. The same scale-choice
and variation procedure, as applied for the variant of the fit
using the normalised LHCb cross sections, leads to unaccept-
ably high x? values of the respective fits [63]. Therefore, the
four scales technically are treated as independent fully corre-
lated systematic uncertainties for the central result. Since the
pQCD scales are not physical parameters, the related uncer-
tainties are not obtained from the fit. Instead, the effect of
the scale choice on the other fitted parameters is evaluated
by an independent variation of A ¢ in the range 0.5 < A% =

L N 0.5ua ........ u= 0.25ua 4
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N ]
g L
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o L L 4
= L ]
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Fig. 2 Data to theory comparison for a representative subset of the
LHCb absolute cross sections for the production of D® mesons for
3.5 <y < 4.0 (left) and of B mesons for 3.0 < y < 3.5 (right). In
the bottom panels the ratios theory/data for the nominal variant of the
fit and the scale variations are shown. For demonstration purposes, the
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correlated shifts for the data points obtained in the fit using nuisance
parameters are applied to the theoretical predictions. The uncorrelated
uncertainties for the data points are shown as they are rescaled in the
fit, while the total uncertainties are shown as not rescaled
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Fig. 3 Data to theory comparison for a representative subset of the
LHCb normalised cross sections for the production of D° mesons for
2.0 < pr < 3.0GeV (left) and of BT mesons for3.0 < pr < 3.5GeV
(right). The central rapidity bins are fixed to 1 by the definition of the
normalised cross sections. In the bottom panels the ratios theory/data
for the nominal variant of the fit and the scale variations are shown.

A}} < 2 with A¢ and A? as free parameters, or A, in the

range 0.25 < A = A? < 1 with A;} and A}} being free
parameters. For the variation A; = Al} =0.5,acut pr > 2
GeV is applied for the charm LHCb data to ensure that the
factorisation scale is above 1 GeV?2, since this is technically
required in the QCDNUM program. This procedure ensures
an acceptable fit quality for all variations [63], as required for
a meaningful extraction of the other uncertainties. Because
of the unconventional scale treatment the fit using absolute

cross sections is considered to be a cross check.

5 PDF uncertainties

The PDF uncertainties are estimated following the approach
of HERAPDF1.0 [10] in which experimental, model, and
parametrisation uncertainties are taken into account. Experi-
mental uncertainties are evaluated using the Hessian method
[24]. A tolerance criterion of A X2 = 1 is adopted for defin-
ing the fit uncertainties that originate from the experimental
uncertainties of the measurements included in the analysis.
Model uncertainties arise from the variations in the val-
ues assumed for anin imposed on the HERA data, which is
varied in the interval 2.5 < Qrzrlin <50 GeVZ; the fraction
of strange quarks, varied in the range 0.23 < f; < 0.50
and the value of the strong coupling, varied in the range
0.1054 < ag(mZ)NF:3 < 0.1064. The pQCD scales for
heavy-quark production in DIS are varied simultaneously by
a factor of 2 up and down for both, charm and beauty. For
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For demonstration purposes, the correlated shifts for the data points
obtained in the fit using nuisance parameters are applied to the theoret-
ical predictions. The uncorrelated uncertainties for the data points are
shown as they are rescaled in the fit, while the total uncertainties are
shown as not rescaled

Table 1 The global and partial x? values for the data sets used in the
analysis of HERA and LHCb measurements

Representation of LHCb data Absolute Normalised
Global x2/ngof 1073/1087 958/994
Global x? p-value 0.61 0.79
Correlated uncertainties x> 73 49
Logarithmic correction 2 —129 48

Data set Partial x2/ndof

NC DIS HERA I comb. e™ p 108/145 108/145
NC DIS HERA I comb. et p 419/379 419/379
CC DIS HERA I comb. e™ p 26/34 26/34
CC DIS HERA I comb. e p 39/34 41/34
cc DIS HERA comb. 78/52 47152
bb DIS ZEUS Vertex 16/17 12/17
LHCb D° 68/38 17/30
LHCb DT 53/37 18/29
LHCb D*+ 50/31 19/22
LHCb D} 24/28 11720
LHCb A} 5.3/6 4.9/3
LHCb B™ 99/135 81/108
LHCb B° 66/95 35/76
LHCb B? 78/75 23/60

the fits with the LHCb data, the model uncertainties include
theoretical uncertainties for the cross section predictions for
heavy-flavoured hadron production, arising from variation
of the pQCD scales and of the fragmentation parameters, as
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Fig. 4 The gluon (top left), the sea-quark (fop right), the u-valence
quark (bottom left) and the d-valence quark (bottom right) distributions
represented at u% = 10 GeV?, as obtained in the QCD analysis of
the HERA-only data (light shaded band) and HERA and LHCb mea-

described in Sect. 3. Uncertainties, arising from these model
variations are referred to as MNR uncertainties in the follow-
ing.

The parametrisation uncertainty is estimated similarly to
the HERAPDF1.0 procedure: for all PDFs, additional param-
eters are added one by one in the functional form of the
parametrisations in Egs. (1-5), in a similar way as described
in [10,15,16]. Furthermore, the starting scale is varied to
Q% = 1.9 GeV?. The parametrisation uncertainty is con-
structed as an envelope built from the maximal differences
between the PDFs resulting from all the parametrisation vari-
ations and the central fit at each x value. The total PDF
uncertainty is obtained by adding experimental, model and
parametrisation uncertainties in quadrature.

PROSA NLO FFNS fit

2
W 20 , 5
. ui =10 GeV
x
15 [ HERA DIS
HERA DIS + LHCb abs
HERA DIS + LHCb norm
10
5
P SO O RO RO M
5
o 1
+
W
~ 0
a by Lol 5 Lol . | R | ’ | SN
10 10 10 10 10 10 1
X
PROSA NLO FFNS fit
> 0.5 -
° 12 =10 GeV’
X 0.4 [ HERA DIS

HERA DIS + LHCDb abs
HERA DIS + LHCb norm

8
ENIERTIT ERENIRRTIT I

10° 10° 10* 10° 10? 10" 1
X

surements and their relevant uncertainties. The sea-quark distribution
is defined as ¥ = 2 - (i + d + 5). The results of the fit using absolute
or normalised LHCb cross sections are shown by different hatches. The
widths of the bands represent the total uncertainties

6 Results

In Fig. 2, the absolute cross sections for DO- and BT -meson
production in pp collisions are shown for one representative
rapidity bin and are compared to the theory predictions as
used in the QCD analysis. A significant scale dependence is
observed. The normalised cross sections for a representative
pr bin of the same data set are compared to the respective
theory predictions in Fig. 3. The advantage of using the nor-
malised cross section is a significant reduction of the scale
dependence of the theoretical prediction, retaining the sen-
sitivity of the cross sections to the gluon distribution. The
reduction of the uncertainty due to the scale variations is
related to the fact that the scale choice affects mostly the

@ Springer
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PROSA NLO FFNS fit: HERA DIS
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Fig. 5 Individual contributions to the PDF uncertainties on the gluon distributions, obtained in QCD analyses using HERA-only (upper panel),
HERA+LHCDb absolute (lower panel left) and HERA+LHCb normalised (lower panel right) cross sections of heavy-flavour production

normalisation but only to some extent the shape of heavy-
quark-production kinematics, as demonstrated in Figs. 6, 7
in the Appendix A.

The fit quality, represented by the total and partial values
of x 2 divided by the number of degrees of freedom, n4.f, for
both variants of the QCD analysis is presented in Table 1.
When the normalised LHCb cross sections are used in the
QCD analysis, ngor is appropriately reduced for the respec-
tive data sets. The fitted parameters are presented in Table 2
in Appendix A.

The resulting gluon, valence-quark and sea-quark distribu-
tions with their total uncertainties are presented at u?, =10
GeV? in Fig. 4 and compared to the result of the fit, based on
solely HERA measurements of inclusive and heavy-flavour
DIS. The uncertainties on the gluon and sea-quark distribu-

@ Springer

tions at low x are significantly reduced in both cases, using
LHCb absolute or normalised heavy-quark-production cross
sections.

In case of the variant of the fit based on normalised LHCb
cross sections, the uncertainties are reduced by more than a
factor of three at x ~ 5 x 107°, which is the edge of the
sensitivity of the included measurements (Fig. 1). Consistent
results are obtained in the fit using the absolute cross sections,
which is considered an important cross check of the self-
consistency of the NLO theory description.

The individual contributions of the experimental, model
and parametrisation uncertainties for both cases of using the
LHCb measurements are shown in Fig. 5 and compared to the
result of the fit using only HERA data. The gluon distribution
at low x is constrained by the HERA measurements mostly
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via the sum rules and this results in large parametrisation
uncertainties. Once the LHCb measurements are included in
the QCD analysis, the gluon distribution is directly probed
and the parametrisation dependence of the PDF is signifi-
cantly reduced.

The main differences in the PDF uncertainties between the
fits using the absolute and normalised LHCb cross sections
are caused by the MNR uncertainties. The variation of the
pQCD scales in the prediction of the absolute cross section
of heavy-flavour production in pp collisions leads to signif-
icant changes in the normalisation of the cross section and
represents the dominant uncertainty on the PDFs. The vari-
ations of the assumptions on the fragmentation parameters
result in a negligible uncertainty as compared to those due to
the scale variations, see e.g. Fig. 7.13 [63], since changes of
the pr shape due to variations of the fragmentation function
can be compensated by small changes in the scales.

In the case of the PDF fit using the normalised LHCb cross
sections, the MNR uncertainty is strongly reduced, since vari-
ations of pQCD scales and of the fragmentation parameters
do not significantly affect the shape of the y distribution
for heavy-flavour production. Therefore this is considered
to be the primary result of this paper, while the consistency
between the absolute and normalised variants is considered
to be an important cross check.

7 Conclusions

The sensitivity of heavy-flavour production in pp collisions
to the low-x gluon distribution was studied in a comprehen-
sive QCD analysis at NLO. The measurements of c¢- and
b-hadron-production cross sections at the LHCb experiment
are included into a PDF fit together with inclusive and heavy-
flavour-production measurements in DIS at HERA. Since
the bulk of the heavy-flavour data is close to the kinematic
threshold, the fixed-flavour number scheme at NLO order is
used for the predictions of heavy-flavour production in ep
and pp collisions. A significant reduction of the parametri-
sation uncertainty of the gluon distribution at very low x is
observed, as compared to the result of the PDF fit using only
HERA DIS data.

Two ways of using the LHCb measurements in the fit
are studied. Although the absolute differential cross-section
measurements contain more information, the resulting PDFs
suffer from large theoretical uncertainty due to uncalculated
higher-order corrections, estimated by the variation of the
pQCD scales. By using only the rapidity shape information
in the normalised cross sections for the final result, this uncer-
tainty is significantly reduced for the PDF extraction.

The present analysis has illustrated the high potential of
the LHCb measurements to constrain the gluon distribution
at low x, and global PDF fits clearly can profit from the

inclusion of such data. Precise measurements of normalised
cross sections of heavy-flavour production in the forward
kinematic range of the LHC therefore have a great potential
to further improve the constraints on the PDFs.

In order to fully exploit the additional constraints from
absolute LHC charm and beauty cross sections, a signifi-
cant reduction of the theoretical uncertainties, e.g. through
threshold resummation and/or (partial) NNLO calculations
with codes suitable for a usage in QCD analyses, is desirable.
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Appendix A
See Table 2 and Figs. 6 and 7.

Table 2 The fitted parameters for the NLO QCD analysis using HERA
and LHCb measurements. The value of strong coupling as (m z)N/=3 =
0.1059 is used (which corresponds to arg(mz)¥f=> = 0.1185). The
listed uncertainties correspond to those associated to the experimental
measurements used in the fit. Uncertainties are not quoted for parame-
ters that are fixed. The correlation matrix can be made available upon
request

Parameter Absolute Normalised
B, —0.14 +0.07 —0.08 +0.10
Cq 6.83 +0.31 5.23 +0.34
A, 1.74 £0.22 1.29 £0.32
B, —0.19£0.04 —0.16 4 0.05
By, 0.668 + 0.020 0.649 + 0.021
Cu, 4.99 +0.23 4.98+0.23
E., 122424 13.5+£2.7
By, 0.93 £ 0.09 0.96 £ 0.09
Ca, 5.50 £ 0.56 5.59 £0.55
Cy 1.63 £0.21 1.63+0.24
Ag 0.173 + 0.007 0.158 & 0.007
Bs —0.146 £ 0.006 —0.155 £ 0.007
Cs 104 £25 15.1+42
me [GeV] 1.709 4 0.024 1.257 £0.014
my [GeV] 4.67+0.08 4.1940.13
A 0.659 % 0.020 1.0

A’} 0.262 + 0.007 1.0

AS 0.444 +0.021 1.0

Ab 0.335 £ 0.024 1.0
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