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1. Introduction

The cross sections of various scattering processes at hadron colliders are calculated by con-
voluting the parton level cross sections with the parton distribution functions (PDFs). Generally,
the parton distribution function f;(x, Q%) gives the probability of finding a parton (quark or gluon)
of flavour i in the proton carrying a fraction x of the proton momentum with Q being the energy
scale of the hard interaction. PDFs cannot be predicted by perturbative QCD. They are determined
through a fit procedure of experimental data to the theoretical models using the DGLAP evolution
equation [M]. The knowledge of proton PDFs mainly comes from Deep Inelastic Scattering (DIS) at
HERA and at fixed target experiments and from TEVATRON data. The LHC data has the potential
to improve the understanding of PDFs further.

Presently, the determination of PDFs is mainly carried out by several groups, namely MSTW [0],
CTEQ [B], NNPDF [@], HERAPDF [H], ABM [B] and JR [[@]. The detailed description of PDFs
from the HERAPDF group is provided in this write-up.

2. HERAPDF sets

The HERAPDF sets are extracted primarily from the inclusive neutral current (NC) and charged
current (CC) deep inelastic scattering data measured at the HERA collider. At HERA electrons (or
positrons) were collided with protons at centre-of-mass energies /s = 225 —318 GeV. In neutral
current reactions, ep — eX, the interaction proceeds via the exchange of a photon or Z boson
while in charged current scattering, ep — VX, a W= boson is exchanged. The NC (and similarly
CC) cross section can be expressed in terms of structure functions:
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where Y. = 1=+ (1 —y)?, with y characterising the inelasticity of the interaction. The structure
function £ is the dominant contribution to the cross section, xF3 is important at high Q2 and F; is
sizable only at high y. In the framework of perturbative QCD the structure functions are directly
related to the parton distribution functions, i.e. in leading order (LO) F is determined by the sum
of quark and anti-quark momentum distributions while the structure function x£3 is related to their
difference. At higher orders, terms related to the gluon distribution function (0g) appear.

The inclusive CC ep cross section can also be expressed in terms of parton distributions. In the LO
the e™ p and e~ p cross sections are sensitive to different quark densities:
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In addition to NC and CC scattering measured at HERA, some variants of HERAPDF sets also use
the jet and charm measurements at HERA. The existing HERAPDF sets are summarised in table [
and described in details below.

In the HERAPDF1.0 fit [B], the HERA combined measurement of the inclusive NC and CC ep
cross sections from the first running period of HERA (HERA-I) is used. The method used in the
data combination takes into account the correlations of systematic uncertainties resulting in an
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PDF set name DATA ‘ Order
HERAPDF1.0 H1-ZEUS CC,NC HERA-I NLO, NNLO
HERAPDF1.5 H1-ZEUS CC,NC HERA-I and HERA-II(prel.) NLO, NNLO
HERAPDF1.6 HI1-ZEUS CC,NC HERA-I and HERA-II(prel.) and jets | NLO
HERAPDF1.0+charm | H1-ZEUS CC,NC HERA-I and charm NLO
HERAPDF1.7 All data above NLO

Table 1: List of HERAPDF parton distribution function sets. HERAPDF1.0 and HERAPDF 1.5 sets with the
full uncertainty estimation are available through the Les Houches Accord PDF Interface (LHAPDF).

improved accuracy.

The QCD predictions for the structure functions are obtained by solving the DGLAP evolution
equations at NLO (or NNLO) in the MS scheme with the renormalisation and factorisation scales
chosen to be Q2. The DGLAP equations yield the PDFs at all values of Q% above the input scale Qé
at which they are parametrised as a function of x. The starting scale Q(Z) is chosen to be 1.9 GeV?
such that it is below the charm mass threshold. The heavy quark coefficient functions are calculated
in the RT general mass variable favour number scheme [H].

The generic form of the parametrisation is used at the input scale. The parametrised PDFs are the
gluon distribution xg, the valence quark distributions xu,, xd,,, and the u-type and d-type anti-quark
distributions xU, xD. At the starting scale Q3 = 1.9 GeV? xU = xit and xD = xd +x3. The central
fit parametrisation is:

xg(x) = AgxBe(1—x)%, (2.3)

The normalisation parameters A are constrained by the quark number sum-rules and momentum
sum-rule, extra constrains are applied for the small-x behaviour of d- and u-type quarks B,, = By,
By = Bpand Ag = Ap(1— f;) (f; is the strange quark fraction) which ensures that xii — xd as
x—0.

The different parton distribution functions of the HERAPDF1.0 sets are illustrated in figure 0 (left).
Model uncertainties (shown as yellow bands in the figure) of the central fit solution are evaluated
by varying the input assumptions: Qfm-n, fs, masses of the heavy quarks m¢ and mp. The parametri-
sation uncertainty (green band) is formed by an envelope of the maximal deviation from the central
fit, varying parametrisation assumptions in the fit (by adding additional parameters to (Z3)) and
therefore has an asymmetric shape. The determination of parameterisation uncertainties is unique
to the HERAPDF sets.

The full statistics HERA (HERA-I and HERA-II) inclusive CC and NC data are used for NLO
and NNLO QCD fits resulting in HERAPDF1.5 set [B]. The same formalism, model and parama-
trisation assumptions as for the HERAPDF1.0 are used in the HERAPDF1.5(NLO) fit. As can be
seen in figure [, the improved statistics of the inclusive HERA data results in reduced experimental
and model uncertainties of the PDFs, especially for valence quark distributions, driven by the more
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Figure 1: The parton distribution functions from HERAPDF1.0 (left) and HERAPDF1.5 (right) shown for
Xy, xdy, xS = 2x(U + D),xg at 0% = 1.9 GeV?2. The gluon and sea distributions are scaled down by a factor
20. The different color bands represent experimental, model and parametrisation uncertainties, respectively.

precise CC data.

The HERAPDF1.5 analysis has been extended to include HERA inclusive jet data resulting to the
HERAPDF1.6 [[M] set. The jet data are sensitive to gluon and quark distributions in the PDFs and
to the strong coupling constant ;. The impact of the jet data can be seen if o, (My) is treated as a
free parameter in the fit (figure D). In case of fitting simultaneously PDFs and o to only the DIS
data the uncertainties on the gluon PDF becomes large at low x (figure @ left). By including the
jet data the correlation between the gluon PDF and o (Mz) is reduced, resulting in significantly
smaller uncertainties on the gluon PDF (figure D right) which are similar in size to those obtained
by using inclusive DIS data only and fixing o (Mz). In the fit with jet data the value of extracted
o (Mz) = 0.1202 £ 0.0013(exp) = 0.0007(mod/param) £0.0012(had) {0032 (th) [IT].
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Figure 2: Parton distribution functions for HERAPDF1.5 without (left) and with jet data (right) treating o
as a free parameter in the fit as a function of x for Q2 =10 GeV?. The central value (solid line) is shown
together with experimental, model and parametrisation uncertainties represented by colored bands.
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The effect of including the HERA charm production data in the PDF fits is also studied [[]. In this
study, several implementations of the variable flavour number schemes (VFNS), which have differ-
ent treatment of heavy quark mass terms in pQCD, are investigated. The different VFN schemes
can have different impacts on the charm contribution to the sea quark and thus affect the compo-
sition of xU (x) from the xz(x) and the x¢(x) contributions. In the study, a combined NLO QCD
analysis is performed using the charm production and the inclusive DIS data repeatedly for each
VFN scheme with different values of the charm quark mass parameter, m°%!. Figure B (left)
shows the results of the m”°%! scan for all schemes considered. It is interesting to observe that
first, different schemes have different optimal charm quark mass parameter m7°%!, and second, the
%% minimum values are comparable for all schemes despite of different optimal values of m/4¢!,
The implications of this result on the NLO predictions for W and Z production cross sections at
the LHC are investigated by calculating the boson cross sections with PDF sets produced for each
scheme at its optimal m"°4¢/. As an example, the W™ cross section as a function of m”4¢ for
the different schemes is shown in figure B (right). Good agreement between these predictions is
model

observed at optimal m]. which results in a reduction of the uncertainties due to the heavy flavour
treatment to below 1.0%.
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Figure 3: Left: Comparison of the 2 obtained by NLO fits to the inclusive HERA-I and the preliminary
combined charm data in different VFN schemes represented as lines of different styles. Right: W™ produc-
tion cross section oy, + at the LHC for \/s = 7 TeV as a function of m"°?¢!, Lines represent different schemes

and the stars show the positions of the corresponding optimal mﬁ”"dd values obtained for each scheme.

Finally, a QCD analysis is performed which includes all currently available HERA NC and CC
inclusive, charm, low energy and jet data (HERAPDF1.7). This fit prefers the same o value as
obtained with a fit using only inclusive and jet data. Similarly, the same optimal m"*¢¢! value was

found in the HERAPDF1.7 fit as that obtained in a fit when only inclusive and charm data are fitted.

3. HERAFitter project

The HERAFitter project is a common initiative of the HERA experiments joined by the LHC
and theory groups to provide an open source framework containing PDF fitting tools [[2]. Al-
though the fitting framework was initially used for the HERAPDF fitts, it has since evolved and
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incorporates different type of data and is actively used by the LHC community. These include in-
clusive cross sections from HERA DIS and fixed target experiments, Drell-Yan, jet production data
(ep, pp and pp) and heavy quark structure functions. Experimental systematic uncertainties can be
treated as correlated or uncorrelated and there are several methods provided how to calculate them
(Hessian covariance matrix, Monte Carlo replicas). The structure functions may be computed in
a variety of heavy quark schemes as well as the fixed flavour scheme. The package is interfaced
to different tools like FastNLO and APPLGRID for the fast input of NLO jet and Drell-Yan cross
sections and HATHOR for the calculation of the top cross sections. HER AFitter is under continues
development and currently includes many useful additions. Basic plots are provided together with
the fit result and the resulting PDFs are supported by the LHAPDF standards.

In summary, HERAFitter contains all necessary ingredients to study the proton PDFs, it incorpo-
rates variety of different data processes and theory calculations, contains many useful tools and is
an optimal platform for various benchmarking studies.
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