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The patron distribution functions (PDFs) describe the parton content
of the proton. They cannot be calculated from the first principle and are
to be determined empirically by fitting experimental observables to quan-
tum chromodynamics (QCD) predictions. The HERAFitter project aims to
provide a framework for QCD analyses of proton structure at leading order
(LO), next-to-leading order (NLO) and next-to-next-to-leading (NNLO)
orders in perturbative QCD. The framework includes various modules and
interfaces enabling a large number of theoretical and methodological op-
tions. It also allows to study the impact of the new experimental data on
the PDF's from ep, pp and pp scattering processes. The fast development of
the project involves active communication with theorists and experimen-
talist as well as a close collaboration with the main PDF fitting groups.
Full information about the project, downloads and documentation can be
found in http://herafitter.org.

1. HERAFitter project

The hard-scattering cross section is a convolution of the parton distribu-
tion functions, coupling constant and the perturbatively calculable matrix
elements of a hard scattering process. PDF's, which cannot be derived from
the theory and are to be determined by a fit of predictions to experimental
observables using the DGLAP evolution equation [1]. HERAFitter project
is an open source QCD fit framework designed for the extraction of par-
ton distribution functions of the proton. The framework includes a large
number of theoretical models and allows to study the impact of the new
experimental data on the PDFs. A schematic structure of the HERAFitter
framework is illustrated in Figure 1 and explained below. Further informa-
tion about the project with available releases and documentation (manual
and release notes) can be found in http://herafitter.org.
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Fig. 1. Schematic structure of the HERAFitter program: The “experimental data”
block illustrates variety of processes which can be included into the framework and
are matched to the corresponding theoretical calculation illustrated in the block
below; after the QCD fit is performed the resulting PDF's together with theoretical
cross sections are provided as shown on the right side of the figure.

2. Functionality

The procedure to determine PDFs in the HERAFitter framework is the
following. First, the PDFs are parametrized at the starting scale Q% chosen
to be below the charm mass threshold. Then, the fits to the experimental
data are performed using DGLAP evolution in the MS scheme as imple-
mented in the QCDNUM [2] package. The evolution is available at leading
(LO), next-to-leading (NLO) or next-to-next-to-leading (NNLO) orders.

During the fitting procedure, the measured and predicted cross sections
together with their corresponding errors are used to build a y? and deter-
mine the parameters of the PDF model. The main functionality of the code
which includes the treatment of the experimental data, calculation of the
theory predictions, x? minimization, parametrization and optional tools are
summarized below.

All the main experimental data sets relevant for PDFs can be fitted
within the HERAFitter framework: inclusive deep inelastic scattering (DIS)
cross sections from HERA and fixed target experiments, Drell-Yan cross
sections, inclusive jet production data (ep, pp and pp) and heavy quark
structure functions. The DIS structure functions may be computed in a
variety of heavy quark schemes including the fixed-flavor (FFN) and variable
flavor number (VEN) schemes. VFN schemes with various treatments for
the heavy quark thresholds include the Thorne Roberts (TR) scheme at
LO, NLO and NNLO (3, 4] as provided by the MSTW group, the ACOT
scheme at LO and NLO as provided by the CTEQ group. The QCDNUM



also provides the calculations of the DIS structure functions in the zero-
mass FFN schemes. The FFN scheme is alternatively available via the
OPENQCDRAD [7] interface in which the running mass definition [8] is
implemented.

The calculations of production cross sections at hadron colliders with
NLO accuracy require a huge amount CPU time in order to reach a high
statistical precision of the result. To facilitate the use of NLO calculations
in the fitting framework the grid methods were adopted by the HERAFitter
team. These techniques rely on the factorization theorem. It decouples
the hard scattering coefficients from PDFs and stores them on the grid
allowing a fast recalculation of the cross section in every fit iteration. AP-
PLGRID [9] (or FastNLO [10]) technique is used as a fast interface to jet [6]
and electroweak [5] cross sections calculators. An independent treatment for
the electro-weak corrections is applied as k-factors, using external packages
such as SANC or FEWZ to calculate them.

The predictions of Drell Yan production in pp(p)-collisions can be pro-
vided using two independent implementations. The first one uses calcula-
tions at the LO which and is extendable to NLO by applying a k-factors.
Alternatively, one can obtain the full NLO predictions directly from the
NLO calculations as implemented in MCFM [5] by interfacing it to AP-
PLGRID library. Any of two methods can be chosen by a framework user.

The program HATHOR [11] interfaced to HERAFitter provides the cal-
culation of the total ¢t cross section at pp and pp colliders up to approximate
NNLO accuracy. Various definitions of x? can be chosen in the HERAFitter
for the minimization procedure which are based on the use of nuisance pa-
rameters or on the full covariance matrix. For a single data set, the 2
function is defined in a simple form
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or can be evolved to the so called “scaled” form:
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Here p' is the measured central value at a point i with relative statistical
0i stat and relative uncorrelated systematic d; ,n. uncertainties, the quantity
m’ is the theoretical prediction, fy;» represents relative correlated systematic
uncertainties and b; — their shifts. In the case of the covariance matrix, the



x? function takes the form

X2 =) (m' = i )Coot i (m? — 1), (3)
ij
where the C’t;tl ;; 1s the total covariance matrix given by the sum of the
statistical and systematic covariance matrices. In addition, the different
approaches can be combined together, e.g. some systematic uncertainties
can be treated using the matrix method, others can be treated using nui-
sance parameters.

Several different parametrization forms for the PDF's at the staring scale
can be chosen in the HERAFitter. First, the standard functional form can
be used to parameterize PDFs, second, the bi-log normal functional form
is available and third, forms based on generalized polynomials such as the
Chebyshev can be used.

The best way to see the impact of the measurement on the PDFs is to
perform a QCD fit. As an alternative to the PDF fit, a Bayesian reweighting
technique can be used to study the impact of experimental data on PDFs.
Bayesian reweighting can be used with Monte Carlo method as first em-
ployed by the NNPDF Collaboration [12] or using the Hessian Eigenvector
Method as proposed in [13].

The HERAFitter provides PDFs in a standard LHAPDF format which
can be used by theoretical calculation and Monte Carlo simulation pro-
grams. Basic plotting tools and several examples of the fits are included in
the HERAFitter package.

3. Latest developments (HERAFitter-0.3.1)

The latest developments which are included in the newest HERAFitter
release (HERAFitter-0.3.1 beta) are summarized below:

e improved treatment of the experimental data uncertainties which can
be treated as asymmetric (using Toy MC method), as Offset method
(the minimization is performed without taking into account correlated
uncertainty sources but nuisance parameters are shifted by 41 in the
uncertainty determination) and using the covariance matrix represen-
tation for data sets which have uncertainties reported in this form;

e the possibility to study the bias introduced by the parametrization
form, a flexible PDF parametrization and MC method now can be
employed. There are two regularization techniques, data driven and
external regularization based on the x? penalty term, which can be
used to estimate parametrization induced biases;



e PDF Bayesian reweighting based on eigenvectors (Hessian method) as
explained in the section above,

e unintegrated PDFs based on the kr factorization (CCFM) evolution
as an alternative approach to colinear DGLAP evolution;

e a Bartels-Golec-Kowalski(BGK) [14] dipole model which takes into
account the effects of DGLAP evolution;

e inclusion of additional data sets from LHC and Tevatron and other
updates like upgraded interface format to FastNLO and newer electro-
weak DIS program.

4. Results obtained using HERAFitter

The HERAFitter framework is actively used by HERA and LHC ex-
periments. At HERA, the results of QCD analyses using HERAFitter are
published in the recent combination of charm production measurements in
DIS [15] and inclusive H1 measurements at high Q? with longitudinally po-
larized lepton beams [16]. The HERAFitter framework has been used in
the QCD studies with Z and W cross sections measured by the ATLAS
Collaboration to determine the strange quark density of the proton [17] as
depicted in Figure 2. It was shown that the Z and W measurements intro-
duce a novel sensitivity to the strange quark density at = ~ 0.01. The ratio
of the strange to the down sea quark density is found to be r; = 1.001“8:%2

at Bjorken z = 0.023 and the initial scale of the QCD fit Q2 = 1.9 GeVZ.
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Fig. 2. Predictions obtained from NNLO pQCD analyses of the ratio rs = 0.5(s +
5)/d, at Q* = M2 and z = 0.013. Points: Global fit analyzes using the PDF
uncertainties as quoted in [17]; Bands: ATLAS measurement [17]; inner yellow
band — experimental uncertainty; outer green band — total uncertainty.

Another QCD analysis using the HERAFitter framework was performed
on the inclusive ATLAS jet data at /s = 2.76 TeV and /s = 7 TeV [18].



It was demonstrated that by including the ATLAS jet data, a harder gluon
distribution and a softer sea-quark distribution in the high Bjorken-z region
are obtained with respect to the fit of HERA data only. The results are
presented in Figure 3.

At CMS, there are several analyses which use HERAFitter for PDF con-
straints, i.e. Drell-Yan, W+charm, W asymmetry data and inclusive jets.
The combined analysis of HERA I data and CMS W asymmetry measure-
ment [20] shows that CMS data change the central values of the light valence
quark PDFs and decreases its uncertainties (see Figure 4).
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Fig.3. Momentum distributions of the gluon, zg(x), (left) and total sea,
xS (x),(right) together with their relative experimental uncertainty as a function of
x for Q% = 1.9 GeV?2. The filled area indicates a fit to HERA data only. The bands
show fits to HERA data in combination with both ATLAS jet data sets, and with
the individual ATLAS jet data sets separately, each for jets of R = 0.6 size. For
each fit the uncertainty in the PDF is centered on unity.

Adding the CMS jet data [19] to the HERA I data set (see Figure 5)
results in a harder gluon distribution in high Bjorken-z region in agreement
with ATLAS analysis [18].

From the theory side, the work is ongoing on updating the ACOT scheme
module (in collaboration with CTEQ group members), inclusion of photon
PDF in QCDNUM (on former a publication is foreseen). The QCD studies
of LHeC data have been also performed with HERAFitter and published
in [21].

5. Summary

HERAFitter contains all necessary ingredients to study the proton PDF's,
it incorporates variety of different data processes and theory calculations,
contains many useful tools and is an optimal platform for various bench-
marking studies. HERAFitter is the first open source package to perform
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Fig. 4. Distributions of u-valence (left) and d-valence (right) quarks as a function
of x at the scale. The results of the 13-parameter fixed strangeness fit to the
HERA I DIS data and CMS muon asymmetry measurements (shaded band), and
to HERA only (hashed band) are compared.
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Fig. 5. Overview of the gluon, sea ¥ = 2(@ +d + 5), u valence, and d valence PDFs
before (full line) and after (dashed line) including the CMS jet data into the fit.
The PDFs are shown at the starting scale Q% = 1.9 GeV2. In addition the total
uncertainty including the CMS jet data is shown as a band around the central fit.

PDF fits and is actively used by experimental and theoretical high energy
physics communities.
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