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Outline

Description of the xFitter project: methods, schemes and data
used for PDF determination.

Selected results from xFitter (HERA, ATLAS, CMS).

The main results for the photon PDF: F.Giuli and xFitter Developers' Team.

Dipole models in xFitter - signs of saturation of gluon density:

based on: �Dipole model analysis of highest precision HERA data,
including very low Q2's�, Phys.Rev.D 95, 2017.
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Motivation

The recent discovery of the Higgs boson and the extensive searches for signals
of new physics in LHC pp collisions demand high-precision calculations to
test the validity of the Standard Model (SM) and factorisation in (QCD).

The factorisation theorem for a hadronic cross section read:

dσhad = Wij ⊗ fi ⊗ fjdΦ

partonic cross section:

Process dependent
High-energy dominated
Computable in perturbation theory

parton distribution functions:

Universal (for a given hadronic
species)
Low-energy dominated
Perturbation theory inapplicable

The rapid �ow of new data from the LHC has motivated the development of
a tool to combine them together in a fast, e�cient, open-source framework :

xFitter framework

How do we determine parton distribution functions (PDFs)?

Presently, the most accurate and reliable way is through �ts to data.
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Fitting PDFs: Introduction

Data sets:

as large and varied as possible
spanning a wide kinematic range

Estimate of the uncertainties:

include full experimental
uncertainties
ensure a faithful representation

Choice of the parametrisation:

avoid parametrisation biases

Theoretical inputs:

higher order corrections
Heavy-quarks mass e�ect
...

Di�erent choices may lead to di�erent
results.
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The xFitter Project

The xFitter project (former HERAFitter) is an unique open-source
QCD �t framework.

GitLab (CERN) is now the main repository of the project:
https://gitlab.cern.ch/�tters/x�tter
(open access to download for everyone - read only)

This code allows users to:

extract PDFs from a large variety of experimental data
assess the impact of new data on PDFs
check the consistency of experimental data
test di�erent theoretical assumptions

Around 30 active developers between experimentalists and theorists.

LHC experiments provide the main developments and usage of the xFitter
platform.
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xFitter Developers Meeting

External xFitter's meeting in Oxford:

33 participants
2.5 days workshop with number of talks and many discussions
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The xFitter Project - list of analysis

More than 40 publications obtained using xFitter from the beginning of the
project:https://www.x�tter.org/xFitter/xFitter/results
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PDFs Fits in xFitter

Parametrise PDFs at the initial scale:
several functional forms available (�standard�, Chebyshev, etc.)
de�ne parameters to be �tted

Evolve PDFs to the scales of the �tted data points:
DGLAP evolution up to NNLO in QCD and NLO QED
(QCDNUM, APFEL, MELA)
non-DGLAP evolutions (dipole, CCFM)

Compute predictions for DIS and hadron colliders:
several heavy quarks treatments are avaliable in DIS
(ZM-VFNS, ACOT, FONLL, RT, FFNS)
predictions for hadron-collider data through
fast interfaces (APPLgrid, FastNLO)

Comparison data-predictions via χ2 :

multiple de�nitions available
consistent treatment of the systematic uncertainties

Minimise the χ2 w.r.t. the �tted parameters:

using MINUIT

Useful drawing tools.

A. Luszczak (DESY) xFitter project 23 - 30 September 2017 7 / 32



xFitter release 2.0.0

https://www.x�tter.org/xFitter/xFitter/DownloadPage

By default, only �nal combined HERA I+II data are distributed.
getter-x�tter.sh script to download data with corresponding theory �les.
In directory 'datasets' located all available �les.
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xFitter on Hepforge: data access

http://x�tter.hepforge.org/

Possibility to download data �les
(including theory).

Updated automatically with new
data added to svn.

Your feedback is welcome!
(via email: x�tter-help@desy.de)

http://x�tter.hepforge.org/data.html
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xFitter examples (CTEQ School)

www.x�tter.org/x�tter/tutorials

A list of educational examples are provided in the package - prepared for the
CTEQ summer school 2016:
Exercise 1: PDF �t:

learn the basic settings of a QCD analysis, based on HERA data only

Exercise 2: Simultaneous PDF �t and as:
learn the basic of an as extraction using H1 jet data

Exercise 3: LHAPDF analysis:
how to estimate impact of a new data without �tting
pro�ling and reweighting techniques

Exercise 4: Plotting LHAPDF �les:
direct visualisation of PDFs from LHAPDF6 using simple python scripts
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Results obtained with xFitter: Examples (1)

DIS inclusive processes

Drell-Yan processes
(strange quark density determination)

Jet production

Top-quark production
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Results obtained with xFitter: Examples (2)

Heavy quark production

Evolution of modern PDFs
(benchmarking)

The ratio of the �tted gluon PDF
with and without tt̄ data included

PDF4LHC report (benchmarking)
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Latest xFitter Developers' paper on PDF photon

Interpretation of the LHC data requires theoretical calculations that include
not only QCD corrections, but also the EW e�ects for the TeV region:

pure weak corrections
QED corrections → photon PDF published in EPJC 77 (2017) 400

Drell-Yan data at LHC provide direct handle on the photon PDF:

ATLAS high mass Drell Yan at 8 TeV: JHEP 1608 (2016) 009

Presented as dσ/dmll, d
2σ/dmlld4|ηll| and d2σ/dmlld|yll|

(expected to provide most sensitivity to PDFs.)

PDF evolution and DIS cross sections via APFEL program:

Accurate up to NNLO in QCD + NLO in QED
Includes relevant mixed QCD + QED correction (NOVELTY)
FONLL general-mass scheme

LHC hmDY cross sections calculated via Madgraph5.aMC@NLO .
NNLO QCD + NLO QED corrections to DY obtained using FEWZ3.1.
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Results I

Good description of the dataset (remarkably, for DY data χ2/Ndata = 48/48).

Comparision beetwen the results of the �t ATLAS data for the (|mll|,|yll| double-di�erential
Drell-Yan cross sections. as function of |yll|
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Results II

Agreement within uncertainties for all determinations

for x > 0.1 (1σ level).

For x > 0.1 LUXqed and HKR16 are softer than

xFitter.epHMDY (agreement at (2σ level).

Smaller uncertainty as compared to NNPDF3.0qed

(∼ 30% below x = 1) the only other direct determination.

Direct determination not competitive with theoretical

calculations, but fully consistent with them.
Robustness of the �t and his perturbative stability

studied (NLO vs NNLO).
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Dipole model of DIS in xFitter framework

Motivation: Investigation of the gluon density with so-called BGK dipole
model, as an alternative to the PDF approach. BGK dipole model, uses a
very similar evolution scheme as PDFs, i.e. DGLAP evolution in the kt
factorization scheme (in contrast to the collinear factorization for PDFs).

The precise knowledge of the gluon density is mandatory to fully exploit the
LHC physics potential - because gluon density determines the Higgs
production rate.

We analyse, within a dipole model, the �nal, inclusive HERA DIS cross
section data in the low x region, using fully correlated errors.

We show, that these highest precision data are very well described within the
dipole model framework starting from very low Q2 values of 0.3 GeV2 to the
highest values of Q2 = 250 GeV2.

We discuss the saturation question and the properties of the gluon density
obtained in this way.

The analysis was done using xFitter framework.
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Dipole model of DIS

Dipole picture of DIS at small x in the proton rest frame:

r - dipole size

z - longitudinal momentum frac-
tion of the quark/antiquark

Factorization: dipole formation + dipole interaction

σγp =
4π2αem
Q2

F2 =
∑
f

∫
d2r

∫ 1

0

dz |Ψγ(r, z,Q2,mf )|2 σ̂(r, x)

Dipole-proton interaction:

σ̂(r, x) = σ0 (1− exp{−r̂2}) r̂ = r/Rs(x)
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Dipole cross section: GBW

GBW (Golec-Biernat-Wüstho�) parametrization with heavy quarks:
f = u, d, s, c

σ̂(r, x) = σ0

(
1− exp(−r2/R2

s

)
) , R2

s = 4 · (x/x0)
λ
GeV 2

The dipole scattering amplitude in such a case reads:

N̂(r,b, x) = θ(b0 − b)
(
1− exp(−r2/R2

s)
)

where

σ̂(r, x) = 2

∫
d2b N̂(r,b, x)

Parameters b0, x0 and λ from �ts of N̂ to F2 data:

λ = 0.288 x0 = 4 · 10−5 2πb20 = σ0 = 29 mb
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Dipole cross section: BGK

BGK (Bartels-Golec-Kowalski) parametrization:

σ̂(r, x) = σ0

{
1− exp

[
−π2r2αs(µ

2)xg(x, µ2)/(3σ0)
]}

µ2 = C/r2 + µ2
0 is the scale of the gluon density

µ2
0 is a starting scale of the QCD evolution: µ2

0 = Q2
0

gluon density is evolved according to the LO or NLO DGLAP eq.

soft gluon:
xg(x, µ2

0) = Ag x
λg (1− x)Cg

soft + hard gluon:

xg(x, µ2
0) = Ag x

λg (1− x)Cg (1 +Dgx+ Egx
2)
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Dipole cross section

The total cross section for a small qq̄ dipole to pass through a dilute gluon cloud is proportional to

the dipole area, the strong coupling constant, and the number of gluons in the cloud.

σqq̄ =
π2

Nc
r2αs(µ

2)xg(x, µ2)

where xg(x, µ2) is gluon density at some scale µ2. Now imagine that the density of gluons in the

target is not small. Divide the target into thin slices of thickness dz. The probability that a dipole

does not su�er an inelastic interaction passing through one slice of the proton is:

P = 1− π2

Nc
r2αs(µ

2)xg(x, µ2)ρ(z)dz

Here ρ(z) denotes density of the gluons within a proton and is normalized to 1,∫
dz ρ(z) = 1

Exponentiating this result, the probability that the dipole su�ers no inelastic interactions passing

through the entire proton is |S|2:∫
|S|2 = exp

(
− π

2

Nc
r2αs(µ

2)xg(x, µ2)

)
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Results of the Fits

Dipole model BGK �t with �xed valence quarks

Dipole model BGK �t with �tted valence quarks
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Results of the Fits

Dipole model BGK �t without valence quarks

Parameters of valence quarks from HERAPDF �t
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Results of the Fits

HERAPDF �t with �tted valence quarks for x < 1

HERAPDF �t with �tted valence quarks for x < 0.01
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Results of the Fits

HERAPDF �t with �tted valence quarks for x < 0.01, soft gluon

Table 1: HERAPDF NLO �ts with �xed valence quarks to the same data set

as for the dipole model, but with x < 0.01 range. Q2
0 = 1.9 GeV2.

HERAPDF �t with �tted valence quarks for x < 0.01, soft+hard gluon

Table 2: HERAPDF NLO �ts with �xed valence quarks to the same data set

as for the dipole model, but with x < 0.01 range. Q2
0 = 1.9 GeV2.
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Results of the Fits

mu,d,s = 140 MeV , mc = 1.3 GeV

σ̂(r, x) = σ0

{
1− exp

[
−π2r2αs(µ

2)xg(x, µ2)/(3σ0)
]}

with saturation

σ̂(r, x) = σ0 [π2r2αs(µ
2)xg(x, µ2)/(3σ0)] without saturation
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Comparision with HERAI+II data
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Results of the Fits

BGK dipole model �t for Q2 ≥ 0.35 GeV 2, saturation ansatz

BGK dipole model �t for Q2 ≥ 0.35 GeV 2, non saturation ansatz
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Comparision with HERA I+II data

The χ2/Ndf in the region:
0.3 < Q2 < 250 GeV2 is sizably higher
than in the �ts in the region
3.5 < Q2 < 250 GeV2.

χ2/Ndf = 1.21, with the saturation ansatz
and χ2/Ndf = 1.52 without the saturation
ansatz.

The �t in the whole Q2 region,
0.3 < Q2 < 250 GeV2 is only slightly
better than in the extrapolated case.

The systematic overshoot of the �ts over
data remains.
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Gluon density

The di�erences are disappearing at larger Q2.
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Gluon density

The di�erences are disappearing at larger Q2.

A. Luszczak (DESY) xFitter project 23 - 30 September 2017 30 / 32



Summary I

BGK dipole �ts (with saturation) describe the �nal, high precision HERA
data with x < 0.01, very well: χ2/Np→ 1 .

Little sensitivity to valence quarks contribution observed.

Gluon density from the BGK model is higher than the PDFs gluon at low Q2.

The extrapolation to the very low Q2 region shows a sizable overshoot. This
indicates that at very low Q2 saturation e�ects of the eikonal aproximation
are too small.

In the lower Q2 < 3.5 GeV2 range the saturated ansatz of the gluon density
seems to be prefered.
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Summary II

xFitter (former HERAFitter) is a unique open-source package oriented to
�ts of PDFs that provides a framework for the interpretation and the
analysis of the experimental data.

xFitter is presently widely used for many analyses of the LHC data to
quantify the constraints on PDFs.

xFitter-2.0.0 is latest (recommended) release.

Over 40 public results obtained using xFitter.

The photon PDF from high-mass Drell-Yan data at the LHC is determined.

I have presented one of the many recent results obtained with xFitter:

Dipole model analysis of highest precision HERA data, including very low Q2's

We welcome new ideas and developers :)

special thanks to: S. Glazov (DESY), F. Giuli (Oxford Univ.), S. Zenaiev (DESY)

A. Luszczak (DESY) xFitter project 23 - 30 September 2017 32 / 32


