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Recent QCD results from                 
the xFitter project



Ø The xFitter project (former HERAFitter) is a unique open-source QCD fit 
framework

Ø GitLab repository (open access to download for everyone)

Ø This code allows users to:
Ø extract PDFs from a large variety of data
Ø assess the impact of new data on PDFs
Ø check the consistency of experimental data
Ø test different theoretical assumptions

Ø Several active developers between experimentalists and theorists

Ø More than 100 publications obtained using xFitter since the beginning of the 
project

Ø List of recent analyses by the xFitter Developers’ Team:

The xFitter Project
04/05/22 Francesco Giuli - francesco.giuli@cern.ch 2

MORE IN PREPARATION!

https://www.xfitter.org/xFitter/xFitter
https://gitlab.cern.ch/fitters/xfitter
https://www.xfitter.org/xFitter/xFitter/results


Ø Parametrise PDFs at the initial scale:
Ø several functional forms available
Ø define PDF parameters to be minimised

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

Ø Compute predictions for the data points:
Ø several mass schemes available in DIS (ZM-VFNS, ACOT, FONLL, TR, FFNS)
Ø predictions for hadron-collider data through fast interfaces (APPLgrid, FastNLO)

Ø Comparison data-predictions via 𝜒!:
Ø multiple definitions available
Ø consistent treatment of the systematic uncertainties

Ø Minimise the 𝜒! w.r.t. the fitted parameters
Ø using MINUIT or by Bayesian reweighting

Ø Useful drawing tools – nice and colorful plots

Ø Last xFitter workshop in Orsay (9-11 March 2022)

xFitter in a nutshell

Gluon PDF

04/05/22 Francesco Giuli - francesco.giuli@cern.ch 3

https://indico.ijclab.in2p3.fr/event/7847/


Results obtained with xFitter
DIS inclusive processes (𝒆𝒑) Drell-Yan processes (𝒑𝒑, 𝒑$𝒑)

Jet production (𝒆𝒑, 𝒑𝒑, 𝒑$𝒑)
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EPJC 75 (2015) 12 580

Federico Vazzoler xFitter Workshop - 09.03.2022

    W+c @ 8 TeV 9

W+c production @ 8 TeV, 
19.7 fb-1 data (2012) 
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QCD ANALYSIS: RESULTS

Strangeness suppression factor agrees with earlier CMS results and 
other NLO PDF sets

2112.00895
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Figure 11: ATLASpdf21 G6 PDF compared with G6 for fits not including various data sets. Only experimental
uncertainties are shown, evaluated with tolerance ) = 1. Left: not including the direct-photon production ratio data
taken at 13 and 8 TeV. Right: not including inclusive jet data at 8 TeV.

13 TeV (left) or only the CC̄ data at 8 TeV (right). It is clear that the data at 8 TeV have the stronger impact
on the shape of the G6 PDF but both data sets contribute to a modest reduction in the uncertainties.

5.2.4 Impact of photon data and inclusive jet data

There is little impact from the addition of the direct-photon production ratio data apart from a marginal
softening of the high-G gluon distribution as shown in Figure 11 (left). However, it is notable that these
data can now be well fitted at NNLO in QCD, given that they have been excluded from PDF fits for the last
20 years because of poor fits to lower-energy data [59, 73]. There is minimal tension with other data sets.

The principal impact of the inclusive jet data is on the gluon PDF. The main e�ect is a considerable
decrease in high-G gluon uncertainties, with a mild hardening of the gluon PDF at high G, as shown in
Figure 11 (right). There is minimal tension with other data sets.

5.3 Model, theoretical and parameterisation uncertainties

Additional uncertainties a�ecting the PDFs are presented in this section. These are classified as either
model, theoretical or parameterisation uncertainties.

5.3.1 Model and theoretical uncertainties

Model uncertainties include e�ects due to variations of the heavy-quark masses input to the TRVFN
heavy-quark-mass scheme, the minimum &

2 cut on the HERA data and the value of the starting scale
for evolution. The minimum &

2 cut was varied in the range 7.5 < &
2
min < 12.5 GeV2 and the starting

31

2112.11266

https://link.springer.com/article/10.1140/epjc/s10052-017-4931-5
https://arxiv.org/pdf/1506.06042.pdf
https://arxiv.org/abs/2112.00895
https://arxiv.org/abs/2112.11266


xFitter release 2.2.0

Ø Release 2.2.0 just released! (major update of evolution and reaction interfaces)

Ø Script to install xFitter and all its dependencies: install-xFitter

Ø New xfitter-users@googlegroups.com mailing list to provide feedback and help

2.2.0
Future Freeze

https://www.xfitter.org/xFitter/xFitter/DownloadPage
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GitLab

mailto:xfitter-users@googlegroups.com
https://www.xfitter.org/xFitter/xFitter/DownloadPage
https://gitlab.cern.ch/fitters/xfitter-datafiles


New features in the xFitter 2.2 (master)

I Modular fit scheme with di↵erent components separated into C++ classes, defined using a
YAML steering file

I Profiler

I Improved LHAPDF6 input and output

I Support for CERES minimizer in addition to MINUIT

I Redesigned build system using cmake
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Ø Significant changes in the internal 
structure 

Ø Re-written interfaces to minimizers, 
PDF parameterisation, 
decomposition, evolution and 
theory reactions 

Ø Large changes in the user interface

Ø Data handling, format and chi2 
calculation remain largely the 
same (but there are changes) 

Ø Nicely summarized in this talk by S. 
Glazov

Ø Picture taken from Ivan Novikov’s 
talk

Talking about the new release…

https://indico.ijclab.in2p3.fr/event/7847/contributions/25261/attachments/18402/24518/xFitter_Glazov_orsay.pdf
https://indico.desy.de/event/25055/contributions/55814/attachments/36157/45265/status-master_1.pdf


Pion Fragmentation Functions
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Ø To perform the extraction of pion fragmentation functions (FFs) from single 
inclusive electron-positron annihilation (SIA) + BELLE13/20 data

Ø SIA 𝑒!𝑒"
#∗,%

𝜋±𝑋 data allow to separate Δ𝑞 and ∆'𝑞

Ø Parametrization form: 

Ø We assume isospin symmetry 𝐷'(
" = 𝐷)*

(# and 𝐷+'(
" = 𝐷*(

#

Ø We assume the charge conjugate 𝐷,(
"
= 𝐷,(

# for all the flavour component

Ø We fit the flavour combinations 𝑖 = 𝑢!, 𝑑!, 𝑠!, 𝑐!, 𝑏! and 𝑔

Ø We parametrise FFs at a starting scale of 𝑄-. = 5 GeV2

Ø 19 free parameters in total

Ø Fitted distributions:                                                                              ( 𝒛 = 𝟐𝑬𝒉/ 𝒔 )

3

related to the hadronic fragmentation function F
h
±

2 as2

d�
h
±

dz
(z,Q) = �0 F

h
±

2 (z,Q) , (1)

where �0=4⇡↵2
/Q

2 and ↵ is the electromagnetic
coupling.

The factorization theorem allows us to write the non-
perturbative hadronic fragmentation function F

h
±

2 as a
convolution of a perturbative coe�cient function Ci and
a non-perturbative partonic fragmentation function D

h
±

i

given by: [31–33]

F
h
±

2 (z,Q) =
X

i

Ci(z,↵s(Q))⌦D
h
±

i
(z,Q) , (2)

where we sum over parton flavors i = q, q̄, g. The
coe�cient functions Ci have been calculated up to
the NNLO accuracy in the MS scheme [34, 35]. The

non-perturbative partonic FFs D
h
±

i
are universal and

represent the number density for a hadron of type h
±

from parton i with momentum fraction z at scale Q. It
is the universal property of the FFs which will allow
us to extract these quantities by parameterizing their
functional form and fitting to experimental data.

To simplify the expansion of the hard scattering cross-
section, we choose the renormalization scale µR and
the factorization scale µF equal to the center-of-mass
energy;3 thus, we have µR = µF =

p
s ⌘ Q.

The scale dependence of the partonic FFs is described
by the DGLAP evolution equations, [36–39]

dD
h
±

i
(z,Q)

d ln(Q2)
= [Pij ⌦D

h
±

j
](z,Q) , (3)

where Pij are the perturbative time-like splitting
functions, and the convolution integral ⌦ is

[P ⌦D](z) =

Z 1

z

dy

y
P (y)D

✓
z

y

◆
. (4)

We solve the integro-di↵erential DGLAP equations
directly in z space using the APFEL package [40] which
provides NLO and NNLO accuracy.

Now that we have outlined the key elements of the SIA
cross section calculation, we next examine the framework
for our analysis, including the parameterization of the
non-perturbative FFs.

2
Here, we will follow the notation of Ref. [4], and the subscript

on Fh±
2 suggest an analogy with the F2 DIS hadronic structure

function.
3
To be more precise, in Eq. (2) the ↵S(µR) depends on

the renormalization scale µR, and the partonic fragmentation

function Dh±
i (z, µF ) depends on the factorizaton scale µF .

III. ANALYSIS FRAMEWORK

We will obtain the Fragmentation Functions (FFs)
by parameterizing their functional form in z and
then performing a fit by minimizing a �

2 function
in comparison with experimental data. In the
following, we detail the analysis framework including the
parameterization form, the fitting procedure, and the
uncertainty analysis.

A. FFs parametrization and assumptions

We parametrize the z dependence of the FFs at an
initial scale Q0 = 5 GeV which keeps us above mb, and
use the DGLAP equations to evolve to arbitrary Q scale.
The flexible parametric form we use is:

D
⇡
±

i
(z,Q0) =

Niz
↵i(1� z)�i [1 + �i(1� z)�i ]

B[2+↵i,�i+1]+�iB[2+↵i,�i+�i+1]
,

(5)

which has (maximally) five free parameters
{Ni,↵i,�i, �i, �i} per parton flavor. Here, B[a, b] is
the Euler beta function. For the charged pion FFs, we
fit the flavor combinations i = u

+
, d

+
, s

+
, c

+
, b

+ and g.
The beta functions in the denominator of Eq. 5 simply
ensures

R 1
0 dz zDi = Ni.

There are a number of constraints we can impose to
reduce the number of free parameters of the fit. From
the energy sum rule, we have the relation:

X

h

Z 1

0
dz zD

h

i
=

X

h

N h

i
= 1 , (6)

where h sums over all possible produced hadrons. For the
pion FFs (h = ⇡

±) this relation provides only an upper
bound, but if we expect the lighter pions carry most of
the parton momentum, then we have

N ⇡
±

i
< 1 , (7)

where i = g, q, q̄. Note, in Table I we report Nu+ where
u
+ = u+ ū, hence the limit on this quantity is Nu+ < 2.
Thus, we will use four shape parameters {↵i,�i, �i, �i}

together with the normalization parameter Ni to fit our
FFs.
For the ⇡

+ FFs, we assume isospin symmetry
for the favored (u, d̄) and unfavored (ū, d)
components [4, 14, 15]:

D
⇡
+

u
= D

⇡
+

d̄

D
⇡
+

ū
= D

⇡
+

d
. (8)

We can also use charge conjugation to relate the above
⇡
+ FFs to the ⇡

� FFs:

D
⇡
+

i
= D

⇡
�

i
, i = u

+
, d

+
, s

+
, c

+
, b

+
, g . (9)

Theoretical Framework
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e� + e+ �,Z 0
���! ⇡±X (SIA)

d�h

dz
, 1
�tot

d�h

dph
, s

�
d�h

dz
, 1
��tot

d�h

dz
, ...

• Data selection:
1. Inclusive SIA,
2. Inclusive SIA 4-Flavor,
3. uds tagged,
4. c and b tagged,

• Parameterization form:

D
⇡±
i

(z,Q0) =
Ni z

↵i (1 � z)�i [1 + �i (1 � z)�i ]

B[2+↵i ,�i+1]+�i B[2+↵i ,�i+�i+1]
,

• Q2
0 = 5GeV 2

• We fit the flavor combinations i = u+, d+, s+, c+, b+ and g.

• Theoretical observable ( APFEL )
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Ø Several fits ran:
Ø Fit A focuses on the impact of BELLE13 data (no BELLE20 data)
Ø Fit B focuses on the impact of BELLE20 data (no BELLE13 data)
Ø Fit C focuses on the impact of BELLE20 data without BaBar set (no BELLE13 data)
Ø Fit D focuses on the impact of low-z BELLE20 data (No BELLE13 and BaBar data) – z > 

0.2
Ø Fit E focuses on the impact of low-z BELLE20 and BaBar data (no BELLE 13 data) – z > 

0.2 (BELLE20) and z > 0.1 (BaBar)

Ø The inclusion of higher-order                                                                                    
QCD corrections noticeably                                                                                    
improves the quality of our fits

Ø Fits performed with enhanced                                                                                
tolerance T = ∆𝜒.= 20

Ø FFS NLO and NNLO uncertainty                                                                                   
bands overlap à perturbative                                                                                
uncertainties are under control                                                                                  
(and reasonable choice of T)
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FIG. 1. The �2/dof for each individual experiment for Fits A, B, and E. The data used in the Fit A are in blue, Fit B is red,
and Fit E is green. The numerical results for all fits (A,B,C,D,E) are listed in Table II. For reference, (green) guide lines are
shown for a �2/dof of 1 and 3.
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Pion Fragmentation Functions
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0 = 25 GeV2.
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FIG. 4. A comparison of BELLE13, BELLE20, and BaBar for Fits A, B, and C. (Not all data sets are included in each fit.)
Ø Theoretical predictions entirely consistent with the experimental data – partly 

due to larger uncertainties (BELLE13)

Ø Fits yield a good description of the data with the exception of the low-z region
(BELLE20 and BaBar)

Ø BELLE and BaBar data sets appear to pull the fit in opposite directions - 𝜒.(Fit B) 
for BELLE20 is 82/32 vs 𝜒.(Fit C) for BELLE20 is 32/32

Ø The effect of excluding low-z data is dramatic - 𝜒./dof ~ 1.2 (similar cuts 
applied in JAM19)
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FIG. 9. A comparison of our preferred Fit E [IPMx] as well as Fit B for charged pion FFs (⇡++⇡�) at NNLO with results
from the literature at Q2 = 100 GeV2. We display NNFF1 [4] at NNLO, JAM19 [13] at NLO, DSEHS [5] at NLO, with their
uncertainties at Q2 = 100 GeV2. Note, discretion is necessary when interpreting the very low z region as the extrapolation of
the FF grids extends beyond the region fitted in the individual analyses. For example, the JAM19 focus was on SIDIS in the
region z & 0.2, and NNFF1 used a lower kinematic cut of zmin=0.02 for Q=MZ and 0.075 for Q < MZ . While Fit E is our
preferred fit, we also display Fit B to highlight the impact of the low z cuts.

Ø Comparison with NNLO NNFF1 and NLO JAM19 and DSEHS14

Ø Generally compatible with NNFF1 and DSEHS14 at larger z, but they differ at 
low-z (more pronounced for Fit E)

Ø The gluon is generally compatible with NNFF1 (larger uncertainties)

Ø FFs generally have a different behaviour as compared to JAM19 – they have 
much steeper slope at low-z for quarks, with the gluon lying above our curves 
for intermediate- to larger-z
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FIG. 9. A comparison of our preferred Fit E [IPMx] as well as Fit B for charged pion FFs (⇡++⇡�) at NNLO with results
from the literature at Q2 = 100 GeV2. We display NNFF1 [4] at NNLO, JAM19 [13] at NLO, DSEHS [5] at NLO, with their
uncertainties at Q2 = 100 GeV2. Note, discretion is necessary when interpreting the very low z region as the extrapolation of
the FF grids extends beyond the region fitted in the individual analyses. For example, the JAM19 focus was on SIDIS in the
region z & 0.2, and NNFF1 used a lower kinematic cut of zmin=0.02 for Q=MZ and 0.075 for Q < MZ . While Fit E is our
preferred fit, we also display Fit B to highlight the impact of the low z cuts.



04/05/22 Francesco Giuli - francesco.giuli@cern.ch 11

xFitter usage in the HEP comunity
Ø xFitter is the tool of choice for PDF/QCD analyses by the LHC Collaborations

Ø ATLAS:
Ø PDFs from V+jets data - JHEP 07 (2021) 223
Ø PDF fit from diverse ATLAS data at 𝑠 = 7, 8 and 13 TeV - 2112.11266 (more 

in this talk)

Ø CMS:
Ø Multi-differential 𝑡 ̅𝑡 cross sections at 13 TeV - EPJC 80 (2020) 7 658 
Ø Extraction of PDFs, 𝛼0 and contact-interactions from new inclusive jet cross 

section measurement at 13 TeV - JHEP 02 (2022) 142 (more in this talk)
Ø W+charm analysis at 8 TeV - 2112.00895

Ø Important contribution in several ongoing activities of the LHC EW WG:
Ø Correlations between different PDFs trough pseudo-data fits
Ø ATLAS/CMS/LHCb 𝐬𝐢𝐧𝟐 𝜽𝒆𝒇𝒇𝒍 pseudo data and combination exercise
Ø Tevatron/ATLAS (and in future LHCb and CMS) 𝒎𝑾 combination

Ø 𝜶𝑺 extraction from Z boson transverse momentum distribution - 2203.05394

https://inspirehep.net/literature/1840521
https://inspirehep.net/literature/1994965
https://indico.cern.ch/event/1072533/contributions/4776236/
https://inspirehep.net/literature/1729144
https://inspirehep.net/literature/1972986
https://indico.cern.ch/event/1072533/contributions/4789609/
https://inspirehep.net/literature/1982672
https://arxiv.org/abs/2203.05394
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xFitter usage in the HEP comunity
Ø Drell-Yan phenomenology:

Ø PDF impact of AFB in NC Drell-Yan events - JHEP 10 (2019) 176
Ø PDF sensitivity of the longitudinal Z-boson polarisation - Phys.Lett.B 821 (2021) 136613
Ø PDF sensitivity to AFB and AW in Drell-Yan for Precision EW Measurements and New 

Physics Searches - Nucl.Phys.B 968 (2021) 115444
Ø Enhancing the LHC sensitivity to broad W’/Z’ resonances of new gauge sectors -

JHEP 02 (2022) 179

Ø Strange quark PDF analysis with DIS HERA2 data, ATLAS W,Z cross-sections and 
ATLAS, CMS W+charm cross-sections - PRD 104 (2021) 7 076004

Ø NLO analysis of heavy-quark production cross-sections using different mass 
renormalisation schemes - JHEP 04 (2021) 043

Ø TMD parton densities and corresponding parton showers: the advantage of 
four- and five-flavour schemes - 2106.09791

Ø Implementation of target mass corrections and higher-twist effects in the 
xFitter framework - PRD 101 (2020) 7 074015

Ø NNLO PDFs with EW boson data from the LHC (nuclear PDFs) - 2112.11904

https://inspirehep.net/literature/1744451
https://inspirehep.net/literature/1837472
https://inspirehep.net/literature/1852306
https://inspirehep.net/literature/1970953
https://inspirehep.net/literature/1921609
https://inspirehep.net/literature/1817489
https://inspirehep.net/literature/1869262
https://inspirehep.net/literature/1790240
https://inspirehep.net/literature/1996120
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New determination of 𝜶𝑺(𝒎𝒁) 2203.05394

Ø Measurement of 𝜶𝑺 𝒎𝒁 from Z pT distribution – Sudakov region pT < 30 GeV
Ø Very precise measurements and high experimental sensitivity to 𝛼" 𝑚#

Ø High order theory predictions based on qT resummation at N3LL accuracy and 
fiducial cross sections at N3LO 

Ø Conservative approach for PDF uncertainties, including envelope of 6 
different PDF sets 
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FIG. 3. Comparison of the ↵S(mZ) determination from the
Z-boson transverse-momentum distribution to other determi-
nations and to the world-average value.

Glazov and Stefano Catani for useful comments on the
manuscript.

[1] Particle Data Group Collaboration, P. A. Zyla et al.,
“Review of Particle Physics”, PTEP 2020 no. 8, (2020)
083C01.

[2] G. P. Salam, The strong coupling: a theoretical

perspective, pp. 101–121. 2019. arXiv:1712.05165
[hep-ph].

[3] Y. Aoki et al., “FLAG Review 2021”,
arXiv:2111.09849 [hep-lat].

[4] J. Blumlein, H. Bottcher, and A. Gu↵anti, “Non-singlet
QCD analysis of deep inelastic world data at
O(alpha(s)**3)”, Nucl. Phys. B 774 (2007) 182–207,
arXiv:hep-ph/0607200.

[5] P. Jimenez-Delgado and E. Reya, “Delineating parton
distributions and the strong coupling”, Phys. Rev. D 89
no. 7, (2014) 074049, arXiv:1403.1852 [hep-ph].

[6] S. Alekhin, J. Blümlein, S. Moch, and R. Placakyte,
“Parton distribution functions, ↵s, and heavy-quark
masses for LHC Run II”, Phys. Rev. D 96 no. 1, (2017)
014011, arXiv:1701.05838 [hep-ph].

[7] R. Abbate, M. Fickinger, A. H. Hoang, V. Mateu, and
I. W. Stewart, “Thrust at N3LL with Power
Corrections and a Precision Global Fit for ↵s(mZ)”,
Phys. Rev. D 83 (2011) 074021, arXiv:1006.3080
[hep-ph].

[8] T. Gehrmann, G. Luisoni, and P. F. Monni, “Power
corrections in the dispersive model for a determination
of the strong coupling constant from the thrust
distribution”, Eur. Phys. J. C 73 no. 1, (2013) 2265,
arXiv:1210.6945 [hep-ph].

[9] A. H. Hoang, D. W. Kolodrubetz, V. Mateu, and I. W.
Stewart, “Precise determination of ↵s from the
C-parameter distribution”, Phys. Rev. D 91 no. 9,
(2015) 094018, arXiv:1501.04111 [hep-ph].

[10] P. A. Baikov, K. G. Chetyrkin, and J. H. Kuhn, “Order
alpha**4(s) QCD Corrections to Z and tau Decays”,

Phys. Rev. Lett. 101 (2008) 012002, arXiv:0801.1821
[hep-ph].

[11] J. Haller, A. Hoecker, R. Kogler, K. Mönig, T. Pei↵er,
and J. Stelzer, “Update of the global electroweak fit and
constraints on two-Higgs-doublet models”, Eur. Phys. J.
C 78 no. 8, (2018) 675, arXiv:1803.01853 [hep-ph].

[12] CMS Collaboration, A. Tumasyan et al., “Measurement
and QCD analysis of double-di↵erential inclusive jet
cross sections in proton-proton collisions at

p
s = 13

TeV”, arXiv:2111.10431 [hep-ex].
[13] ATLAS Collaboration, M. Aaboud et al.,

“Determination of the strong coupling constant ↵s from
transverse energy–energy correlations in multijet events
at

p
s = 8 TeV using the ATLAS detector”, Eur. Phys.

J. C 77 no. 12, (2017) 872, arXiv:1707.02562
[hep-ex].

[14] CMS Collaboration, A. M. Sirunyan et al.,
“Measurement of the tt production cross section, the
top quark mass, and the strong coupling constant using
dilepton events in pp collisions at

p
s = 13 TeV”, Eur.

Phys. J. C 79 no. 5, (2019) 368, arXiv:1812.10505
[hep-ex].

[15] CMS Collaboration, S. Chatrchyan et al.,
“Determination of the Top-Quark Pole Mass and Strong
Coupling Constant from the tt̄ Production Cross
Section in pp Collisions at

p
s = 7 TeV”, Phys. Lett. B

728 (2014) 496–517, arXiv:1307.1907 [hep-ex].
[Erratum: Phys.Lett.B 738, 526–528 (2014)].

[16] T. Klijnsma, S. Bethke, G. Dissertori, and G. P. Salam,
“Determination of the strong coupling constant ↵s(mZ)
from measurements of the total cross section for
top-antitop quark production”, Eur. Phys. J. C 77
no. 11, (2017) 778, arXiv:1708.07495 [hep-ph].

[17] D. d’Enterria and A. Poldaru, “Extraction of the strong
coupling ↵s(mZ) from a combined NNLO analysis of
inclusive electroweak boson cross sections at hadron
colliders”, JHEP 06 (2020) 016, arXiv:1912.11733
[hep-ph].

[18] ATLAS Collaboration, G. Aad et al., “Measurement of
the Z/�⇤ boson transverse momentum distribution in
pp collisions at

p
s = 7 TeV with the ATLAS detector”,

JHEP 09 (2014) 145, arXiv:1406.3660 [hep-ex].
[19] ATLAS Collaboration, G. Aad et al., “Measurement of

the transverse momentum and �⇤
⌘ distributions of

Drell–Yan lepton pairs in proton–proton collisions atp
s = 8 TeV with the ATLAS detector”, Eur. Phys. J.

C 76 no. 5, (2016) 291, arXiv:1512.02192 [hep-ex].
[20] CMS Collaboration, V. Khachatryan et al.,

“Measurement of the Z boson di↵erential cross section
in transverse momentum and rapidity in proton–proton
collisions at 8 TeV”, Phys. Lett. B 749 (2015) 187–209,
arXiv:1504.03511 [hep-ex].

[21] R. Boughezal, A. Gu↵anti, F. Petriello, and M. Ubiali,
“The impact of the LHC Z-boson transverse momentum
data on PDF determinations”, JHEP 07 (2017) 130,
arXiv:1705.00343 [hep-ph].

[22] NNPDF Collaboration, R. D. Ball, S. Carrazza,
L. Del Debbio, S. Forte, Z. Kassabov, J. Rojo, E. Slade,
and M. Ubiali, “Precision determination of the strong
coupling constant within a global PDF analysis”, Eur.
Phys. J. C 78 no. 5, (2018) 408, arXiv:1802.03398
[hep-ph].

[23] V. V. Sudakov, “Vertex parts at very high-energies in
quantum electrodynamics”, Sov. Phys. JETP 3 (1956)

𝜶𝑺 𝒎𝒁 = 𝟎. 𝟏𝟏𝟖𝟓#𝟎.𝟎𝟎𝟏𝟓
(𝟎.𝟎𝟎𝟏𝟒

3

The running of the strong coupling is evaluated at four
loops [50, 51] consistently in all parts of the calcula-
tion. The PDFs are interpolated with LHAPDF [52],
and evolved at next-to-next-to-leading order (NNLO).
The number of active flavors is set to five in all the co-
e�cients entering the calculation, and in the evolution
of the PDFs. The predicted cross sections depend on
three unphysical scales: the renormalization scale µR,
the factorization scale µF , and the resummation scale Q,
which parameterizes the arbitrariness in the resumma-
tion procedure. The central value of the scales is set to
the invariant mass of the lepton pair m``

§. The elec-
troweak parameters are set according to the Gµ scheme,
in which the Fermi coupling constant GF, the W -boson
mass mW , and the Z-boson mass mZ are set to the input
values GF = 1.1663787·10�5 GeV�2, mW = 80.385 GeV,
mZ = 91.1876 GeV [1], whereas the weak-mixing angle
and the QED coupling are calculated at tree level.

The statistical analysis for the determination of
↵S(mZ) is performed with the xFitter framework [53].
The dependence of PDFs on the value of ↵S(mZ) is ac-
counted for by using corresponding ↵S-series of PDF sets.
The value of ↵S(mZ) is determined by minimizing a �2

function which includes both the experimental uncertain-
ties and the theoretical uncertainties arising from PDF
variations:

�2(�exp,�th) =

NdataX

i=1

⇣
�exp

i +
P

j �
exp

ij �j,exp � �th

i �
P

k �
th

ik�k,th

⌘2

�2

i

+
X

j

�2

j,exp +
X

k

�2

k,th . (5)

The correlated experimental and theoretical uncertain-
ties are included using the nuisance parameter vectors
�exp and �th, respectively. Their influence on the data
and theory predictions is described by the �exp

ij and �th

ik
matrices. The index i runs over all Ndata data points,
whereas the index j (k) corresponds to the experimen-
tal (theoretical) uncertainty nuisance parameters. The
measurements and the uncorrelated experimental uncer-
tainties are given by �exp

i and �i , respectively, and the
theory predictions are �th

i . At each value of ↵S(mZ),
the PDF uncertainties are Hessian profiled according to
Eq. (5) [54]. The parameter g of the Gaussian non-
perturbative form factor is left free in the fit by adding
g variations in Eq. (5) as an unconstrained nuisance pa-
rameter. The region of Z-boson transverse momentum

§
We note that within the transverse-momentum resummation for-

malism of Refs [42–44] the µR, µF , and Q scales have to be set of

the order of the hard scale of the process m`` and do not depend

on the transverse momentum of the Z boson.
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FIG. 1. Comparison of N3LO+N3LL DYTurbo predictions
to the measured Z-boson transverse-momentum distribution.
The settings of the pre- and post-fit predictions are ↵S(mZ) =
0.118, g = 0 GeV2, and ↵S(mZ) = 0.1185, g = 0.66 GeV2, re-
spectively. The dashed bands represent the PDF uncertainty
of the NNPDF4.0 PDF set.

pT < 30 GeV is considered in the fit. Initial-state ra-
diation of photons is estimated with Pythia8 [55] and
the AZ tune of parton shower parameters [18], and the
predictions are corrected with a bin-by-bin multiplicative
factor. The e↵ect on ↵S(mZ) of including these correc-
tions is �↵S(mZ) = �0.0006.
The determination of ↵S(mZ) with the NNLO¶

NNPDF4.0 PDF set [59] yields ↵S(mZ) = 0.1187, with
a statistical uncertainty of ±0.0007, a systematic exper-
imental uncertainty of ±0.0001, and a PDF uncertainty
of ±0.0004. The value of g determined in the fit is
g = 0.66± 0.05 GeV2⇤⇤, and the value of the �2 function
at minimum is 41 per 53 degrees of freedom. The pre-
and post-fit predictions are compared to the measured
Z-boson transverse-momentum distribution in Fig. 1.
Various alternative NNLO PDF sets are considered:
CT18 [60], CT18Z, MSHT20 [61], HERAPDF2.0 [62],
and ABMP16 [6]. The determined values of ↵S(mZ)
range from a minimum of 0.1178 with the ABMP16 PDF
set to a maximum of 0.1192 with the CT18Z PDF set.
The midpoint value in this range of ↵S(mZ) = 0.1185

¶
A fully consistent calculation would require PDFs at N

3
LO which

are currently not available. Uncertainties from missing higher

order PDFs have been studied in Refs. [56–58].
⇤⇤

When performing a fit with fixed value of g, the uncertainties

on ↵S(mZ) are reduced by 30%, yielding an estimate for the

uncertainty contribution from non-perturbative QCD e↵ects of

±0.0006.

https://arxiv.org/abs/2203.05394


Conclusion & outlook
Ø The xFitter project (former HERAFitter) is a unique open-source QCD fit 

framework

Ø With its flexibility and modular structure, easy to use – Future Freeze 2.2.0 out!

Ø Improved user interface for more flexible PDF parametrisation and adding 
new reactions, QCD+EW fits, etc.

Ø Interfaced with APFEL/APFEL++ à TMD phenomenology and FO predictions 
matched to small-𝑞8 resummed calculations (SIDIS)

Ø NNLOjet grids can be used in xFitter (aiming for a consistent set of predictions)

Ø Foreseen future physics (low-x phenomenology, nuclear PDF, FFs, etc.)

Ø xfitter-users@googlegroups.com mailing list to provide feedback and help

Ø Nice summary of xFitter capabilities                                                                          
submitted to Snowmass

Ø Play with xFitter… y SUSEIA!
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Ø Pion structure is poorly studied experimentally

Ø Currently available pion PDF sets in LHAPDF6 are provided without error bands

Ø Data from E615, NA10 and                                                                                        
WA70 experiments (di-muon                                                                                         
and direct photon production)

Ø Charge symmetry 𝑑 = '𝑢 and SU(3)-symmetric sea 𝑢 = �̅� = 𝑠 = �̅� at the initial 
scale 𝑄-. = 1.9 GeV2

Ø The 𝐴9 and 𝐴: parameters are determined by the sum rules:

Charged Pion PDF

Decomposition and parameterisation at initial scale

To parameterize PDFs of ⇡�, assume at the initial scale Q
2
0 = 1.9 GeV2 charge

symmetry: d = ū, and SU(3)-symmetric sea: u = d̄ = s = s̄.

v := (d � d̄)� (u � ū), xv(x) = Avx
Bv (1� x)Cv (1 + Dvx

5
2 ),

S := 2u + 2d̄ + s + s̄ = 6u, xs(x) = ASx
BS (1� x)CS ,

g := g , xg(x) = Agx
Bg (1� x)Cg .

The Av and Ag parameters are determined by the sum rules:

Z 1

0
v(x)dx = 2,

Z 1

0
x(v(x) + S(x) + g(x))dx = 1.

Initial fits failed to determine all sea and gluon parameters simultaneously, so we
fixed Cs = 8,Cg = 5.
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Bv (1� x)Cv (1 + Dvx

5
2 ),

S := 2u + 2d̄ + s + s̄ = 6u, xs(x) = ASx
BS (1� x)CS ,

g := g , xg(x) = Agx
Bg (1� x)Cg .

The Av and Ag parameters are determined by the sum rules:

Z 1

0
v(x)dx = 2,

Z 1

0
x(v(x) + S(x) + g(x))dx = 1.

Initial fits failed to determine all sea and gluon parameters simultaneously, so we
fixed Cs = 8,Cg = 5.

14

2

I. EXPERIMENTAL DATA81

Our analysis is based on Drell-Yan data from NA10 [30]82

and E615 [31] experiments, and on photon production83

data from the WA70 [32] experiment. The NA10 and84

E615 experiments studied scattering of a ⇡� beam o↵85

a tungsten target, with E⇡ = 194, 286 GeV in the NA1086

experiment and E⇡ = 252 GeV in the E615 experiment.87

The WA70 experiment used ⇡± beams and a proton target.88

The ⌥-resonance range, which corresponds to bins with89 p
⌧ 2 [0.415, 0.484], were excluded from the analysis.90

Here
p
⌧ = mµµ/

p
s, mµµ is the invariant mass of the91

muon pair, and
p
s is the center-of-mass energy of pion-92

nucleon system.93

FIG. 1. Leading order Feynman diagrams for the considered94

processes: Drell-Yan dimuon production (left) and direct95

photon production (center and right).96

Leading order Feynman diagrams for the considered97

processes are shown in Fig. 1. The Drell-Yan data98

constrain the valence distribution relatively well, but are99

not sensitive to sea and gluon distributions. The prompt100

photon production data complement the DY data by101

providing some sensitivity to the gluon distribution,102

but have smaller statistics and large uncertainties in103

comparison to the DY data.104

II. PDF PARAMETERISATION105

We choose to parameterise the ⇡� PDFs xf(x,Q2) at
an initial scale Q2

0 = 1.9 GeV, just below the charm mass
threshold. Neglecting electroweak corrections and quark
masses, we assume charge symmetry: d = ū, and SU(3)-
symmetric sea: u = d̄ = s = s̄. Under these assumptions,
pion PDFs are reduced to three distributions: total
valence v, total sea S, and gluon g:

v = (d� d̄)� (u� ū) = 2(d� u) = 2dv,

S = 2u+ 2d̄+ s+ s̄ = 6u,

g = g,

which we parameterise using a generic form:

xv(x) = Avx
Bv (1� x)Cv (1 +Dvx

↵),

xS(x) = ASx
BS (1� x)CS ,

xg(x) = Agx
Bg (1� x)Cg .

The B-parameters determine the low-x behavior, and
C-parameters determine the high-x behavior. Quark-
counting and momentum sum rules have the following

form for ⇡�:
Z 1

0
v(x)dx = 2,

Z 1

0
x(v(x) + S(x) + g(x))dx = 1. (1)

The sum rules determine the values of parameters Av and106

Ag, respectively. The constant factors in the definitions107

of v, S, g were chosen in such a way, that hxvi, hxSi, hxgi108

are momentum fractions of pion carried by the valence109

quarks, sea quarks, and gluons, respectively (here hxfi =110 R 1
0 xf(x)dx).111

The extension Dvx↵ was introduced in xv(x) to mit-112

igate possible bias due to inflexibility of the chosen113

parameterisation. This extension was omitted in the114

initial fits (Dv = 0). Afterwards, a parameterisation115

scan was performed by repeating the fit with free Dv116

and di↵erent fixed values of parameter ↵. Of the tried117

extensions of xv(x), only ↵ = 5
2 has improved the quality118

of the fit noticeably (see Table I and Section V for119

discussion). The additional free parameter Dv changes120

the shape of the valence distribution only slightly (Fig.121

2). Similar attempts to add more parameters of the122

form (1 + Dvx↵ + Evx�) did not result in significant123

improvement of �2. The final presented results use a124

free Dv and ↵ = 5
2 .125

TABLE I. Fitted parameter values and �2. First column126

corresponds to the fit with Dv = 0. Second column shows127

results of the fit with free Dv and ↵ = 5
2 . The uncertainties128

of parameter values were esimated using the Hessian method129

(corresponding to ”experimental” uncertainties discussed in130

V). The CS and Cg parameters were fixed. The valence and131

gluon normalization parameters Av and Ag were not fitted,132

but were determined based on sum rules (Eq.(1)) and values133

of the fitted parameters.134

Dv=0 free Dv

�2/NDoF 480/374=1.28 474/373=1.27
Av 1.41 0.98
Bv 0.80± 0.03 0.69± 0.04
Cv 0.96± 0.03 0.31± 0.09
Dv 0 �0.91± 0.05
AS 14 ± 5 20 ± 7
BS 0.9 ± 0.2 1.0 ± 0.2
CS 8 8
Ag 425 431
Bg 4.5 ± 0.9 4.5 ± 0.8
Cg 5 5

135

136

137138

III. CROSS-SECTION CALCULATION139

PDFs are evolved up from the starting scaleQ2
0 by solv-140

ing the DGLAP equations numerically using QCDNUM [33].141

The evolution is performed using the variable flavor-142

number scheme with quark mass thresholds at mc =143

1.43 GeV, mb = 4.5 GeV. Predicted cross-sections are144

calculated as a convolution of the evolved pion PDFs145

with a precomputed grid and PDFs of a proton or146
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Charged Pion PDF

Ø PDFs with full uncertainties (e.g. 𝛼0, 𝑄-., 𝜇; variations)

Ø Parametrisation uncertainties considered as well (e.g. fixing 𝐶: or 𝐶<)

Ø 𝜇; variation has the strongest impact

Ø Valence distribution is well-constrained 

Ø Hard to determine sea and gluon distributions
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FIG. 2. The valence distribution when using minimal pa-
rameterisation (Dv = 0) and the extended parameterisation
with free Dv. The shown uncertainty bands were determined
using the Hessian method (corresponding to “experimental”
uncertainties discussed in Section V). High-x behavior is
linear in (1� x).

APPLgrid [34] package was used for these calculations.134

The grids are generated using the MCFM [35] generator.135

For Drell-Yan, the invariant mass of the lepton pair136

was used for the renormalisation and factorisation scales,137

namely µR = µF = mll. For prompt photon production,138

the scale was chosen as the transverse momentum of the139

prompt photon, namely µR = µF = pT (�).140

We verified that the grid binning was su�ciently fine141

by comparing the convolution of the grid with the PDFs142

used during grid generation and a reference cross-section143

produced during grid generation. The deviation from144

the reference cross-section, as well as estimated statistical145

uncertainty of the predictions, are an order of magnitude146

smaller than the uncertainty of the data. This check was147

performed for each data bin.148

Both the evolution and cross-section calculations are149

performed at next-to-leading order (NLO). The calcula-150

tion for prompt photon production include only direct151

photon production, neglecting contributions of fragmen-152

tation photons. For the tungsten target, nuclear PDFs153

from nCTEQ15 [36] determination were used. In case of154

proton target, PDFs of ref. [37] were employed (which155

were also used as the baseline in the nCTEQ15 study). The156

use of another popular nuclear PDF set EPPS16 [38] was157

omitted because their fit used the same pion-tungsten158

DY data as the present analysis. Considering ⇡�N data,159

EPPS16 fitted PDFs of tungsten using fixed pion PDFs160

from an old analysis by GRV [22].161

IV. STATISTICAL TREATMENT AND162

ESTIMATION OF UNCERTAINTIES163

The PDF parameters are found by minimizing the �2
164

function defined as165

�2 =
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where i is the index of the datapoint and ↵ is the166

index of the source of correlated error. The measured167

cross-section is denoted by di, with �systi and �stati being168

respectively the corresponding systematic and statistical169

uncertainties. ti-s represent the calculated theory predic-170

tions, and t̃i = ti (1 +
P

↵ �i↵b↵) are theory predictions171

corrected for the correlated shifts. �i↵ is the relative172

coe�cient of the influence of the correlated error source173

↵ on the datapoint i, and b↵ is the nuisance parameter174

for the correlated error source ↵.175

The error rescaling �̃stat =
q

t̃i
di
�stat is used to correct176

for Poisson fluctuations of the data. Since statistical177

uncertainties are typically estimated as a square root of178

the number of events, a random statistical fluctuation179

down in the number of observed events leads to a180

smaller estimated uncertainty, which gives such points181

a disproportionately large weight in the fit. The error182

rescaling corrects for this e↵ect.183

The nuisance parameters b↵ are used to account for184

correlated uncertainties. In our analysis the correlated185

uncertainties consist of the overall normalization uncer-186

tainties of the datasets, the correlated shifts in predic-187

tions related to uncertainties from nuclear PDFs, and the188

strong coupling constant ↵S(M2
Z) = 0.118 ± 0.001. The189

nuisance parameters are included in the minimization190

along with the PDF parameters. They determine shifts191

of the theory predictions and contribute to the �2 via192

the penalty term
P

↵ b2↵. For overall data normalization,193

the coe�cients �i↵ are relative uncertainties as reported194

by the corresponding experiments (listed in Table II).195

For the uncertainties from nuclear PDFs and ↵S , the196

TABLE II. Normalization and partial �2 for the considered
datasets. Normalization uncertainty is presented as estimated
by corresponding experiments. In order to agree with theory
predictions, the measurements must be multiplied by the
normalization factor. Deviations from 1 in the normalization
factor lead to a penalty in �2, as described in Section IV.

Experiment
Normalization
uncertainty

Normalization
factor

�2/Npoints

E615 15 % 1.226± 0.023 194/140
NA10 (194 GeV) 6.4% 1.052± 0.016 98/67
NA10 (286 GeV) 6.4% 0.978± 0.014 92/73

WA70 6 % 0.919± 0.022 74/99
197

198

coe�cients �i↵ are estimated as derivatives of the the-199

ory predictions with respect to ↵S and the uncertainty200

eigenvectors of the nuclear PDFs as provided by the201

nCTEQ15 set. This linear approximation is valid only202

when the minimisation parameters are close to their203

optimal values. We verified that this condition was204

satisfied for the performed fits.205

Several studies presented in this paper use the Monte-206

Carlo (MC) method for propagation of uncertainties.207

In this method, the fit is repeated many times with208

randomized replicas of the data. Datapoints in each209

replica follow the Gaussian distribution with mean at210
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FIG. 4. Extracted PDFs of charged pion. The “experimental” error bands were estimated from the uncertainties of
PDF parameters using the Hessian method. The “model” uncertainty was estimated by varyiation of µR and µF . The
“parameterisation” uncertainty was estimated by varying the fixed sea and gluon parameters Cg, CS and the initial scale Q2

0.

replicas. The resulting hvi = 2.7±0.4 is compatible with379

the expected hvi = 2 at 2�.380

VI. SUMMARY AND OUTLOOK381

We have determined PDFs of charged pion by re-382

analysing the currently available Drell-Yan and prompt383

photon production data using modern tools. We find384

that while the valence distribution is well constrained,385

the considered data are not sensitive enough to unam-386

biguously determine the sea and gluon distributions.387

While the data are reasonably well-described by NLO388

QCD, the sensitivity to µR and µF indicates that next-389

to-next-to-leading order corrections could be significant.390

The valence distribution behaves as v(x) ⇠ (1 � x) as391

x ! 1 in the experimentally accessible region, although392

the considered data do not constrain the derivative at393

x = 1. The valence momentum fraction in the pion394

is found to be large in comparison to the proton. In395

the future, new data from the COMPASS++/AMBER [44]396

experiment may allow for more stringent constraints of397

pion PDFs.398

It is planned to publish the extracted pion PDFs in399

the LHAPDF6 PDFs library and the APPLgrid grid files400

in the Ploughshare [45] grid library.401
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Charged Pion PDF

Ø Comparison with recent pion PDF determinations:

Ø JAM collaboration

Ø GRVPI1 pion PDF set

Ø Valence distribution in good agreement with JAM and both disagree with the 
early GRV analysis

Ø The relatively hard-to-determine sea and gluon distributions are different in all 
the three PDF sets
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FIG. 3. Comparison between the pion PDFs obtained in this work, a recent determination by the JAM collaboration [31],
and the GRVPI1 pion PDF set [27].

FIG. 4. We display the scale variation of the cross section
for a sample E615

p
⌧ bin as a function of xF . Note, the

normalization factor of Table II (1.60 ± 0.020) has not been
applied. We observe the relative impact of the scale variation
is minimal except at very large x (x >⇠ 0.9).

di↵erent v(x) ⇠ (1 � x)2. The discrepancy between
DSE predictions and fits to pion Drell-Yan data is
well-known [9, 26, 30], and it has been demonstrated
that soft-gluon threshold resummation (which was not
included in this analysis) may be used to account for this
disagreement [30]. Alternatively, DSE calculations using
inhomogeneous Bethe-Salpeter equations [9] can produce
PDFs consistent with the linear behavior of the v(x) in
the region covered by DY data, pushing the onset of the
(1� x)2 regime to very high x.

Although the asymptotic behavior of the valence PDF
is a theoretically interesting measurement, we will ex-

plain in the following why we are unable to determine
this with the current analysis; conversely, details of the
asymptotic region therefore do not impact our extracted
pion PDFs.

First, the asymptotic DSE results only apply at asymp-
totically large x values. While the precise boundary
is a subject of debate, Ref. [9] demonstrates that the
perturbative QCD predictions may only set in very near
x = 1; hence, the observed (1 � x)1 behavior could be
real where the data exists. Consequently, it is entirely
possible to have (1�x)1 behavior at intermediate to large
x, but then still find (1 � x)2 asymptotically. Except
for the threshold-resummed calculation of Ref. [30], the
fits to the E615 and NA10 data [28, 29, 31, 35, 36, 46]
generally obtain high-x behaviors that are closer to
(1 � x)1 than the DSE result. This explains how these
many fits can coexist with the asymptotic DSE limit.

What would it take to be able to accurately explore the
x ! 1 asymptotic region? This region is challenging both
experimentally and theoretically. On the experimental
side, in the limit x ! 1 the PDFs are rapidly decreasing.
Hence the cross section is very small, making large x
measurements di�cult. Fig. 6 displays the full set of data
we fit, and it is evident that the number of data at the
largest xF values is limited. The issues on the theoretical
side are also complex. In Fig. 4 we present the scale
dependence for a sample subset of the E615 data. We
see the relative scale dependence across the xF kinematic
range is generally under control, with the exception of the
very large xF limit; hence, the theoretical uncertainties
of the NLO calculation increase precisely in the region
required to extract the asymptotic behavior. Therefore,
we reiterate that this analysis does not possess su�cient
precision to infer definitive conclusions on the asymptotic
x ! 1 limit of the pion structure function.

Furthermore, to properly study the x ! 1 asymptotic
limit, a more sophisticated parametric form is required.
The polynomial form for the pion valence PDF of Eq. 1
has only two or three free parameters {Bv, Cv, Dv}, and


