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Introduction
 Collinear factorization allows us to 

separate long- and short-distance 
contributions 
 PDFs: 
 Intrinsic properties of nucleons  process 

independent 
 Usually extracted from data: DIS, Drell-

Yan, jets, top quark       

→
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̂σ
x1

x2

 One of the main sources of uncertainty  
in hadronic collisions 
 Critical to precision measurements at 

hadron colliders.  
 Several state of the art PDF sets at NNLO

Major analysis groups

6

✦ PDFs provided by several major analysis groups (CT, MSHT, NNPDF, ABM, HERAPDF, ATLASpdf, CJ, 
JAM…) using slightly different heavy-quark schemes, selections of data, and methodologies  
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must have as many independent analyses as possible to have a faithful determination of PDFs and their uncertainties; 
state of the art PDFs are extracted at NNLO in QCD and with numerous LHC data 
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Introduction
 Hard scattering processes used to 

constrain PDFs:
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Global analysis of PDFs
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✦ PDFs are usually extracted from global analysis on variety of data, e.g., DIS, Drell-Yan, jets and top quark 
productions at fixed-target and collider experiments, with increasing weight from LHC, together with SM 
QCD parameters  

Ringailė Plačakytė

2
QCD Tools for the LHC: from 8 to 14 TeV, 14-15 Nov, 2013 
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∧σ ≈ σ ⊗ PDF
QCD factorisation: hadronic cross section is a convolution of the 
PDFs and perturbatively calculable hard-scattering coefficients:

same PDFs can be used to predict pp 
collisions

LHC

TEVATRON

HERA
Fixed 
target

DGLAP

scale M2 ⇔ Q2

γ/Z, W±
Q2

x
PDF

e±, νe

σ
E1

E2

x1

x2

PDF

PDF

Deep Inelastic Scattering (DIS): 
strongest constraints on PDFs so far

PDFs at LHC will be probed/constrained 
in a different kinematic region: PDFs precision will be improved

parameter variations

αS(Mz)

nuclear corrections

EW parameters

New Physics

Mc, Mb, Mt

QCD/EW corrections

❖ diversity of the analysed data are important to ensure flavor separation and to avoid theoretical/experimental bias; 
possible extensions to include EW parameters and possible new physics for a self-consistent determination  

❖ alternative approach from lattice QCD simulations, for various PDF moments or PDFs directly calculated in x-space 
with large momentum effective theory or pseudo-PDFs

[see 1709.04922, 1905.06957 for recent review articles]
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Inclusive jet production extensively studied @ 
ATLAS and CMS at different  
Directly sensitive to gluon distribution 
Xsec measurements put constraints to PDFs and  

s

αS

Inclusive jet production JHEP 02, (2022) 142 5

CMS-PHO-EVENTS-2021-020

Methods

Data sample corresponds to 36.3  (33.5 )  
recorded in 2016 for events with jets clustered 
with anti-kt algorithm (AK) with R = 0.4 (0.7)   
Inclusive jet double-differential xsec is calculated 

fb−1 fb−1

d2σ
dpTdy

=
1
ℒ

Neff
jets

ΔpTΔy

https://link.springer.com/article/10.1007/JHEP02(2022)142
https://cds.cern.ch/record/2775841
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Xsec compared to 
QCD predictions. 
Significant differences 
at high pT  need for 
higher PDFs 
sensitivities at large x 

→

Results

R = 0.4

R = 0.7

https://link.springer.com/article/10.1007/JHEP02(2022)142
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AK7 jet result is used for this analysis.  
In addition  xSecs from CMS EPJ C 80, 
658 (2020). 
PDF profiling with CT14 at NLO and 
NNLO 
Significant improvement in gluon PDF 
in full x range and medium x range for 
sea distribution.   

 reduces uncertainties at high x values. 

tt

tt

QCD profiling analysis

https://link.springer.com/article/10.1007/JHEP02(2022)142
https://link.springer.com/article/10.1140/epjc/s10052-020-7917-7
https://link.springer.com/article/10.1140/epjc/s10052-020-7917-7
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 In addition to the PDF profiling, impact 
of the measurement on  is 
investigated at NLO and NNLO. 

αs

Impact on αs

αs(mZ) = 0.1170 ± 0.0018(PDF) ± 0.0035(scale) αs(mZ) = 0.1130 ± 0.0016(PDF) ± 0.0014(scale)

αs(mZ) = 0.1154 ± 0.0009(PDF) ± 0.0015(scale)

Profiling analysis repeated including . tt

 Simultaneous PDF and  
determination at NNLO:

αs

αs(mZ) = 0.1170 ± 0.0014(fit) ± 0.0007(model) ± 0.0008(scale) ± 0.0001(param.)

https://link.springer.com/article/10.1007/JHEP02(2022)142
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AK7 jet result together 
with the inclusive HERA 
DIS, at NNLO.  
Impact of this CMS jet 
result is compared with a 
fit with only HERA data.  
Uncertainties are 
significantly reduced. 

QCD fit

https://link.springer.com/article/10.1007/JHEP02(2022)142


W+c quark production CMS-SMP-18-013 (Submitted to EPJ C) 10

Direct probe of strange PDF.  
Previously studied by ATLAS and CMS at 

7 and 13 TeV.  
First results using data at  TeV from 
2012.  

s =
s = 8

Methods
Data sample of 19.7  of pp. 
Signal always OS while background is 50% 
OS - 50% SS.  Strategy: OS-SS subtraction 
W bosons measured via leptonic decay.  
Charm jets:  

Semileptonic (SL): muon inside jet  
Secondary Vertex (SV): secondary vertex 
inside jet. 

pb−1

→

s, d W−

c

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-013/index.html
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Cross sections

 Inclusive  cross section and cross 

section ratio  are obtained.  

 in agreement within theory uncert. 
 higher than theory, but within 2-3 . 

Differential xSec: theory below 
measurement (possible NNLO corrections).

σ(W + c)

R±
s =

W+ + c
W− + c

σ(W + c)
R±

s σ

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-013/index.html
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QCD analysis

 HERA DIS xSecs, CMS W 
lepton charge asymmetry  (7, 8 
TeV) and CMS W+c (7,13 TeV) 
are used with this result.   
Strange distribution and 

suppression ratio  

are obtained.  
New data clearly improves 
uncertainties. 
New results in agreement also 
with other global PDFs 
analyses. 

Rs =
s + s
d + u

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-013/index.html
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Possible effects from varying the model input parameters and the initial PDF parametrization
are investigated in the same way as in the similar analysis of Ref. [58]. The two cases when the
measured values for stt are included or excluded from the fit are considered, resulting in the
same associated model and parametrization uncertainties.

In conclusion, the stt measurements at
p

s = 5.02 TeV provide improved uncertainties in the
gluon PDF at high x, though the impact is small, owing to the large experimental uncertainties.

µF
2 = 105 GeV2
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Figure 6: The relative uncertainties in the gluon distribution function of the proton as a function
of x at µ2

F = 105 GeV2 from a QCD analysis using the HERA DIS and CMS muon charge asym-
metry measurements (hatched area), and also including the CMS stt results at

p
s = 5.02 TeV

(solid area). The relative uncertainties are found after the two gluon distributions have been
normalized to unity. The solid line shows the ratio of the gluon distribution function found
from the fit with the CMS stt measurements included to that found without.

10 Summary

The first measurement of the top quark pair (tt) production cross section in pp collisions atp
s = 5.02 TeV is presented for events with one or two leptons and at least two jets, using a

data sample collected by the CMS experiment, corresponding to an integrated luminosity of
27.4 ± 0.6 pb�1. The final measurement is obtained from the combination of the measurements
in the individual channels. The result is stt = 69.5 ± 6.1 (stat) ± 5.6 (syst) ± 1.6 (lumi) pb, with
a total relative uncertainty of 12%, which is consistent with the standard model prediction.
The impact of the measured tt cross section in the determination of the parton distribution
functions of the proton is studied in a quantum chromodynamics analysis at next-to-next-to-
leading order. A moderate decrease of the uncertainty in the gluon distribution is observed at
high values of x, the fractional momentum of the proton carried by the gluon.
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Summary

QCD analysis using inclusive jet data @ 13 
TeV shows a significant reduction of the 
gluon PDF uncertainties in the full x range.   
New QCD analysis at NLO using W+c 
production xSec @ 8 TeV in addition to 
previous results of DIS, W+c at different 
energies and W lepton asymmetry further 
constrains strange distribution and .  

 important probe for high x. 

Rs

tt
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6.5 Results of the full QCD fit in SM at NNLO

The present measurement of the inclusive jet production cross section is used together with the
inclusive DIS cross section of HERA in a full QCD analysis at NNLO. The PDF parameterisation
at the starting scale, resulting from the scan as described in Section 6.3 reads:

xg(x) = Ag xBg (1 � x)Cg (1 + Dg x + Eg x2), (11)

xuv(x) = Auv
xBuv (1 � x)Cuv (1 + Euv

x2), (12)

xdv(x) = Adv
xBdv (1 � x)Cdv , (13)

xU(x) = AUxBU(1 � x)CU(1 + DUx), (14)

xD(x) = ADxBD(1 � x)CD(1 + EDx2). (15)

The resulting PDFs are shown in Fig. 14, illustrating the contributions from the fit, model and
the parameterisation uncertainties. The value of aS(mZ) is obtained simultaneously with the
PDFs and corresponds to

aS(mZ) = 0.1170 ± 0.0014 (fit) ± 0.0007 (model) ± 0.0008 (scale) ± 0.0001 (param.), (16)

which agrees with the previous extractions of the strong coupling constant at NNLO at hadron
colliders [91, 92], of which it has best precision, to date.

The impact of the present CMS jet data in a full QCD fit (HERA+CMS fit) is demonstrated by
comparing of the resulting PDFs with an alternative fit, where only the HERA data is used
(HERA-only fit). Since the inclusive DIS data have much lower sensitivity to the value of
aS(mZ), it is fixed in the HERA-only fit to the result of the HERA+CMS fit. The comparison
of the resulting PDFs is presented in Fig. 15. The uncertainty is significantly reduced once the
CMS jet measurements are included.

The global and partial c2 values for each data set, for HERA-only and HERA+CMS fits, are
listed in Table 5, where the c2 values illustrate a general agreement among all the data sets. The
somewhat high c2/Ndof values for the combined DIS data are very similar to those observed
in Ref. [21], where they are investigated in detail.

Relative uncertainties in the double-differential 
cross section

https://link.springer.com/article/10.1007/JHEP02(2022)142
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Systematics
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Results obtained for the W+c cross sections and cross section ratios in the different channels
are consistent within uncertainties, and are combined to improve the precision of the measure-
ment. The CONVINO [54] tool is used to perform the combination. Systematic uncertainties
arising from a common source and affecting several measurements are considered as fully cor-
related. In particular, all systematic uncertainties are assumed fully correlated between the
electron and muon channels, except those related to the lepton reconstruction. The combined
cross section and cross section ratio are:

s(W+c) = 117.4 ± 0.6 (stat) ± 5.4 (syst) pb,
R
±
c = 0.983 ± 0.010 (stat) ± 0.016 (syst).

The contribution of the various sources of systematic uncertainty to the combined cross section
is shown in Table 5. For each of the sources in the table, the quoted uncertainty is computed as
the difference in quadrature between the uncertainty of the nominal combination and the one
of a combination with that uncertainty fixed to the value returned by CONVINO.

Table 5: Impact of the sources of systematic uncertainty in the combined s(W+c) measurement.

Source Uncertainty [%]
Lepton efficiency 0.7
Jet energy scale and resolution 0.8
p

miss
T resolution 0.3

Pileup modelling 0.4
µ in jet reconstruction efficiency 0.9
Secondary vertex reconstruction efficiency 1.8
Secondary vertex charge determination 1.0
Charm fragmentation and decay fractions 2.6
Charm fragmentation functions 0.3
Background subtraction 0.8
PDF 1.0
Limited size of MC samples 0.6
Integrated luminosity 2.6

A prediction of the W+c cross section is obtained with the MADGRAPH simulation sample.
It is estimated by applying the phase space definition requirements to the generator-level
quantities: a lepton from the W boson decay with p

`
T > 30 GeV and |h`| < 2.1; a generator-

level c quark with p
c
T > 25 GeV and |hc | < 2.5, and separated from the lepton by a distance

DR(c, `) > 0.5. A prediction for the R
±
c ratio is similarly derived. The MADGRAPH prediction

for the cross section is s(W+c) = 110.9 ± 0.2 (stat) pb, and, for the cross section ratio, it is R
±
c

= 0.969 ± 0.004 (stat). They are in agreement with the measured values within uncertainties.

7 Differential W+c cross section and (W++c)/(W�+c) cross
section ratio

The W+c production cross section and R
±
c are measured differentially, as functions of |h`| and

p
`
T. The binning of the differential distributions is chosen such that each bin is sufficiently

populated to perform the measurement. Event migration between neighbouring bins caused

PDF parametrization 
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8 TeV. The rest of the systematic uncertainties are treated as uncorrelated between the two data-
taking periods. The measurements of W+c production at a centre-of-mass energy of 13 TeV are
treated as uncorrelated with those at 7 and 8 TeV because of the different methods of charm
tagging and the differences in reconstruction and event selection in these data sets.

The theoretical predictions for the muon charge asymmetry and for the W+c production are
calculated at NLO using the MCFM 6.8 program [31, 55], which is interfaced with APPLGRID
1.4.56 [65]. The open-source QCD fit framework for PDF determination XFITTER [66, 67], ver-
sion 2.0.0, is used with the parton distributions evolved using the Dokshitzer–Gribov–Lipatov–
Altarelli–Parisi equations [68–73] at NLO, as implemented in the QCDNUM 17-00/06 pro-
gram [74]. The Thorne–Roberts [30, 75] general mass variable flavour number scheme at NLO
is used for the treatment of heavy quark contributions with heavy quark masses mb = 4.5 GeV
and mc = 1.5 GeV, which correspond to the values used in the signal MC simulation in the
cross section measurements. The renormalization and factorization (µ f ) scales are set to Q,
which denotes the four-momentum transfer in the case of the DIS data and mW in the case of
the muon charge asymmetry and the W+c measurement. The strong coupling is set to aS(mZ)

= 0.118. The Q
2 range of the HERA data is restricted to Q

2 � Q
2
min = 3.5 GeV2 to ensure the

applicability of perturbative QCD over the kinematic range of the fit. The procedure for the
determination of the PDFs follows that of Ref. [3].

The PDFs of the proton, x f , are generically parameterized at the starting scale

x f (x) = Ax
B(1 � x)C(1 + Dx + Ex

2). (2)

The parameterized PDFs are the gluon distribution, xg, the valence quark distributions, xuv,
xdv, the u-type and d-type anti-quark distributions, xu, xd, and xs (xs) denoting the strange
(anti-)quark distribution. By default it is assumed that xs = xs.

The central parameterization at the initial scale of the QCD evolution chosen as Q
2
0 = 1.9 GeV2

is

xg(x) = Ag x
Bg (1 � x)Cg , (3)

xuv(x) = Auv
x

Buv (1 � x)
Cuv

⇣
1 + Euv

x
2
⌘

, (4)

xdv(x) = Adv
x

Bdv (1 � x)
Cdv , (5)

xu(x) = Au x
Bu (1 � x)Cu

⇣
1 + Du x

⌘
, (6)

xd(x) = Ad x
Bd (1 � x)

Cd , (7)

xs(x) = As x
Bs (1 � x)Cs . (8)

The parameters Auv
and Adv

are determined using the quark counting rules and Ag using the
momentum sum rule [76]. The normalization and slope parameters, A and B, of u and d are
set equal such that xu = xd at very small x. The strange quark PDF xs is parameterized as
in Eq. (8), with Bs = Bd , leaving two free strangeness parameters, As and Cs . The optimal
central parameterization was determined in a so-called parameterization scan following the
HERAPDF procedure [62].

For all measured data, the predicted and measured cross sections together with their corre-
sponding uncertainties are used to build a global c2, minimized to determine the initial PDF
parameters [66, 67]. The quality of the overall fit can be judged based on the global c2 divided
by the number of degrees of freedom, ndof. For each data set included in the fit, a partial c2

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-013/index.html

