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Why do we care about PDFs?
• The LHC is a Standard Model precision machine, and PDFs are a key ingredient in this. Increasingly a 

limiting factor:

W mass

W boson mass measurement

4

✦ PDFs are key inputs for precision programs at hadron colliders, e.g., precision electroweak measurements, 
searches for new physics beyond the SM, especially non-resonance signatures hiding in high mass tails 
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W Boson Mass Measurements from Different Experiments

SM expectation: M
W

 = 80,357 ± 4
inputs

 ± 4
theory

 (PDG 2020)
LHCb measurement : M

W
 = 80,354 ± 23

stat
 ± 10

exp
 ± 17

theory
 ± 9
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(a) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the Tevatron.
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(b) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the LHC with
√
S = 7 TeV.
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(c) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the LHC with
√
S = 14 TeV.

Figure 7: Partonic contributions to the differential cross section of on-shell W±/Z boson production at LO as a
function of the vector boson rapidity. Partonic contributions containing a strange or anti-strange quark are denoted

by (red) dashed and (blue) dot-dashed lines. The solid lines show the total contribution.

duction, were studied in Refs. [55–57]. In the following,
we will investigate the influence of the PDFs on the ra-
pidity distributions of the Drell-Yan production process.
Conversely, it may be possible to use the W/Z production
process to further constrain the parton distribution func-
tions in general, and the strange quark PDF in particular.
As noted in Ref. [49], when looking for new physics sig-
nals it is important not to mix the information used to
constrain the PDFs and the new physics as this would
lead to circular reasoning.

As we move from the Tevatron to the LHC scatter-
ing processes, the kinematics of the incoming partons
changes considerably; in Fig. 6 we show the momentum
fractions xA and xB of the incoming parton A and par-
ton B for the Tevatron Run-2 (

√
S = 1.96 TeV) and

the LHC with
√
S = 7 TeV and

√
S = 14 TeV. The

solid (red) lines show the range of xA and xB probed by
W± and Z boson production. At the Tevatron, values
of xA,B down to 2× 10−3 are probed for large rapidities
of yW/Z = 3. However, at the LHC much smaller values

of xA and xB become important due to the larger CMS
energy and broader rapidity span. For

√
S = 7 TeV, the

PDFs are probed for x-values as small as 2 × 10−4 for
rapidities up to ∼ 4.5. With

√
S = 14 TeV, even larger

rapidities of y ∼ 5 and smaller values of xA/B of 4×10−5

might be reached.

A. LHC Measurements

The importance of the PDF uncertainties to the LHC
measurements was already evident in the 2010 and pre-
liminary 2011 data.

ATLAS presented measurements of the Drell-Yan W/Z
production at the

√
S = 7 TeV with 35 pb−1 [58]. These

results include not only the measurement of total cross
section and transverse distributions, but also a first mea-
surement of the rapidity distributions for Z → l+l− as
well as W+ → l+νl and W− → l−ν̄l. Additionally,
ATLAS has used W/Z production to infer constraints
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(a) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the Tevatron.
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(b) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the LHC with
√
S = 7 TeV.
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(c) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the LHC with
√
S = 14 TeV.

Figure 7: Partonic contributions to the differential cross section of on-shell W±/Z boson production at LO as a
function of the vector boson rapidity. Partonic contributions containing a strange or anti-strange quark are denoted

by (red) dashed and (blue) dot-dashed lines. The solid lines show the total contribution.

duction, were studied in Refs. [55–57]. In the following,
we will investigate the influence of the PDFs on the ra-
pidity distributions of the Drell-Yan production process.
Conversely, it may be possible to use the W/Z production
process to further constrain the parton distribution func-
tions in general, and the strange quark PDF in particular.
As noted in Ref. [49], when looking for new physics sig-
nals it is important not to mix the information used to
constrain the PDFs and the new physics as this would
lead to circular reasoning.

As we move from the Tevatron to the LHC scatter-
ing processes, the kinematics of the incoming partons
changes considerably; in Fig. 6 we show the momentum
fractions xA and xB of the incoming parton A and par-
ton B for the Tevatron Run-2 (

√
S = 1.96 TeV) and

the LHC with
√
S = 7 TeV and

√
S = 14 TeV. The

solid (red) lines show the range of xA and xB probed by
W± and Z boson production. At the Tevatron, values
of xA,B down to 2× 10−3 are probed for large rapidities
of yW/Z = 3. However, at the LHC much smaller values

of xA and xB become important due to the larger CMS
energy and broader rapidity span. For

√
S = 7 TeV, the

PDFs are probed for x-values as small as 2 × 10−4 for
rapidities up to ∼ 4.5. With

√
S = 14 TeV, even larger

rapidities of y ∼ 5 and smaller values of xA/B of 4×10−5

might be reached.

A. LHC Measurements

The importance of the PDF uncertainties to the LHC
measurements was already evident in the 2010 and pre-
liminary 2011 data.

ATLAS presented measurements of the Drell-Yan W/Z
production at the

√
S = 7 TeV with 35 pb−1 [58]. These

results include not only the measurement of total cross
section and transverse distributions, but also a first mea-
surement of the rapidity distributions for Z → l+l− as
well as W+ → l+νl and W− → l−ν̄l. Additionally,
ATLAS has used W/Z production to infer constraints

W-boson charge W+ W� Combined
Kinematic distribution p`T mT p`T mT p`T mT

�mW [MeV]
Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7
AZ tune 3.0 3.4 3.0 3.4 3.0 3.4
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coe�cients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

Table 3: Systematic uncertainties in the mW measurement due to QCD modelling, for the di↵erent kinematic dis-
tributions and W-boson charges. Except for the case of PDFs, the same uncertainties apply to W+ and W�. The
fixed-order PDF uncertainty given for the separate W+ and W� final states corresponds to the quadrature sum of
the CT10nnlo uncertainty variations; the charge-combined uncertainty also contains a 3.8 MeV contribution from
comparing CT10nnlo to CT14 and MMHT2014.

6.5 Uncertainties in the QCD modelling

Several sources of uncertainty related to the perturbative and non-perturbative modelling of the strong
interaction a↵ect the dynamics of the vector-boson production and decay [33, 102–104]. Their impact
on the measurement of mW is assessed through variations of the model parameters of the predictions
for the di↵erential cross sections as functions of the boson rapidity, transverse-momentum spectrum at
a given rapidity, and angular coe�cients, which correspond to the second, third, and fourth terms of
the decomposition of Eq. (2), respectively. The parameter variations used to estimate the uncertainties
are propagated to the simulated event samples by means of the reweighting procedure described in Sec-
tion 6.4. Table 3 shows an overview of the uncertainties due to the QCD modelling which are discussed
below.

6.5.1 Uncertainties in the fixed-order predictions

The imperfect knowledge of the PDFs a↵ects the di↵erential cross section as a function of boson rapidity,
the angular coe�cients, and the pW

T distribution. The PDF contribution to the prediction uncertainty is
estimated with the CT10nnlo PDF set by using the Hessian method [105]. There are 25 error eigenvectors,
and a pair of PDF variations associated with each eigenvector. Each pair corresponds to positive and
negative 90% CL excursions along the corresponding eigenvector. Symmetric PDF uncertainties are
defined as the mean value of the absolute positive and negative excursions corresponding to each pair of
PDF variations. The overall uncertainty of the CT10nnlo PDF set is scaled to 68% CL by applying a
multiplicative factor of 1/1.645.

The e↵ect of PDF variations on the rapidity distributions and angular coe�cients are evaluated with
DYNNLO, while their impact on the W-boson pT distribution is evaluated using Pythia 8 and by re-
weighting event-by-event the PDFs of the hard-scattering process, which are convolved with the LO
matrix elements. Similarly to other uncertainties which a↵ect the pW

T distribution (Section 6.5.2), only
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Figure 2: Transverse-momentum distribution of / bosons predicted with DYTurbo [36] at different values of Us (</ ),
using the MSHT20 PDF set [37]. The impact of changing Us (</ ) on the PDFs is included.

2 ATLAS detector and data sample

The ATLAS experiment [46] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4c coverage in solid angle.3 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a
system of precision chambers for tracking and fast detectors for triggering. A three-level trigger system is
used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to accept events at a rate of at most 75 kHz. This is followed by two software-based trigger
levels that together reduce the accepted event rate to 400 Hz on average depending on the data-taking
conditions during 2012. An extensive software suite [47] is used in data simulation, in the reconstruction
and analysis of real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment. The data were collected by the ATLAS detector in 2012 at a centre-of-mass

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis
points upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.

4
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(a) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the Tevatron.
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(b) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the LHC with
√
S = 7 TeV.
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(c) dσ/dy for W− (left), W+ (middle), Z0 (right) boson production at the LHC with
√
S = 14 TeV.

Figure 7: Partonic contributions to the differential cross section of on-shell W±/Z boson production at LO as a
function of the vector boson rapidity. Partonic contributions containing a strange or anti-strange quark are denoted

by (red) dashed and (blue) dot-dashed lines. The solid lines show the total contribution.

duction, were studied in Refs. [55–57]. In the following,
we will investigate the influence of the PDFs on the ra-
pidity distributions of the Drell-Yan production process.
Conversely, it may be possible to use the W/Z production
process to further constrain the parton distribution func-
tions in general, and the strange quark PDF in particular.
As noted in Ref. [49], when looking for new physics sig-
nals it is important not to mix the information used to
constrain the PDFs and the new physics as this would
lead to circular reasoning.

As we move from the Tevatron to the LHC scatter-
ing processes, the kinematics of the incoming partons
changes considerably; in Fig. 6 we show the momentum
fractions xA and xB of the incoming parton A and par-
ton B for the Tevatron Run-2 (

√
S = 1.96 TeV) and

the LHC with
√
S = 7 TeV and

√
S = 14 TeV. The

solid (red) lines show the range of xA and xB probed by
W± and Z boson production. At the Tevatron, values
of xA,B down to 2× 10−3 are probed for large rapidities
of yW/Z = 3. However, at the LHC much smaller values

of xA and xB become important due to the larger CMS
energy and broader rapidity span. For

√
S = 7 TeV, the

PDFs are probed for x-values as small as 2 × 10−4 for
rapidities up to ∼ 4.5. With

√
S = 14 TeV, even larger

rapidities of y ∼ 5 and smaller values of xA/B of 4×10−5

might be reached.

A. LHC Measurements

The importance of the PDF uncertainties to the LHC
measurements was already evident in the 2010 and pre-
liminary 2011 data.

ATLAS presented measurements of the Drell-Yan W/Z
production at the

√
S = 7 TeV with 35 pb−1 [58]. These

results include not only the measurement of total cross
section and transverse distributions, but also a first mea-
surement of the rapidity distributions for Z → l+l− as
well as W+ → l+νl and W− → l−ν̄l. Additionally,
ATLAS has used W/Z production to infer constraints
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we will investigate the influence of the PDFs on the ra-
pidity distributions of the Drell-Yan production process.
Conversely, it may be possible to use the W/Z production
process to further constrain the parton distribution func-
tions in general, and the strange quark PDF in particular.
As noted in Ref. [49], when looking for new physics sig-
nals it is important not to mix the information used to
constrain the PDFs and the new physics as this would
lead to circular reasoning.

As we move from the Tevatron to the LHC scatter-
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changes considerably; in Fig. 6 we show the momentum
fractions xA and xB of the incoming parton A and par-
ton B for the Tevatron Run-2 (
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S = 1.96 TeV) and

the LHC with
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W± and Z boson production. At the Tevatron, values
of xA,B down to 2× 10−3 are probed for large rapidities
of yW/Z = 3. However, at the LHC much smaller values

of xA and xB become important due to the larger CMS
energy and broader rapidity span. For

√
S = 7 TeV, the

PDFs are probed for x-values as small as 2 × 10−4 for
rapidities up to ∼ 4.5. With

√
S = 14 TeV, even larger

rapidities of y ∼ 5 and smaller values of xA/B of 4×10−5

might be reached.

A. LHC Measurements

The importance of the PDF uncertainties to the LHC
measurements was already evident in the 2010 and pre-
liminary 2011 data.

ATLAS presented measurements of the Drell-Yan W/Z
production at the

√
S = 7 TeV with 35 pb−1 [58]. These

results include not only the measurement of total cross
section and transverse distributions, but also a first mea-
surement of the rapidity distributions for Z → l+l− as
well as W+ → l+νl and W− → l−ν̄l. Additionally,
ATLAS has used W/Z production to infer constraints

W-boson charge W+ W� Combined
Kinematic distribution p`T mT p`T mT p`T mT

�mW [MeV]
Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7
AZ tune 3.0 3.4 3.0 3.4 3.0 3.4
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coe�cients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

Table 3: Systematic uncertainties in the mW measurement due to QCD modelling, for the di↵erent kinematic dis-
tributions and W-boson charges. Except for the case of PDFs, the same uncertainties apply to W+ and W�. The
fixed-order PDF uncertainty given for the separate W+ and W� final states corresponds to the quadrature sum of
the CT10nnlo uncertainty variations; the charge-combined uncertainty also contains a 3.8 MeV contribution from
comparing CT10nnlo to CT14 and MMHT2014.

6.5 Uncertainties in the QCD modelling

Several sources of uncertainty related to the perturbative and non-perturbative modelling of the strong
interaction a↵ect the dynamics of the vector-boson production and decay [33, 102–104]. Their impact
on the measurement of mW is assessed through variations of the model parameters of the predictions
for the di↵erential cross sections as functions of the boson rapidity, transverse-momentum spectrum at
a given rapidity, and angular coe�cients, which correspond to the second, third, and fourth terms of
the decomposition of Eq. (2), respectively. The parameter variations used to estimate the uncertainties
are propagated to the simulated event samples by means of the reweighting procedure described in Sec-
tion 6.4. Table 3 shows an overview of the uncertainties due to the QCD modelling which are discussed
below.

6.5.1 Uncertainties in the fixed-order predictions

The imperfect knowledge of the PDFs a↵ects the di↵erential cross section as a function of boson rapidity,
the angular coe�cients, and the pW

T distribution. The PDF contribution to the prediction uncertainty is
estimated with the CT10nnlo PDF set by using the Hessian method [105]. There are 25 error eigenvectors,
and a pair of PDF variations associated with each eigenvector. Each pair corresponds to positive and
negative 90% CL excursions along the corresponding eigenvector. Symmetric PDF uncertainties are
defined as the mean value of the absolute positive and negative excursions corresponding to each pair of
PDF variations. The overall uncertainty of the CT10nnlo PDF set is scaled to 68% CL by applying a
multiplicative factor of 1/1.645.

The e↵ect of PDF variations on the rapidity distributions and angular coe�cients are evaluated with
DYNNLO, while their impact on the W-boson pT distribution is evaluated using Pythia 8 and by re-
weighting event-by-event the PDFs of the hard-scattering process, which are convolved with the LO
matrix elements. Similarly to other uncertainties which a↵ect the pW

T distribution (Section 6.5.2), only
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[ATLAS 2018]

PDF unc. of CDF / ATLAS / LHCb: 3.9 / 8 / 9 MeV

W boson rapidity distribution W boson mass from different experiments[1203.1290]
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and other LHC measurements…
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Why better PDFs?

High-mass BSM cross-sections

Dominant TH unc for MW measurements at LHC

Higgs coupling measurements
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ATLAS MW, arXiv:1701.07240
CMS sin2"W, arXiv:1806.00863

BLUE: vary sin2"eff for fixed pdf
ORANGE: NNPDF3.0 pdf uncertainty for fixed sin2"eff

… such as precision MW, sin2"W (where small discrepancies may indicate BSM physics) 
and Higgs, are also limited by pdf uncertainties at medium x, where we know 
pdfs best!

AFB: forward-backward asymmetry

13

PDFs in  - CMSsin2 θl
eff

LHC measurements rely on the correlation pattern in the PDFs to reduce their 
impact on the weak mixing angle

PDF uncertainty of  vs 
MSHT14/NNPDF30 spread of 

3 ⋅ 10−4

6 ⋅ 10−4

PDF reweighting
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Figure 2: Transverse-momentum distribution of / bosons predicted with DYTurbo [36] at different values of Us (</ ),
using the MSHT20 PDF set [37]. The impact of changing Us (</ ) on the PDFs is included.

2 ATLAS detector and data sample

The ATLAS experiment [46] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4c coverage in solid angle.3 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a
system of precision chambers for tracking and fast detectors for triggering. A three-level trigger system is
used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to accept events at a rate of at most 75 kHz. This is followed by two software-based trigger
levels that together reduce the accepted event rate to 400 Hz on average depending on the data-taking
conditions during 2012. An extensive software suite [47] is used in data simulation, in the reconstruction
and analysis of real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment. The data were collected by the ATLAS detector in 2012 at a centre-of-mass

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis
points upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.

4
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Figure 10: Values of sin2 q`eff measured with the AFB and A4 fits, for seven alternative PDF sets,
combining the four detection channels and using the full Run 2 data sample. The orange line
and the yellow band correspond to the default result, obtained with the CT18Z PDFs. The green
open squares show the results obtained without profiling the corresponding PDF uncertainties.
For the AFB-based result, the violet error band represents the PDF uncertainty while the black
error bar represents the total uncertainty.
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Figure 11: Comparison of the sin2 q`eff values measured in this analysis with previous measure-
ments and the SM prediction.

the CT18Z set of parton densities, the result is

sin2 q`eff = 0.23157 ± 0.00010 (stat) ± 0.00015 (syst) ± 0.00009 (theo) ± 0.00027(PDF).

The total uncertainty, dominated by the PDF term, is 0.00031, accounting for correlated uncer-
tainties; it varies between 0.00024 and 0.00035, depending on the PDF set used. For the central
values of the CT18Z set, the combined statistical and experimental systematic uncertainty is
0.00014. The measured sin2 q`eff value is in good agreement with the standard model predic-
tion, 0.23155 ± 0.00004, and is the most precise among the hadron-collider measurements. The
precision is comparable to that of the two most precise measurements performed in e+e� col-
lisions at LEP and SLD, with respective uncertainties of 0.00026 and 0.00029. We have also
measured the A4 coefficient differentially, as a function of the dilepton’s mass and rapidity, a
result that can be used in combination with other LHC measurements and in improvements of
the sin2 q`eff measurement with future PDF sets.
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Measurement of the Drell-Yan forward-backward
asymmetry and of the effective leptonic weak mixing angle

using proton-proton collisions at
p

s = 13 TeV

The CMS Collaboration

Abstract

The forward-backward asymmetry in Drell–Yan production and the effective leptonic
electroweak mixing angle are measured using a sample of proton-proton collisions atp

s = 13 TeV collected by the CMS experiment and corresponding to an integrated
luminosity of 137 fb�1. The measurement uses both dimuon and dielectron events,
and is performed as a function of the dilepton’s mass and rapidity. Using the CT18Z
set of parton distribution functions (PDF), we obtain

sin2 q`eff = 0.23157 ± 0.00010(stat)± 0.00015(syst)± 0.00009(theo)± 0.00027(PDF),

the total uncertainty being 0.00031. The measured value agrees with the standard
model prediction. The total uncertainty varies between 0.00024 and 0.00035, depend-
ing on the PDF set. This is the most precise sin2 q`eff measurement at a hadron collider,
with a precision comparable to the results obtained at LEP and SLD.

c� 2024 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license
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Lucian’s talk on Monday morning Toward a new generation of CT202X PDFs
1. Multiple preliminary NNLO fits with LHC Run-2 (di)jet, vector boson, �P�§�P data
�ƒ based on the selections of experiments recommended in 2305.10733, 2307.11153

2. Work on implementation of N3LO contributions
3. Next-generation PDF uncertainty quantification: Bézier curves, META 

combination, ML stress-testing, multi-Gaussian approaches, …
4. Physics applications

a. QCD+QED PDFs for a neutron

b. PDF dependence of forward-backward asymmetry

c. An L2 sensitivity study using xFitter

d. Pion PDFs

e. …
2024-04-09 P. Nadolsky, DIS 2024 3

Pavel’s talk earlier today

Juan R’s talk earlier today

Results: perturbative convergence

Good perturbative convergence

Impact of N3LO corrections moderate, specially 
for the quark luminosities

For the gluon-gluon luminosity, NNPDF4.0 
finds a small suppression around Higgs mass 
(2% effect)

Robert talk earlier today
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Getting more accurate and precise over time
slowly but surely

PDF4LHC15: 
-NNPDF30 
-MMHT2014 
-CT14 
                      
PDF4LHC21                      
-NNPDF31 
-MSHT20 
-CT18 

NNPDF40: 
(released around the time of 
PDF4LHC21, more data included, 
such as: the distribution shown)

13 TeV
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and over orders… With the NNPDF40 version of 
the corresponding order:


- NNPDF40_nnlo_as_01180

- NNPDF40_nlo_as_01180

- NNPDF40_lo_as_01180

13 TeV

Accurate and trustworthy 
theory predictions are an 
essential ingredient of any PDF 
fit.


This dataset was of course included in the fit… let’s look at something more recent



What’s the phenomenological impact of the choice of PDF?

5

2403.12902
Measurement of vector boson production cross section and their 
ratios at  with the ATLAS detectors = 13.6

https://arxiv.org/pdf/2403.12902.pdf


NNPDF4.0 not included in the PDF4LHC21 combination as it came out when PDF4LHC21 was 
already at a very advanced stage.


A comparison of NNPDF4.0 and PDF4LHC21 was done in Appendix B of hep-ph/2203.05506

PDF4LHC21 combination - hep-ph/2203.05506
NNPDF31’ (changes to  and dataset)

CT18’ (changes to )

MSHT20

mc
mc

6

We see smaller uncertainties (~1% in some regions) 
for NNPDF4.0 when comparing, i.e., to PDF4LHC21

6



Do the NNPDF4.0 uncertainties have a sizeable effect when comparing against data 
not included in the determination?

7

We will systematically study the impact of the PDF choice in the 
agreement between theory and data for datasets not included in 
the NNPDF4.0 analysis.



Some general notes:
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1. All results are NNLO (no k-factor approximation). The program used in each case are mentioned 
in the corresponding slides.


2. Baseline NNPDF4.0 (no MHOU or N3LO corrections)


3. Comparisons are shown for NNPDF4.0 and PDF4LHC21 to avoid cluttering the plots. More 
information (comparisons to other sets) in the backup


4. The plot include: absolute comparison, normalized and the size of the PDF (solid) and dashed 
(theory) uncertainties compared to the data uncertainty. The shaded band includes theory and 
PDF uncertainties added in quadrature


5. The computation of the  is always shown considering as uncertainties either (exp + theory) 
or (exp + theory + pdf) and over the entire dataset / hepdata entry.

χ2/N

all results are preliminary
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JHEP 12 (2020) 108 - 2008.12789 [hep-ph]

https://nnpdf.github.io/pineappl/

https://ploughshare.web.cern.ch/ploughshare/

Eur.Phys.J.C 78 (2018) 7, 537 - 1711.06631 [hep-ph]

https://arxiv.org/abs/1711.06631

As usual, all code, data, etc will be 
available at https://nnpdf.mi.infn.it/
nnpdf-open-source-code/

https://nnpdf.github.io/pineappl/
https://ploughshare.web.cern.ch/ploughshare/
https://nnpdf.mi.infn.it/nnpdf-open-source-code/
https://nnpdf.mi.infn.it/nnpdf-open-source-code/
https://nnpdf.mi.infn.it/nnpdf-open-source-code/


CMS TTB
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Predictions: MATRIX 
Hepdata: 10.17182/hepdata.102956

Differential production at 
 TeV 

tt̄
s = 13

Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 0.658 0.647

NNPDF40 0.817 0.811



ATLAS TTB
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Predictions: MATRIX 
Hepdata: 10.17182/hepdata.95758

Differential  production at 
 TeV 

tt̄
s = 13

Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 0.772 0.750

NNPDF40 0.713 0.711



Atlas 1jet
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Predictions: NNLOJET (plougshare) 
Hepdata: 10.17182/hepdata.79952

Inclusive jet cross-sections at 
 TeV. Dataset with 

3.2fb-1 2015.

Leading color NNLO correction

s = 13

Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 4.62 3.93

NNPDF40 4.78 4.59



Atlas 1jet
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Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 1.88 1.58

NNPDF40 1.83 1.74

We find a score of Z = 16.87, which 
points to instabilities in the covariance 
matrix. Indeed, when we regularize with 
the recipe from EPJ C82 (2022) 956 the 

 looks a bit better.χ2



CMS 1jet
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Inclusive jet cross-sections at 
 TeV. Dataset with 33.5fb-1 

(data for anti-kT radius of 0.7)

Leading color NNLO correction

s = 13

Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 4.76 2.85

NNPDF40 3.81 3.23

Predictions: NNLOJET (plougshare) 
Hepdata: 10.17182/hepdata.115022.v2



CMS 1jet
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Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 2.15 1.37

NNPDF40 1.69 1.51

Similar issues with the covariance 
matrix were found, Z  = 14.81



Let’s not forget where we are… 
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Note: The DIS + j data from HERA is not included in the NNPDF fits (although its possible impact was already assessed in the release paper of 4.0 hep-ph/2109.02653)

…because we don’t always have 2 protons



H1 dijet
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Predictions: NNLOJET (plougshare) 
Hepdata: 10.17182/hepdata.64353

Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 1.50 1.49

NNPDF40 1.54 1.50

Data taken from 2003 to 2007, 
i n t e g r a t e d l u m i n o s i t y o f 
351pb-1



Zeus 1jet
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Predictions: NNLOJET (plougshare) 
Hepdata: 10.17182/hepdata.45641

Only exp. and 
th. unc.

All 
uncertainties

PDF4LHC21 0.819 0.817

NNPDF40 0.813 0.813

Inclusive jet differential cross 
section, integrated luminosity of 
82pb-1



Conclusions:
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In this talk we have seen several examples by comparing NNPDF4.0 to 
PDF4LHC21 (as a proxy for NNPDF3.1, CT18, MSHT20) and the following 
trends emerge:


- While PDF uncertainties are smaller, the data-theory description in terms of 
 is similar to that of PDF4LHC21.


- When comparing to data not included in the fit, predictions for NNPDF4.0 
seem to fall close the data -> hinting that the improvement in precision 
(smaller uncertainties than 3.1) came with an improvement in accuracy


- Oscillations far from the data can have big scale uncertainties, luckily the era 
of N3LO PDFs is starting now!

χ2/N



Thanks!
and special thanks to:



Backup



Uncertainty comparison - gq
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Uncertainty comparison - gg
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Uncertainty comparison - qqbar
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Data sets — to be implemented
Process/Data set Reference HepData NNLO

Z pT and Z+jet
ATLAS, L = 36 pb�1, normalised cross section [1912.02844] [HepData] NNLOjet

ATLAS, di↵erential cross sections (L = 139 fb�1) [2205.02597] [HepData] NNLOjet

CMS, di↵erential cross sections (L = 36 fb�1) [2205.02872] [HepData] NNLOjet

Drell Yan
ATLAS W,Z

p
s = 2.76 TeV cross sections and asymmetries [1907.03567] [HepData] MATRIX

ATLAS W,Z
p
s = 5 TeV di↵erential cross sections [1810.08424] n/a MATRIX

CMS Z
p
s = 13 TeV di↵erential cross sections (L = 2.3 fb�1) [1812.10529] [HepData] MATRIX

CMS Z
p
s = 13 TeV AFB (L = 139 fb�1) [2202.12327] [HepData] MATRIX

LHCb Z
p
s = 13 TeV forward Z production (L = 5 fb�1) [2112.07458] [HepData] MATRIX

W + c
ATLAS

p
s = 13 TeV di↵erential cross sections (L = 139 fb�1) [2302.00336] n/a Mitov

CMS
p
s = 8 TeV di↵erential cross sections (L = 18.4 fb�1) [2112.00895] [HepData] Mitov

Prompt photon
ATLAS

p
s = 13 TeV di↵erential cross sections (L = 139 fb�1) [2302.00510] n/a

CMS
p
s = 13 TeV di↵erential cross sections (L = 2.3 fb�1) [1807.00782] [HepData]

Double Gauge boson production
ATLAS WW

p
s = 13 TeV di↵. cross sections (L = 2.3 fb�1) [1702.04519] [HepData] MATRIX

What else?
Emanuele R. Nocera Towards the NNPDF4.1 data set 26 September 2023 4 / 8

We want to perform a systematic theory-data 
comparison for datasets that were not included in the 
determination of NNPDF4.0.


We are particularly interested in the phenomenological 
impact:


- Is the prediction of the PDFs compatible with the 
experimental measurements?


- How is the agreement with the data once theory 
uncertainties are included in the prediction:  PDF, 
scale variations

More datasets under consideration



Full list of datasets in this plot can be checked in Appendix B of the NNPDF4.0 paper: 
link

LHC

Tevatron

HERA Fixed Target
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https://arxiv.org/pdf/2109.02653.pdf


Global NNLO PDFs
Some differences between the global NNLO PDF groups included in PDF4LHC21

- CT18   [hep-ph] 1912.10053


-> perturbative charm, hessian, tolerance 

- MSHT20      [hep-ph] 2012.04684

    -> perturbative charm, hessian, dynamic tolerance

- NNPDF4.0   [hep-ph] 2109.02653

    -> fitted (intrinsic) charm, monte carlo
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The precision follows the data

28

Not all regions are equally well determined, for PDFs the “data 
region” ends at around x~0.5

Data region: reasonable agreement

aiming for both accuracy & precision

Extrapolation region

hic sunt dracones!
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In hep-ph/2209.08115 it was demonstrated how a too 
restrictive parametrization can lead to extrapolation 
behaviour not justified by the available data! 
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ATLAS-CONF-2023-004

arXiv:2309.12986

A precise determination of the strong-coupling from 
the recoil of Z bosons with the ATLAS experiment at 

s = 8 TeV

Improved W boson Mass Measurement using 
 pp Collisions with the ATLAS Detectors = 7 TeV

https://arxiv.org/abs/2309.12986


More PDF sets: ATLAS 1jet
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More PDF sets: ATLAS TTB
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