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Proton and nuclear PDFs: 
Common theoretical framework



Theoretical Framework (pQCD formalism)

• Provide (field theoretical) definitions of the universal PDFs

• Make the formalism predictive! 

• Make a statement about the error of the factorization formula

PDFs and predictions for observables+uncertainties refer to this 
standard pQCD framework

Need a solid understanding of the standard framework!

• For pp and ep collisions there a rigorous factorization proofs

• For pA and AA factorization is a working assumption to be tested 
phenomenologically 
 
There might be breaking of collinear factorization, deviations from DGLAP 
evolution, other nuclear matter effects to be included (higher twist)

Collinear Factorization Theorems:
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Example: Factorization for pp collisionsFactorisationFactorisation

Proton
aa

Proton
b

c

= f Pa⊗ f P b⊗  abc

From experiment
Calculable from 

theoretical model

Parton Distribution Functions (PDFs)

f P a , b x ,2

 Universal

 Describe the structure of hadrons

 Obey DGLAP evolution equations

The hard part  ab c 
2

 Free of short distance scales

 Calculable in perturbation theory

 Depends on the process

Friday, June 28, 13

• Similar factorisation formulae for inclusive lA, nuA processes and  
one-particle inclusive processes (involving also fragmentation functions)



Predictive Power

● DIS:

● DY: 

● A+B -> H + X:

● Predictions for unexplored kinematic regions
and for your favorite new physics process

Universality: same PDFs/FFs enter different processes:

Friday, June 28, 13

Predictive Power



Flavor separation of PDFs

NC charged lepton DIS: 2 structure functions (γ-exchange)

F �
2 (x) ⇠ 1

9 [4(u+ ū+ c+ c̄) + d+ d̄+ s+ s̄](x)

CC Neutrino DIS: 6 additional structure functions F1,2,3W+, F1,2,3W-

F �
2 (x) = 2xF �

1 (x)

FW+

3 ⇠ 2[d+ s� ū� c̄]

FW�

3 ⇠ 2[u+ c� d̄� s̄]

FW+

2 ⇠ [d+ s+ ū+ c̄]

FW�

2 ⇠ [d̄+ s̄+ u+ c]

Useful/needed to disentangle different quark parton flavors  
in a global analysis of proton or nuclear PDFs



Which Nuclei?



Nuclei used in global analyses of PDFs

Eric Godat - SMU 19/107

nCTEQ PDFs

Nuclei with DIS 
data included in 

nCTEQ15

Assume isospin symmetry 

Currently at NLO

Parameterization allows for 
construction of any nuclei

‣Fundamental quest: understand structure of nuclei in terms of quarks and gluons 

‣Necessary tool: describe a wealth of hard process reactions in lepton-nucleus (lA, 
νA,), proton-nucleus (pA) and nucleus-nucleus (AA) collisions at colliders, fixed target 
experiments, in the atmosphere



Nuclei used in global analyses of PDFs
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nCTEQ PDFs

Nuclei with DIS 
data included in 

nCTEQ15

Assume isospin symmetry 

Currently at NLO

Parameterization allows for 
construction of any nuclei

‣Fundamental quest: understand structure of nuclei in terms of quarks and gluons 

‣Necessary tool: describe a wealth of hard process reactions in lepton-nucleus (lA, 
νA,), proton-nucleus (pA) and nucleus-nucleus (AA) collisions at colliders, fixed target 
experiments, in the atmosphere

Pb (Z=82, A=208 ) is the 
 heaviest of all nuclei  

used in global analyses



Nuclei used in global analyses of PDFs

Eric Godat - SMU 19/107

nCTEQ PDFs

Nuclei with DIS 
data included in 

nCTEQ15

Assume isospin symmetry 

Currently at NLO

Parameterization allows for 
construction of any nuclei

‣RHIC SIH: Au: 111 

‣LHC SIH: Pb: 193 

‣LHC W/Z: Pb: 120  

‣LHC HQ: Pb: 548

‣Fixed Target NC DIS (after ‘standard DIS’ cuts Q>2 GeV,  W>3.5 GeV):
‣He: 32, Li: 11+14, Be: 3+14, C: 40+188, N: 29,  Al:3+14,  Ca: 17+28, Fe: 22+14,  

Cu: 18, Kr:12,  Ag: 2, Sn: 8+111, Xe: 2, Au: 3, Pb: 3+14
‣ JLAB 6 GeV DIS data: He, Be, C, Al, Fe, Cu, Pb (not passing standard DIS cuts) 

‣Fixed Target DY:
‣ Be: 0+56, C: 9, Ca: 9, Fe: 9+28, W: 9+28 

‣Fixed Traget CC neutrino DIS:
‣ Inclusive DIS: Fe (not included), Pb: 824
‣Dimuon SIDIS: Fe: 150

2

FIG. 1. We display DIS and DY data entering our analysis
in the {x,Q2} space indicating the relevant kinematic cuts,
where x and Q2 are the usual DIS variables, and Q2 for DY
is the di-lepton mass squared. The more restrictive cuts of
Q = 2 GeV and W = 3.5 GeV (black dashed line) are the
cuts used in the original nCTEQ15 analysis. In the present
work, we will relax the cuts to Q = 1.3 GeV and W = 1.7 GeV
(red dashed line). This greatly expands the kinematic reach
in the high-x region where much of the new JLab data is
located.

FIG. 2. We display the classic FA
2 /FD

2 ratio for carbon
illustrating the nuclear correction factor across the various
x regions. The black points indicate the data used in the
original nCTEQ15 fit, and the red points with the solid
squares represent the additional data from this original set
which are now included due to the relaxed Q and W cuts.
The red open squares are the new JLab DIS data included
in this analysis, and the blue points are those JLab DIS data
which are excluded by the current kinematic cuts.

I. INTRODUCTION

With the EIC and LHeC/FCC on the horizon,
science is now entering a new era of precision in
the investigation of hadronic structure enabled by
a flood of data from JLab, RHIC and the LHC.

Wcut Wcut Wcut Wcut Wcut

Q2
cut Qcut No Cut 1.3 1.7 2.2 3.5

1.3
p
1.3 1906 1839 1697 1430 1109

1.69 1.3 1773 1706 1564 1307 1024
2

p
2 1606 1539 1402 1161 943

4 2 1088 1042 952 817 708

TABLE I. The table shows the number of remaining data
points after the {Q2,W} kinematic cuts, where x and Q2 are
the usual DIS variables, and Q2 for DY is the di-lepton mass
squared. The units of Q and W are both in GeV, and Q2 in
GeV2. For reference, nCTEQ15 used cuts of Q = 2 GeV and
W = 3.5 GeV, while the current nCTEQ15HIX set uses cuts
of Q = 1.3 GeV and W = 1.7 GeV.

Describing one of the four fundamental forces of nature,
Quantum ChromoDynamics (QCD) — the theory of
the strong interaction — remains deeply complex and
enigmatic, although the Parton Distribution Function
(PDF) framework has proven remarkably successful in
describing processes with hadronic initial states [1–26].

While the study of proton PDFs has grown exceedingly
precise, the need to extend this precision to the nuclear
sector, involving fits with explicit nuclear degrees of
freedom, has become more urgent in recent years in
order to enhance the accuracy of experimental analyses
involving nuclear targets. Progress in studying QCD
dynamics within nuclei has been demonstrated across a
number of recent nuclear PDF (nPDF) analyses [1–11].
A significant challenge in the determination of nPDFs has
been the acquisition of empirical data from a sufficiently
wide variety of experiments as to provide complementary
constraints, and, e.g., specify the A dependence of the
resulting nPDFs. For this reason, there is a continual
need for new data sets to broaden global analyses. In
the present work, we build upon the recent nCTEQ15
analysis by including recent JLab data covering an
expanded kinematic range. As we shall demonstrate,
this data has the potential to furnish an improved
understanding of hadronic and nuclear structure and
interactions, and, in turn, new insights into QCD.

A. JLab Kinematic Reach

The recent facility upgrades of the Continuous
Electron Beam Accelerator Facility at the Thomas
Jefferson National Accelerator Facility (JLab) have
enabled the measurement of high precision electron-
nucleus scattering events in an extended kinematic
regime. In particular, the JLab experiments provide a
wealth of data in the relatively unexplored kinematic
region of large Bjorken x and intermediate to low
photon virtuality Q2. This mostly unexplored kinematic
region is often referred to as the “transition” region
from resonance dominated production to deep-inelastic

FT NC DIS data depending on cuts

Standard DIS cuts



• Different nuclei are combined in a global analysis by modelling the 
A-dependence of the fit parameters: 

• This modelling is quite rough so far. Room for progress

• Lead-only analysis conceivable.  Additional HL-LHC data will help

cj(A) = pj + aj ln A + bj ln2 A

Dependence on A



Which Data?



Used data sets I

• lA DIS: backbone of all global analyses

• Data from SLAC, NMC, EMC, BCDMS, FNAL:  
all groups (but different cuts)

• Data from JLAB (CLAS, Hall-C):  
nCTEQ15HiX, EPPS21, KSASG20

•  nuA DIS: quark flavour separation, strange PDF

• CHORUS nu-Pb data: DSSZ12, EPPS16, EPPS21, 
nNNPDF2.0, nNNPDF3.0, BaseDimuCHORUS, KSASG20, 
TUJU19, TUJU21

• NuTeV, CCFR, CDHSW nu-Fe data: Tensions (see 
2204.13157), used by KSASG20, TUJU19, TUJU21

• nuA SIDIS charm production (dimuon data): strange PDF

• NuTeV, CCFR nu-Fe: nNNPDF2.0, BaseDimuCHORUS

Data sets PRD93(2016)085037Data sets

NC DIS & DY

CERN BCDMS & EMC &
NMC
N = (D, Al, Be, C, Ca, Cu, Fe,

Li, Pb, Sn, W)

FNAL E-665
N = (D, C, Ca, Pb, Xe)

DESY Hermes
N = (D, He, N, Kr)

SLAC E-139 & E-049
N = (D, Ag, Al, Au, Be,C, Ca,

Fe, He)

FNAL E-772 & E-886
N = (D, C, Ca, Fe,W)

Single pion production (new)

RHIC - PHENIX & STAR

N = Au

Neutrino (to be included later)

CHORUS CCFR & NuTeV

N = Pb N = Fe
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Di-muon production  fi  Extract s(x) Parton Distribution

N

nµ

µ- µ+

s
c

X

N

nµ

µ+ µ-

s
c

X

12

Extract   s(x) Extract   s(x)

s(x) and  s(x)  are essential in extraction of  Sinq
W

Used in CTEQ6 Fits

W-

g

s

c

CDF: PRL 100:091803,2008.
D0:  PLB666:23,2008.

 s gÆWc at the Tevatron

CDF & D0

Consistent 
with SM 

Also a challenge at LHC

Depends on 
nuclear 

corrections



Used data sets II
• pA DY: disentangle valence and sea quarks

• E772, E866 data:  EPPS16, EPPS21,, nCTEQ15X, KA15, 
KSASG20,  DSSZ12, nNNPDF3.0 

• 𝜋-A DY data: EPPS16, EPPS21

• SIH data: gluon distribution  
(weaker impact compared to HQ and dijet data)

• RHIC single hadron production:  
EPPS16, EPPS21, nCTEQ15X (but nCTEQ15HIX)

• LHC single hadron production: nCTEQ15SIH, 
nCTEQ16WZSIH, nCTEQ15HQ,nCETQ15SIHdeut

• LHC W, Z production: gluon, strange distribution

• CMS, ATLAS (ALICE, LHCb) Run I (5 TeV), CMS Run II (8 
TeV):  
EPPS16, EPPS21, nCTEQ15WZ, nCTEQ15WZSIH,  
nCTEQ15WZSIHdeut, nNNPDF2.0, nNNPDF3.0, TUJU21

Data sets PRD93(2016)085037Data sets
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Used data sets III

• LHC Heavy Quark data: strong constraints on gluon at small-x

• EPPS21 (D-mesons), nCTEQ15HQ (Heavy quarks and quarkonia, Crystal Ball fit), 
nNNPDF3.0 (D-mesons), Bayesian reweighting)

• LHC dijet data: strong constraint on gluon distribution in shadowing and anti-
shadowing region (medium x, medium-small x)

• CMS 5 TeV dijet p-Pb data: EPPS16, EPPS21, nNNPDF3.0

• LHC prompt photon data: gluon distribution (medium x, medium-small x) 
nNNPDF3.0



Kinematic coverage of data used in global analyses

Q
2
[G
eV

2 ]

x

ALICE ⇡ (y = 0)
RHIC ⇡ (y = 0)
LHC Z & Drell-Yan
Neutrino DIS
Neutral-current DIS
pA Drell-Yan
LHC W
LHC direct photons
LHC beauty
LHC charm
LHC dijets
⇡A Drell-Yan

LHC Z & Drell-Yan

LHC direct photon

LHC dijet

LHC W
±

ALICE ⇡

CC DIS
N
C
D
IS

p
A
D
Y

RHIC ⇡

⇡A DY

Figure 3: An illustration of the x and Q2 regions probed by the current lepton-A, pion-A

and proton-A data included in the global analyses of nuclear PDFs.

Figure 4: Comparison of the 208Pb nuclear modifications resulting from the EPPS21 (full,

blue) (51), nCTEQ15HQ (dashed, red) (50) and nNNPDF3.0 (dot-dashed, green) (52)

global analyses of nuclear PDFs, i.e. the PDFs of lead divided by the summed PDFs of 82

free protons and 126 free neutrons. Uncertainty bands correspond to 90% CL.

largest uncertainties are seen for the strange quark distributions, which are constrained only

by – to some extent problematic – neutrino data and by LHC weak boson data, where the

strange quark originates, however, mostly from gluon splittings. In Supplemental Material

we provide also a comparison of the absolute nuclear PDFs.

www.annualreviews.org • Nuclear PDFs After the First Decade of LHC Data 15

[Klasen, Paukkunen,  2311.00450]



LHC data important for proton and nuclear PDFs

• W/Z production

• DY lepton pairs

• High pT jets

• Heavy quarks (c, b)

• Top quarks

• Prompt photons

• W+c, Z+c

• W/Z production

• DY lepton pairs

• Dijets

• Heavy quarks (c, b): 
Charm hadrons

• Light hadrons 
inclusive pions, kaons

• Prompt photons

pp: pPb, γPb: 

ATLAS, CMS, LHCb ALICE, ATLAS, CMS, LHCb



LHC data important

• W/Z production

• DY lepton pairs

• Dijets

• Heavy quarks (c, b): 
Charm hadrons

• Light hadrons 
inclusive pions, kaons

• Prompt photons

pPb, γPb: 

ALICE, ATLAS, CMS, LHCb

• Enormously enhance kinematic 
coverage in (x,Q2)

• Important for flavour separation 
over wide kinematic range

• Higher scales require more 
precision to constrain boundary 
conditions for PDFs at low scales: 
HL-LHC!

• Eventually lead-only global analysis

• Add collider data for other nuclei: 
Oxygen, …

• FOCAL



Global Analyses of nuclear PDFs



Comparison of recent nPDF fits

Introduction Methodology Electroweak bosons Photons, hadrons, jets Heavy quarks/quarkonia Conclusion

Theoretical input and experimental data

Analysis nCTEQ15HQ EPPS21 nNNPDF3.0 TUJU21 KSASG20
Theoretical input:
Perturbative order NLO NLO NLO NNLO NNLO
Heavy-quark scheme SACOT�� SACOT�� FONLL FONLL FONLL
Data points 1484 2077 2188 2410 4353
Independent flavors 5 6 6 4 3
Free parameters 19 24 256 16 18
Error analysis Hessian Hessian Monte Carlo Hessian Hessian
Tolerance ��2 = 35 ��2 = 33 N/A ��2 = 50 ��2 = 20
Proton PDF ⇠CTEQ6.1 CT18A ⇠NNPDF4.0 ⇠HERAPDF2.0 CT18

Deuteron corrections (X)a,b Xc X X X
Fixed-target data:
SLAC/EMC/NMC NC DIS X X X X X
– Cut on Q2 4 GeV2 1.69 GeV2 3.5 GeV2 3.5 GeV2 1.2 GeV2

– Cut on W 2 12.25 GeV2 3.24 GeV2 12.5 GeV2 12.0 GeV2

JLab NC DIS (X)a X X
CHORUS/CDHSW CC DIS (X/-)b X/- X/- X/X X/X
NuTeV/CCFR 2µ CC DIS (X/X)b X/-
pA DY X X X X
Collider data:
Z bosons X X X X
W± bosons X X X X
Light hadrons X Xd

Jets X X
Prompt photons X
Prompt D0 X X Xe

Quarkonia (J/ ,  0, ⌥) X
6 / 31

M. Klasen, DIS24



Nuclear PDFs after 10 years of LHC data
[Klasen, Paukkunen,  2311.00450]

Figure 3: An illustration of the x and Q2 regions probed by the current lepton-A, pion-A

and proton-A data included in the global analyses of nuclear PDFs.
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Figure 4: Comparison of the 208Pb nuclear modifications resulting from the EPPS21 (full,

blue) (51), nCTEQ15HQ (dashed, red) (50) and nNNPDF3.0 (dot-dashed, green) (52)

global analyses of nuclear PDFs, i.e. the PDFs of lead divided by the summed PDFs of 82

free protons and 126 free neutrons. Uncertainty bands correspond to 90% CL.

largest uncertainties are seen for the strange quark distributions, which are constrained only

by – to some extent problematic – neutrino data and by LHC weak boson data, where the

strange quark originates, however, mostly from gluon splittings. In Supplemental Material

we provide also a comparison of the absolute nuclear PDFs.

www.annualreviews.org • Nuclear PDFs After the First Decade of LHC Data 15



Impact of LHC data



Experimental data on W/Z bosons
Introduction Methodology Electroweak bosons Photons, hadrons, jets Heavy quarks/quarkonia Conclusion

Experimental data on W /Z bosons

Analysis nCTEQ15HQ EPPS21 nNNPDF3.0 TUJU21 KP16
Run-I:
ATLAS Z X X X X X
CMS Z X X X X X
ALICE Z Xb

LHCb Z X Xb

ATLAS W± X X
CMS W± X X X
ALICE W± X Xb

Run-II:
CMS Z Xb

ALICE Z Xb

LHCb Z
CMS W± X Xa X X
ALICE W±

a added in EPPS21; b added in nNNPDF3.0.

11 / 31



Run-II W boson production in pPb from CMS
R
pP

b

lepton rapidity (c.m. frame)

NLO QCD:

EPPS21
nCTEQ15HQ
nNNPDF3.0
Isospin only

CMS W+, pPb,
p
s = 8.16 TeV

R
pP

b
lepton rapidity (c.m. frame)

NLO QCD:

EPPS21
nCTEQ15HQ
nNNPDF3.0
Isospin only

CMS W�, pPb,
p
s = 8.16 TeV

Figure 6: Nuclear modification ratios for W+ (left) and W� bosons (right) at CMS Run-

II (172, 173) compared with EPPS21 (51), nCTEQ15HQ (50), nNNPDF3.0 (52) and a

calculation with 82 free protons and 126 free neutrons.

and nNNPDF3.0 (52) nuclear PDFs. While the EPPS21 analysis included the shown RpPb

data, the nCTEQ15HQ and nNNPDF3.0 analyses fitted absolute pPb cross sections. As one

can see, the spread between the di↵erent predictions is still rather significant. In comparison

to a calculation with no nuclear e↵ects, i.e. 82 free protons and 126 free neutrons, the data

indicates a clear sign of shadowing at forward rapidities or x ⌧ 1. The relative ordering

of EPPS21, nCTEQ15HQ and nNNPDF3.0 values follows the one of the corresponding

gluon shadowing in Fig. 4. Also, as can be seen from Fig. 4, even after inclusion of these

electroweak data, the overall variation in the strange quark PDF is still quite significant,

which indicates that the constraints for the nuclear strange quark PDFs are still not very

strong.

The CMS Run-II measurement for Z boson production (169) reports similarly small

uncertainties to the W boson measurement. However, it is not possible to obtain a good

quantitative description of these data with any nuclear PDFs due to large fluctuations of

the data around midrapidity (yll = 0), which lead e.g. to a RFB that does not tend to unity

towards yll ! 0 as one would expect. Along with the on-shell Z production, CMS measured

also low-mass cross sections in the window 15GeV < Mll < 60 GeV. Within the TUJU21

analysis (80) it was noticed that to simultaneously reproduce the normalization of the CMS

low-mass and Z cross sections, the NNLO QCD corrections appear to be necessary. This

is the first time the necessity of NNLO corrections is seen in the case of pPb collisions.

Dielectron pairs have also been measured by ALICE at Run-I in the low-mass region

Mll < 3 GeV and with 0 < pT,ll < 8 GeV (175), which is in principle very sensitive

to the gluon density and avoids the fragmentation contribution present for real photons

(176, 177, 178). Currently the data are unfortunately still dominated by the heavy-flavor

(c, b) decay background, but the statistics should be improved in Run-II and the background

reducible with heavy-flavor tagging, in particular in LHCb (142).

www.annualreviews.org • Nuclear PDFs After the First Decade of LHC Data 23

[Klasen, Paukkunen,  2311.00450]

EPPS21 fitted shown  while nCTEQ15HQ and nNNPDF3.0 fitted pPb cross sectionsRpPb

Small x

Small x



Impact on the strange nPDF

• nCTEQ15WZ includes LHC W/Z data 

✓ First realistic uncertainties

• nCTEQ15NU also adds CC neutrino data (including dimuon data)

✓ Neutrino data provides further constraints down to low-x

  NU



Run-II Z boson production in pPb from CMS
[Helenius, Vogelsang, Walt,  PRD105(2022)094031]

Low mass data in tension with NLO (also nNNPDF)  NNLO?→

Introduction Methodology Electroweak bosons Photons, hadrons, jets Heavy quarks/quarkonia Conclusion

Run-II Z boson production in pPb from CMS
I. Helenius, W. Vogelsang, M. Walt, Phys. Rev. D 105 (2022) 094031
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FIG. 15: Comparison of DY production in p+Pb collisions at
p

sNN = 8.16 TeV at NLO (left) and NNLO (center)
results with (solid with uncertainty band) and without (dashed) nuclear PDF modifications in two invariant mass
bins, 15 < M < 60 GeV (upper panels) and 60 < M < 120 GeV (lower panels) to CMS data [98]. In the right part
we plot the ratios of the NNLO (red with uncertainty) and NLO (dot-dashed brown with hatched uncertainty)
together with the data.

large uncertainty. The A-dependence was implemented
for a subset of parameters, again selected such that the
data provided enough sensitivity to result in a converged
fit.

TABLE VI: Values of the NLO fit parameters at the
initial scale, Q2

0 = 1.69 GeV2. (SR) means that the
normalization for that particular parton is fixed by the
momentum and valence number sum rules. A dash
indicates that this parameter was excluded from the fit.
Parameter values for the sea quarks, apart from ū, were
derived from the applied constraints s̄ = s = d̄ = ū.

g value uv value dv value ū value

cg
0,0 8.9596 cuv

0,0 (SR) cdv
0,0 (SR) cū

0,0 (SR)

cg
1,0 0.3270 cuv

1,0 0.7121 cdv
1,0 0.7629 cū

1,0 -0.1815

cg
2,0 13.438 cuv

2,0 3.4290 cdv
2,0 2.0996 cū

2,0 5.2593

cg
3,0 6.4371 cuv

3,0 1.4506 cdv
3,0 -1.4391 cū

3,0 2.4151

cg
4,0 - cuv

4,0 - cdv
4,0 - cū

4,0 -

cg
1,1 -5.4728 cuv

1,1 -0.0462 cdv
1,1 -19.16 cū

1,1 251.91

cg
1,2 -0.0013 cuv

1,2 0.3411 cdv
1,2 -0.0026 cū

1,2 0.0002

cg
2,1 -2.000 cuv

2,1 4.2325 cdv
2,1 1.2264 cū

2,1 -276.53

cg
2,2 0.3695 cuv

2,2 0.0025 cdv
2,2 0.4273 cū

2,2 -0.0017

TABLE VII: Same as Table VI, but at NNLO.

g value uv value dv value ū value

cg
0,0 6.4747 cuv

0,0 (SR) cdv
0,0 (SR) cū

0,0 (SR)

cg
1,0 0.2858 cuv

1,0 0.7157 cdv
1,0 0.9101 cū

1,0 -0.1197

cg
2,0 7.6890 cuv

2,0 3.6964 cdv
2,0 3.8936 cū

2,0 8.0188

cg
3,0 -0.0413 cuv

3,0 2.5811 cdv
3,0 -0.5844 cū

3,0 -

cg
4,0 - cuv

4,0 - cdv
4,0 - cū

4,0 11.960

cg
1,1 2.9882 cuv

1,1 -0.0235 cdv
1,1 -0.6681 cū

1,1 -85.228

cg
1,2 0.0003 cuv

1,2 0.6564 cdv
1,2 -0.0376 cū

1,2 -0.0005

cg
2,1 -0.6166 cuv

2,1 15.614 cdv
2,1 1.2905 cū

2,1 -0.1323

cg
2,2 0.4518 cuv

2,2 -0.0011 cdv
2,2 0.3396 cū

2,2 -0.4051

• Low-mass data in tension w/ NLO (also nNNPDF) ! NNLO?
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LHC W/Z and the gluon nPDF

• nCTEQ15WZ includes LHC W/Z data 

✓ Also constrains gluon

• nCTEQ15HQ also adds quarkonium and open HQ data 

✓ Unprecedented low-x reach
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Heavy quark and quarkonium data
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Heavy-quark and quarkonium data
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. (2024) [2311.00450]

Table 3: Heavy quark production data available from LHC pPb collisions.

Observable O D0 J/� �(1S) �(2S) B0, B± c jet b jet

Run-I:

ATLAS (240, 241)a (241)a (241)a

CMS (242)a (243) (244)a (245) (246)

ALICE (247, 248, 249)a (250, 251)a, (252) (253) (254)a (255)

LHCb (256)a,b,c (257)a (258)

Run-II:

ALICE (259)a, (260) (261)a (262)a

LHCb (263) (264)a (265)a (266)

Fixed target:

LHCb (267, 268) (267, 269) (269)
a included in nCTEQ15HQ (50); b included in EPPS21 (51); c included in nNNPDF3.0 (52).

to be fully understood (270).

The four LHC collaborations have collected a vast data set on D0, B0, B±, J/�, � and

�� mesons (cf. Tab. 3), which allow to extend the range in xN to below 10�5, i.e. more than

one (two) order(s) of magnitude lower than LHC electroweak boson (jet) production at scales

from m2
c to 103 GeV2 (cf. Fig. 3). Including these data even partially, the gluon uncertainties

of nCTEQ15HQ, EPPS21, and nNNPDF3.0 have shrunk considerably below xN = 10�2

in comparison to their respective predecessors nCTEQ15WZ+SIH (86), EPPS16 (95), and

nNNPDF2.0 (271). While not included in the current global fits, the CMS collaboration has

also measured c (245) and b jets (246), ALICE b jets (255), LHCb inclusive B-meson (266)

production discussed e.g. in Ref. (235), and ALICE heavy-flavor decay electrons (272, 273).

First heavy-flavor measurements have also been carried out by LHCb in the fixed-target

mode with di�erent nuclei (He, Ar, Ne) (267, 268, 269). This may eventually allow to study

the A-dependence of nuclear PDFs.

An important data set in the current global fits is the LHCb Run-I D0 measurement

(256), which is included in all three fits. In the forward direction (y � 0, small x), the

nuclear modification ratio RpPb shows a clear suppression consistent with shadowing. In

the backward direction (y � 0, larger x) at the intersection between shadowing and anti-

shadowing, RpPb is closer to unity. This behavior is consistent with the CMS dijet and W ±

data. The ALICE D-meson data (249) lie at midrapidity in between the LHCb acceptance

and have a somewhat di�erent normalization. The recent LHCb Run-II D0 data (263) are

consistent with nuclear-PDF predictions in the forward direction (shadowing), but indicate

a stronger suppression than expected in the backward direction. Given that these RpPb data

use a pp reference interpolated between 5 TeV and 13 TeV, RFB could arguably be more

accurate. Figure 8 (left) compares the new LHCb Run-II measurement with the predictions

obtained using EPPS21, nCTEQ15HQ and nNNPDF3.0 PDFs in a NLO GM-VFNS calcu-

lation (234). Despite the fact that all three use the 5 TeV pPb D0 data as an input, there

are still significant di�erences among the predictions. Recently, preliminary LHCb Run-I

data on the RpPb of D+ and D+
s have also appeared (274). They are consistent with the

D0 results at y � 0, but the D+ data deviate from the D0 results at y � 0.

The prospects of using top quark production in pPb and PbPb collisions to under-

stand nuclear PDFs were first quantitatively discussed in Ref. (275). While the large mass

www.annualreviews.org • Nuclear PDFs After the First Decade of LHC Data 27
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3

FIG. 1: Coverage of the kinematic (pT , ycms)-plane of the quarkonium and open heavy quark production data sets
from proton-lead collisions. ALICE data is shown in red, ATLAS in blue, CMS in orange and LHCb in green. The

dashed and solid contours show the estimated x-dependence for
p
s = 5 and 8TeV, respectively.

factorization at large x, see, e.g. Ref. [47] and references
therein. Nevertheless, it is fair to say that for now
there is no unambiguous microscopic picture of the inner
workings of heavier nuclei.

It should be stressed again, that throughout this paper,
our main underlying assumption is that the twist-2
collinear factorization remains valid also in the case of
eA and pA collisions for the same observables. As it has
been discussed in Refs. [48, 49] this is reasonable, even if
higher twist terms may be enhanced in the nuclear case
up to higher hard scales (/ A1/3). We impose kinematic
cuts on the data to e↵ectively reduce the impact of these
higher twist e↵ects and confirm phenomenologically that
all remaining data is well described. In the future, such
higher twist e↵ects could be modelled to extend the reach
towards data with lower hard scales. One example is the
e↵ects due to fully coherent energy loss [50–52]. These
contributions are formally higher twist (twist 3), but
have been shown to be relevant for hard process data up

to moderately large transverse momenta pT ⇡ 10GeV.
It could therefore be interesting to include such e↵ects
in future global analyses, however more work would be
needed both on the conceptual and the phenomenological
side.

The next section provides an overview of the nCTEQ
framework and the integration of the new data-driven
approach. Following that, we perform and evaluate the
fit of the proton-proton baseline for the theory in Sec. III.
In Sec. IV we present the fits obtained using the HQ data
and evaluate the compatibility between the new and old
data. Finally, in Sec. V we summarize our findings and
give an outlook for future work.

Heavy quark(-onium) data

cover a wide kinematic range 

down to   
 

puts strong constraints

on gluon distribution

x ≲ 10−5

See also 2012.11462

and 1712.07024
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• Data: 

• lA DIS + pA DY 

• LHC W,Z 

•  RHIC/LHC SIH 

•  LHC Heavy quark(-onium)

• 19 fit parameters (3 strange parameters open)

• Heavy quark(-onium) data: 
Data-driven approach relying on the 
following assumptions

• gg-channel dominates

• 2->2 kinematics

4

II. THEORETICAL APPROACH

A. The nCTEQ framework

The nCTEQ project expands upon the foundation
of the proton PDF global fitting analysis by including
the nuclear dimension. In early proton PDF
analyses (e.g. Ref. [53]), the nuclear data was used
to calculate correction factors which were then applied
to the proton PDF fit without any uncertainties.
In contrast, the nCTEQ framework enables full
communication between nuclear and proton data, which
means that observed tensions between data sets can be
investigated through the lens of nuclear corrections.

The details of the nCTEQ15 nPDFs are presented in
Ref. [15]. The current analysis, along with the other
recent nCTEQ analyses, such as nCTEQ15WZ [25],
nCTEQ15HIX [54] and nCTEQ15WZ+SIH [26], is
performed with a new C++-based code nCTEQ++. This
allows us to easily interface external programs such as
HOPPET [55], APPLgrid [56], and INCNLO [57]. In
particular, we work at leading twist and next-to-leading
order (NLO) of QCD for both the PDF and FF evolution
equations as well as the hard scattering coe�cients. The
calculation code for the quarkonia and open heavy quarks
is a partial C++ adaption of HELAC-Onia 2.0 [58] and
uses the data-driven approach explained in Sec. II B
instead of a pQCD calculation.

For the fits in this investigation, we use the same 19
parameters as for the nCTEQ15WZ(+SIH) sets. These
19 parameters include the 16 free parameters of the
nCTEQ15 analysis, with an additional 3 open parameters
for the strange distribution. For the nCTEQ15 set, the
strange PDF was constrained by the relation s = s̄ =
(/2)(ū+d̄) at the initial scale Q0 = 1.3GeV, which
forces it into the same form as the other sea quarks.

Our PDFs are parameterized at the initial scale Q0 =
1.3 GeV as

xfp/A
i (x,Q0) = c0x

c1(1� x)c2ec3x(1 + ec4x)c5 , (2)

and the nuclear A dependence is encoded in the
coe�cients as

ck �! ck(A) ⌘ pk + ak(1�A�bk) , (3)

where k = {1, ..., 5}. The 16 free parameters used
for the nCTEQ15 set describe the x-dependence of
the {g, uv, dv, d̄+ū} PDF combinations, and we do not
vary the d̄/ū parameters; see Ref. [15] for details. As
in the nCTEQ15WZ(+SIH) analysis, we have added
three strange PDF parameters: {as+s̄

0 , as+s̄
1 , as+s̄

2 }; these
parameters correspond to the nuclear modification of the
overall normalization, the low-x exponent and the large-x
exponent of the strange quark distribution, respectively.

In total, the 19 open parameters are:

{auv
1 , auv

2 , auv
4 , auv

5 , adv
1 , adv

2 , adv
5 , aū+d̄

1 , aū+d̄
5 ,

ag1, ag4, ag5, bg0, bg1, bg4, bg5, as+s̄
0 , as+s̄

1 , as+s̄
2 }.

All the fixed parameters are kept as they were in
nCTEQ15.

B. The data-driven approach

Instead of performing the cross section calculations of
the heavy mesons in perturbative QCD, we take the data-
driven approach outlined initially in Ref. [59] and used
for a reweighting study in Refs. [28, 60]. In this approach,
the cross section for two nuclei A and B scattering and
producing a quarkonium or open heavy-flavor meson
Q is calculated as the convolution integral of the two
initial state gluon PDFs f1,g(x1, µ), f2,g(x2, µ) and a

fitted e↵ective scattering matrix element |Agg!Q+X |
2

over the AB ! Q phase space

�(AB ! Q+X) =
Z

dx1 dx2f1,g (x1, µ) f2,g (x2, µ)
1

2ŝ
|Agg!Q+X |

2dPS.

The e↵ective scattering matrix element is parameterized
with the Crystal Ball function

|Agg!Q+X |
2 =

�2ŝ

M2
Q

ea|y|

⇥

8
><

>:

e
�

p2T
M2

Q if pT  hpT i

e
�

hpT i2
M2

Q

⇣
1 + 

n
p2
T�hpT i2
M2

Q

⌘�n
if pT > hpT i

,

(4)

where the five parameters3 �, , hpT i, n and a are then
fitted for each final state Q. We have introduced the
fifth parameter a, which was not present in the original
parameterization [61], to allow for a more accurate
reproduction of the rapidity dependence [62]. The
parameters are then fitted to pp ! Q + X data. Once
the optimal parameters are found, we can also determine
the uncertainty of our Crystal Ball fit via the same
Hessian method used to calculate our PDF uncertainties.
We can then account for these uncertainties by adding
them in quadrature to the systematic uncertainties of
the pPb ! Q + X data. The included final states in
this analysis are D0, J/ , ⌥(1S) and  (2S) mesons.
Note, however, that prompt and non-prompt production
of the same particle need to be considered as two di↵erent
final states. Inclusive production is generally not fitted
separately, but calculated as the sum of the other two.
The exception to this is ⌥(1S), where all available data
is for inclusive production. Other final states, like D± or

3
The parameter name “ hpT i ” is somewhat misleading. The

parameterization was initially invented for a di↵erent purpose,

where this parameter did have the physical meaning of the

particle’s average transverse momentum, but this interpretation

is lost in the current context. However, we decided to keep the

name to keep consistency with previous works.
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1 , aū+d̄
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of the same particle need to be considered as two di↵erent
final states. Inclusive production is generally not fitted
separately, but calculated as the sum of the other two.
The exception to this is ⌥(1S), where all available data
is for inclusive production. Other final states, like D± or

3
The parameter name “ hpT i ” is somewhat misleading. The

parameterization was initially invented for a di↵erent purpose,

where this parameter did have the physical meaning of the

particle’s average transverse momentum, but this interpretation

is lost in the current context. However, we decided to keep the

name to keep consistency with previous works.

The effective  scattering ME is parameterised

with the Crystal Ball function: 

Implementation of the  
data-driven approach  

in 1712.07024, 2012.11462  
for heavy quarkonium data  

into the nCTEQ global analysis
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FIG. 8: �2/Ndof values for each data set in the previous nCTEQ15WZ+SIH fit (upper panel) and the new
nCTEQ15HQ fit (lower panel).

TABLE XI: �2/Ndof values for the individual heavy-quark final states, the individual processes DIS, DY, WZ, SIH,
HQ, and the total. The shown �2 is the sum of regular �2 and normalization penalty. Excluded processes are shown
in parentheses. Note that both nCTEQ15 AND nCTEQ15WZ included the neutral pions from STAR and PHENIX.

D0 J/ ⌥(1S)  (2S) DIS DY WZ SIH HQ Total

nCTEQ15 (0.56) (2.50) (0.82) (1.06) 0.86 0.78 (2.19) (0.78) (1.96) 1.23

nCTEQ15WZ (0.32) (1.04) (0.76) (1.02) 0.91 0.77 0.63 (0.47) (0.92) 0.90

nCTEQ15WZ+SIH (0.46) (0.84) (0.90) (1.07) 0.91 0.77 0.72 0.40 (0.93) 0.92

nCTEQ15HQ 0.35 0.79 0.79 1.06 0.93 0.77 0.78 0.40 0.77 0.86
12

FIG. 4: Lead PDFs from di↵erent nCTEQ15 versions. The baseline nCTEQ15 fit is shown in black, nCTEQ15WZ
in blue, nCTEQ15WZSIH in green, and the new fit in red.

FIG. 5: Ratio of lead and proton PDF from di↵erent nCTEQ15 versions. The baseline nCTEQ15 fit is shown in
black, nCTEQ15WZ in blue, nCTEQ15WZSIH in green, and the new fit in red.
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FIG. 3: Comparison between prompt D0 production as predicted in the GMVFNS (red) and with the data-driven
approach (blue). The uncertainties of the GMVFNS predictions come from varying the scales individually by a

factor of 2, such that there is never a factor 4 between two scales. Di↵erent rapidity bins are separated by
multiplying the cross sections by powers of ten for visual clarity.

IV. IMPACT OF HQ DATA ON NPDF FITS

Using the Crystal Ball parameters determined in the
previous section we can now perform a new global nPDF
fit using the available heavy-quark data. The new fits
are using the same framework as nCTEQ15WZ+SIH,
including all settings like open parameters, scales and
cuts for the previously included data. We do not
include the changes made for nCTEQ15HIX [54] and
nCTEQ15⌫ [94] as these developments are mostly
orthogonal to those made in this study and do not
a↵ect the low-x gluon PDF. One minor change from
the previous analyses is the treatment of normalizations.
Previously, �2-penalties were assigned individually for
each a↵ected data set, whereas now they are applied only
once per normalization parameter.

A. Data selection

We add the heavy-quark data sets shown in Tabs. VII
- IX to the new PDF fit for a total of 1484 (548 new,
936 old) data points. Similar to the fragmentation
function uncertainties of the SIH data in Ref. [26], we
can compensate for the theoretical uncertainty of the
data-driven approach by adding the uncertainty from the
Crystal Ball fit as a systematic uncertainty to all new
data sets.

For the new HQ data, we use the same cuts as in the
proton-proton baseline and additionally exclude D0 data
points with pT > 15GeV, because there is no baseline
data. Furthermore, we remove two individual points
from the 2018 LHCb ⌥(1S) data set that are described
very poorly with �2 values of 66 and 26, respectively.
Both points are at the high-pT edge of the experiment’s
kinematic range, which makes systematic errors a likely
explanation, since the remaining 36 data points of the set
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FIG. 2: Comparison between prompt J/ production in pp collisions for LHCb[87], ALICE[88] and ATLAS[89]
kinematics as predicted by NRQCD and with the data-driven approach. The uncertainties of the NRQCD

predictions come from scale variation 1/2 < µr/µr,0 = µf/µf,0 = µNRQCD/µNRQCD,0 < 2 around the base scale
µr,0 = µf,0 =

p
p2T + 4m2

c and mNRQCD,0 = mc. Di↵erent rapidity bins are separated by multiplying the cross
sections by powers of ten for visual clarity.
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Figure 4.5. Comparison of the nPDFs of lead nuclei at Q = 10 GeV between nNNPDF3.0 (no LHCb D) and
nNNPDF3.0, normalised to the central value of the former.

Fig. 4.6. As discussed in Sect. 3.4, in the present analysis we consider in a coherent manner the constraints of
the LHCb D-meson data both on the proton and nuclear PDFs while keeping track of their correlations, and

hence the impact on the ratios R(A)
f is in general expected to be more marked as compared to that restricted

to the lead PDFs. Indeed, considering first the nuclear modification ratio for the gluon, we find that the
LHCb D0-meson measurements in pPb collisions bring in an enhanced shadowing for x

⇠
< 10�4 together

with an associated reduction of the PDF uncertainties in this region by up to a factor five. Hence the LHCb
data constrain Rg more than it does the absolute lead PDFs in Fig. 4.5, demonstrating the importance of
accounting for the correlations between proton and lead PDFs. In the case of the sea quark PDFs, the
enhanced shadowing for x

⇠
< 10�3 and the corresponding uncertainty reduction is qualitatively similar to

that observed at the lead PDF level. The preference of the LHCb D-meson production measurements for a
strong small-x shadowing of the quark and gluon PDFs of lead is in agreement with related studies of the
same process in the literature [86, 97,98].

Whenever the nuclear ratios deviate from unity, R(A)
f (x, Q) 6= 1, the fit results favour non-zero nuclear

modifications of the free-proton PDFs. However, such non-zero nuclear modifications will not be signific-
ant unless the associated nPDF uncertainties are small enough. In order to quantify the local statistical

significance of the nuclear modifications, it is useful to evaluate the pull on R(A)
f (x, Q) defined as

P
h
R(A)

f

i
(x, Q) ⌘

⇣
R(A)

f (x, Q) � 1
⌘

�R(A)
f (x, Q)

, (4.2)

where �R(A)
f (x, Q) indicates the 68% CL uncertainties associated to the nuclear modification ratio for the

f -th flavour. Values of these pulls such that |P |
⇠
< 1 indicate consistency with no nuclear modifications at

the 68% CL, while |P |
⇠
> 3 corresponds to a local statistical significance of nuclear modifications at the 3�

level, the usually adopted threshold for evidence, in units of the nPDF uncertainty.
These pulls are displayed in Fig. 4.7 for both nNNPDF3.0 and the prior fit at Q = 10 GeV, where dotted

horizontal lines indicate the threshold for which nuclear modifications di↵er from zero at the 3� (5�) level.
In the case of the quarks, the LHCb D-meson data enhances the pulls in the region x ' 10�3, leading to a
strong evidence for small-x shadowing in the quark sector. At larger values of x, the pull for anti-shadowing
reaches between the 1� the 2� level for up and down quarks and the down antiquark, while for ū it is absent.
The significance of the EMC e↵ect remains at the 1� level of the up and down quarks. Considering next the
pull on the gluon modification ratio, we observe how the LHCb D-meson measurements markedly increase
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Impact of LHCb D-meson data:  
large uncertainty reduction at small-x, more shadowing
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Fig. 9 Comparison between the EPPS21 (blue), nCTEQ15WZ (purple) [94], and nNNPDF2.0 (green) [10] average-nucleon
nuclear modifications at Q2 = 10GeV2. The EPPS21 and nNNPDF uncertainties include the free-proton uncertainties but the
nCTEQ15WZ error bands only include the nuclear uncertainty.
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Fig. 10 Comparison between the EPPS21 (blue) and the EPPS16 (gray) [1] average-nucleon nuclear modifications at Q2 =
10GeV2. The EPPS21 uncertainties include the free-proton uncertainties but the EPPS16 error bands only include the nuclear
uncertainty.

smaller in comparison to the uncertainties in bound-
proton nuclear modifications. This is to be expected
as e.g. Rp/A

uV and R
p/A
dV

are strongly anticorrelated as
was demonstrated already in the context of EPPS16
analysis (Ref. [1], Fig. 10). Since the average-nucleon
modifications R

A

uV
and R

A

dV
are both linear combina-

tions of Rp/A
uV and R

p/A
dV

, the uncertainties tend to di-
minish. Similar reasoning applies for the sea-quark nu-
clear modifications. From Fig. 8 we can see that at
small-x the average up-sea modification for lead R

Pb

u

seems to be clearly better constrained than the average
down-sea modification R

Pb

d
. This is because of the fac-

• Largest difference for strange quarks and gluons: much better constrained 
in EPPS21. Gluon due to D-meson and dijet data.  Strange quark due to W, Z 
data and the more precise gluon.



Run-II isolated photons in pPb from ATLAS

Introduction Methodology Electroweak bosons Photons, hadrons, jets Heavy quarks/quarkonia Conclusion

Run-II isolated photon production in pPb from ATLAS
ATLAS Coll., PLB 796 (2019) 230; nNNPDF Coll., EPJC 82 (2022) 507

Pre-LHC data: E706 (pBe); PHENIX, STAR (DAu)
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NB: Absolute cross sections underestimated at NLO ! NNLO?
14 / 31

Note: Absolute cross sections underestimated at NLO up to 30% at low pT  NNLO?→



Run-II isolated photons in pPb from ALICE

Introduction Methodology Electroweak bosons Photons, hadrons, jets Heavy quarks/quarkonia Conclusion

Run-II isolated photon production in pPb from ALICE
F. Jonas, talk at “Hard Probes 2023” and PhD thesis, U Münster (2023)

ALI-PREL-538803

• High-pT ALICE data ⇠ ATLAS data w/in uncertainties

• New low-pT ALICE data has sensitivity ! publish!

• Gluons: nCTEQ15HQ > nCTEQ15, EPPS21 ⇠ EPPS16

• New ALICE FoCal will cover 3.2 < ⌘ < 5.8 in Run-IV
15 / 31

[Talk M. Klasen, DIS24]



Top pair production in pPb with ATLAS
[ATLAS-CONF-2023-063]

Introduction Methodology Electroweak bosons Photons, hadrons, jets Heavy quarks/quarkonia Conclusion

Top pair production in pPb with ATLAS
ATLAS-CONF-2023-063

23 / 31



Run-I dijet production from CMS
Introduction Methodology Electroweak bosons Photons, hadrons, jets Heavy quarks/quarkonia Conclusion

Run-I dijet production from CMS
CMS Coll., PRL 21 (2018) 062002; K. Eskola et al., EPJC 82 (2022) 413

Specific to nuclear collisions:
• Large background from Underlying Event
• 7 ± 5 pN interactions (Glauber) [Loizides, Kamin, d’Enterria, PRC 97 (2018) 054910]

• Requires subtraction of MPIs and su�ciently large pT/small R
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NB: CMS Run-I pp rapidity ratios in tension with NLO ! NNLO?
17 / 31

[Talk M. Klasen, DIS’24]



Conclusions



• A lot of progress in recent years, more to come!

• HQ-data, di-jet data: much improved gluon 
Important to test small-x gluon from HQ data against small-x gluons from 
prompt photon data (FOCAL)

• LHC W,Z data: gluon, strange PDF 
More data to come, in particular for low invariant masses of lepton pairs

• SIH data: small impact on gluon

• Inclusive jets: gluon

• Top quarks

• Z+c, W+c?

• Different groups: EPPS, nCTEQ, nNNPDF,  TUJU, KA, … 
Important to test systematics, new ideas, driving improvements!

Conclusions



Thank you!



From nCTEQ15 onwards

• nCTEQ15

✓ Mostly NC DIS, some FT DY, a handful of SIH (740 pts) 

• nCTEQ15 upgrades

✓ nCTEQ15WZ (’20): + LHC W/Z data (+120 pts)

✓ nCTEQ15HIX (’20): + JLAB NC DIS data (+336 pts) + relaxed cuts

✓ nCTEQ15WZSIH (’21): + LHC W/Z + SIH data (+120 +112 pts)

✓ nCTEQ15HQ (’22):  + LHC W/Z + HQ data (+120 +548 pts)

✓ nCTEQ15NU (’22): +LHC W/Z + SIH + CC DIS (+120 +112 +974 pts) 
(BaseDimuChorus fit)

• Upcoming nCTEQ global analysis

✓ Combines upgrades above

✓ LHC W/Z, JLAB NC DIS, SIH, HQ, CC neutrino DIS (over 3000 pts)

✓ TMC’s (’23)

✓ New proton baseline CJ22, relaxed kinematic cuts, deuteron corrections, …

[2204.13157]

[2204.09982]

[2105.09873]

[2012.11566]

[2007.09100]

[2301.07715]



Global analyses of nPDFs: 2023

• EPPS

• EKS98: hep-ph/9807297

• EKPS07: hep-ph/0703104

• EPS08: 0802.0139

• EPS09: 0902.4154

• EPPS16: 1612.05741

• EPPS21: 2112.12462

• nCTEQ

• nCTEQ09: 0907.2357

• nCTEQ15: 1509.00792

• nCTEQ15WZ: 2007.09100

• nCTEQ15HiX: 2012.11566

• nCTEQ15WZSIH: 2105.09873

• nCTEQ15HQ: 2204.09982

• nCTEQ15WZSIHdeut: 2204.13157

• BaseDimuChorus: 2204.13157

• nNNPDF

• nNNPDF1.0: 1904.00018

• nNNPDF2.0: 2006.14629

• nNNPDF3.0: 2201.12363

• TUJU (open source XFitter, fit of proton baseline)

• TUJU19: 1908.03355

• TUJU21: 2112.11904

• KA

• KA15: 1601.00939

• KSASG20: 2010.00555

• nDS

• nDS03: hep-ph/0311227

• DSSZ12: 1112.6324

• HKM/HKN

• HKM01: hep-ph/0103208

• HKN04: hep-ph/0404093

• HKN07: 0709.3038


