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Nuclear structure at high energies

Important current research topic:

• Understand fundamental q, g dynamics of p, n bound in nuclei

• Determine initial conditions in creation of new state of matter:
Color-glass condensate (CGC) → quark-gluon plasma (QGP)

Knowns and (known) unknowns:

• Evolution of PDFs fq,g (x ,Q2) with squared energy Q2:
Calculable at NLO and beyond through DGLAP equations

• Dependence on longitudinal momentum fraction x :
QCD factorization theorem → global fits to experimental data

• Fundamental dynamics of nuclear modifications:
Parameterized, but remain to be fully understood
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Key processes and open questions

Deep-inelastic scattering (NC, CC, dimuon production):
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Hadronic collisions: Leading twist, higher-twist [J.w. Qiu, 0305161]

• Transv. size, jet mass, rescattering: O
(
r2
T ∼ 1

p2
T
,
m2

J

p2
T
, αs(Q2)Λ2

Q2

)

• Enhanced in nuclear collisions by A1/3 due to many soft partons
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Nuclear modification factor

Definition:

f
p/A
i (x ,Q2) = RA

i (x ,Q2)f pi (x ,Q)
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Regions:

• Shadowing: Surface nucleons absorb qq̄ dipole, cast shadow

• Antishadowing: Imposed by momentum sum rule

• EMC effect: qv suppression due to nuclear binding, pions,
quark clusters, Nachtmann scaling, short-range correlations, ...

• Fermi motion: Nucleons move, FA
2 =

∫ A
x dz fN(z) FN

2 ( xz )
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(Perturbative) Quantum Chromodynamics
Nuclear structure function(s) in deep-inelastic scattering (DIS):

FA
2 (x ,Q2) =

∑

i

f
(A,Z)
i (x ,Q2)⊗ C2,i (x ,Q

2)

QCD factorization theorem, Wilson coefficients C2,i at (N)NLO

Nuclear parton density functions (nPDFs):

f
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Z

A
f
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∂ logQ2
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Sum rules, but also isospin symmetry:

f
n/A
d ,u (x ,Q2) = f

p/A
u,d (x ,Q2)
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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−χ SACOT−χ 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 ∆χ2 = 35 ∆χ2 = 33 N/A ∆χ2 = 50 ∆χ2 = 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/ψ, ψ′, Υ) X

WED 09:10 M. Costantini (U Cambridge) MCMC for PDFs                                            
WED 09:50 T. Giani (NIKHEF) Bayesian inference for PDFs 
WED 10:10 P. Risse (U Münster) MCMC for PDFs                                                   
WED 11:20 N. Derakhshanian (IFJ PAN) MCMC for nPDFs                                            
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Perturbative order
Required precision:

• Protons: Wealth of HERA, LHC pp data → 1% accuracy, NNLO

• Nuclei: Mostly FT, some LHC pA, no EIC→ 10% accuracy, NLO ok

Available precision:

• Fast NNLO for DIS: APFEL(++), QCDNUM → xFitter

• Slow NNLO for pA: V (FEWZ, MCFM, Vrap, DYNNLO→Matrix),
jets (NNLOjet), t (top++, Matrix) [, b (top++, Matrix)]

• Bottleneck: Grids (fastNLO, APPLgrid, PineAPPL → Ploughshare)

Open heavy quarks (important for pA):

• FFNS → FONLL

• VFNS ZM → GM (ACOT, RT)

Heavy quarkonia (important for pA):

• CEM [R. Vogt et al., PRC 105 (2022) 055202: J.P. Lansberg et al., PLB 807 (2020) 135559]

• NRQCD [K.T. Chao et al., JHEP 08 (2021) 111; M. Butenschön, B. Kniehl, PRL 130 (2023) 041901]
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High-x JLab data: Deuteron, TMCs and HT
A. Accardi et al., Phys. Rev. D 93 (2016) 114017 [1602.03154]; E.P. Segarra et al., Phys. Rev. D 103 (2021) 114015 [2012.11566]
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Deuteron:
• Loosely bound → often isoscalar (pn) assumed, fitted with p
• Fermi motion, nucl. binding, off-shell effects (few %) [CJ15,CJ22]

Target mass corrections (TMCs):

• Nachtmann: ξN =2xN/(1 + rN) with rN =
√

1 + 4x2
NM

2
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Higher twist (HT) corrections: [CJ15,CJ22]

• FA
2 (x ,Q)→ FA

2 (x ,Q)
[
1 + A1/3h0xh1 (1+h2x)

Q2

]

TUE 12:00 W. Henry (JLab) F_2^D/F_2^p Hall C 
TUE 12:20 C. Keppel (JLab) F_2^n 
WED 11:40 R. Ruiz (IFJ PAN Cracow) TMCs 
WED 12:00 M. Cerutti (Hampton U) D and HT at large x 
WED 12:20 R. Petti (S Carolina U) nDIS and HT at large x 
WED 14:10 C. Cotton (U Virginia) nDIS and EMC at Hall C 
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Compatibility of neutrino DIS data
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. (2024) [2311.00450]
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Kinematic coverage in x and Q2
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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.
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Run-II W± boson production in pPb from CMS
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. (2024) [2311.00450]
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NLO QCD:
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nCTEQ15HQ
nNNPDF3.0
Isospin only

CMS W−, pPb,
√
s = 8.16 TeV

• nCTEQ/nNNPDF fit absolute cross sections, EPPS ratios

• Limited impact on s quark, since mostly evolved from gluon
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Run-II Z boson production in pPb from CMS
I. Helenius, W. Vogelsang, M. Walt, Phys. Rev. D 105 (2022) 094031

18

�3 �2 �1 0 1 2
y

0

2

4

6

8

10

d
�

D
Y

p
P

b
/d

y
[n

b
]

15 < M < 60 GeV
p

sNN = 8.16 TeV

p+Pb

TUJU21 nlo 1 1

TUJU21 nlo 208 82

CMS

�3 �2 �1 0 1 2
y

0

2

4

6

8

10

d
�

D
Y

p
P

b
/d

y
[n

b
]

15 < M < 60 GeV
p

sNN = 8.16 TeV

p+Pb

TUJU21 nnlo 1 1

TUJU21 nnlo 208 82

CMS

�3 �2 �1 0 1 2
y

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
at

io
to

N
L
O

15 < M < 60 GeV
p

sNN = 8.16 TeV

p+Pb

Z/��

TUJU21 nlo 208 82

TUJU21 nnlo 208 82

CMS

�3 �2 �1 0 1 2
y

0

10

20

30

40

50

d
�

D
Y

p
P

b
/d

y
[n

b
]

60 < M < 120 GeV
p

sNN = 8.16 TeV

p+Pb

TUJU21 nlo 1 1

TUJU21 nlo 208 82

CMS

�3 �2 �1 0 1 2
y

0

10

20

30

40

50

d
�

D
Y

p
P

b
/d

y
[n

b
]

60 < M < 120 GeV
p

sNN = 8.16 TeV

p+Pb

TUJU21 nnlo 1 1

TUJU21 nnlo 208 82

CMS

�3 �2 �1 0 1 2
y

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
at

io
to

N
L
O

60 < M < 120 GeV
p

sNN = 8.16 TeV

p+Pb

Z/��

TUJU21 nlo 208 82

TUJU21 nnlo 208 82

CMS

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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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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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 < η < 5.8 in Run-IV
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TABLE IV. We present the �2/Ndof for the individual SIH data sets, the individual processes DIS, DY, SIH, WZ, 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.

�2/Ndof for selected experiments and processes

STAR PHENIX ALICE DIS DY WZ SIH Total

⇡0 ⇡± ⇡0 5 TeV ⇡0 5 TeV ⇡± 5 TeV K± 8 TeV ⇡0

nCTEQ15 0.13 2.68 0.30 2.53 0.62 0.71 1.96 0.86 0.78 (3.74) (1.23) 1.28

nCTEQ15SIH 0.16 0.69 0.41 0.48 0.13 0.29 0.58 0.87 0.72 (2.32) 0.38 1.00

nCTEQ15WZ 0.17 3.24 0.23 0.67 0.21 0.41 1.58 0.90 0.78 0.90 (0.81) 0.90

nCTEQ15WZ+SIH 0.14 0.75 0.30 0.47 0.13 0.26 0.79 0.91 0.77 1.02 0.41 0.85

TABLE V. The �2/Ndof values of the SIH data obtained with di↵erent fragmentation functions and PDF parameters taken
from the nCTEQ15WZ+SIH fit. We show the DSS result both with (modified data) and without (unmodified data) the added
systematics arising from the fragmentation function uncertainties.

DSS DSS
unmodified modified KKP BKK NNFF JAM20
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To investigate the impact of individual experimental data sets Ej on the gluon PDF g(x, Q), we look at the cosine of
the correlation angle cos(�[g(x, Q), �2(Ej)]) and the e↵ective �2 di↵erence ��2

e↵ [g(x, Q), Ej ]. Since neither of these
quantities display a strong Q dependence, we show them only for the value of Q=10 GeV in Figs. 12 and 13. We also
limit ourselves to the gluon in lead, as the focus of the SIH data is on the heavy elements; the results for gold are
similar to lead.

In Fig. 12 we see how the 5 TeV SIH ALICE data sets
(⇡0, ⇡±, K±) display a strong anti-correlation (cos� ⇠
�0.9) with the low x gluon (x ⇠ 10�3) that is not seen
in any of the remaining data, including the 8TeV ALICE
neutral pions. This observation suggests that the 5 TeV
SIH ALICE data has significant impact on the resulting
gluon in the small x region. Interestingly, the correlation
angle of the STAR and PHENIX neutral pion data are
quite similar to each other, and in the region x ⇠ 5⇥10�2

they also exhibit a strong anti-correlation (cos� ⇠ �0.9),
which then becomes strong and positive (cos� ⇠ +0.8)
for larger x. The 8 TeV ALICE neutral pion data show
a correlation behaviour similar to the NMC96 SnC data
set (which is the dominant DIS set due to its large size
and Q coverage), and somewhat opposite to the STAR
and PHENIX neutral pion data. Examining the larger x
region (x > 0.1), the influence of the various data sets is
more mixed with with the STAR and PHENIX ⇡0 data
yielding a large positive correlation and ATLAS 8 TeV
⇡0 and STAR ⇡± yielding a large negative correlation,

with the result that the high x gluon remains mostly
unchanged in Fig. 9.

Turning to the �2
e↵ in Fig. 13, we can see that the CMS

Run II W± and NMC96 SnC data remain the main forces
determining the gluon, with the ALICE neutral pion and
NMC95re CaD data sets also providing constraints.

Among the SIH data sets, the 8TeV neutral pion data
has the largest �2

e↵ , followed by the 5 TeV neutral pion
data. However, they generally do not reach values as high
as the previously mentioned DIS and WZ production
data. It is unfortunate that we must impose the
pT > 3 GeV cut on the SIH data due to limitations of
our perturbative theoretical calculations; this removes a
large amount of precision SIH data from our analysis.
Improved theoretical techniques such as resummation
may allow us to extend our analysis to smaller pT values
in the future so that a larger amount of the SIH data can
be included in the PDF determination.

Impact of (RHIC+) LHC (ALICE) data:

15

TABLE IV. We present the �2/Ndof for the individual SIH data sets, the individual processes DIS, DY, SIH, WZ, 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.

�2/Ndof for selected experiments and processes
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⇡0 ⇡± ⇡0 5 TeV ⇡0 5 TeV ⇡± 5 TeV K± 8 TeV ⇡0

nCTEQ15 0.13 2.68 0.30 2.53 0.62 0.71 1.96 0.86 0.78 (3.74) (1.23) 1.28

nCTEQ15SIH 0.16 0.69 0.41 0.48 0.13 0.29 0.58 0.87 0.72 (2.32) 0.38 1.00

nCTEQ15WZ 0.17 3.24 0.23 0.67 0.21 0.41 1.58 0.90 0.78 0.90 (0.81) 0.90

nCTEQ15WZ+SIH 0.14 0.75 0.30 0.47 0.13 0.26 0.79 0.91 0.77 1.02 0.41 0.85

TABLE V. The �2/Ndof values of the SIH data obtained with di↵erent fragmentation functions and PDF parameters taken
from the nCTEQ15WZ+SIH fit. We show the DSS result both with (modified data) and without (unmodified data) the added
systematics arising from the fragmentation function uncertainties.
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To investigate the impact of individual experimental data sets Ej on the gluon PDF g(x, Q), we look at the cosine of
the correlation angle cos(�[g(x, Q), �2(Ej)]) and the e↵ective �2 di↵erence ��2

e↵ [g(x, Q), Ej ]. Since neither of these
quantities display a strong Q dependence, we show them only for the value of Q=10 GeV in Figs. 12 and 13. We also
limit ourselves to the gluon in lead, as the focus of the SIH data is on the heavy elements; the results for gold are
similar to lead.

In Fig. 12 we see how the 5 TeV SIH ALICE data sets
(⇡0, ⇡±, K±) display a strong anti-correlation (cos� ⇠
�0.9) with the low x gluon (x ⇠ 10�3) that is not seen
in any of the remaining data, including the 8TeV ALICE
neutral pions. This observation suggests that the 5 TeV
SIH ALICE data has significant impact on the resulting
gluon in the small x region. Interestingly, the correlation
angle of the STAR and PHENIX neutral pion data are
quite similar to each other, and in the region x ⇠ 5⇥10�2

they also exhibit a strong anti-correlation (cos� ⇠ �0.9),
which then becomes strong and positive (cos� ⇠ +0.8)
for larger x. The 8 TeV ALICE neutral pion data show
a correlation behaviour similar to the NMC96 SnC data
set (which is the dominant DIS set due to its large size
and Q coverage), and somewhat opposite to the STAR
and PHENIX neutral pion data. Examining the larger x
region (x > 0.1), the influence of the various data sets is
more mixed with with the STAR and PHENIX ⇡0 data
yielding a large positive correlation and ATLAS 8 TeV
⇡0 and STAR ⇡± yielding a large negative correlation,

with the result that the high x gluon remains mostly
unchanged in Fig. 9.

Turning to the �2
e↵ in Fig. 13, we can see that the CMS

Run II W± and NMC96 SnC data remain the main forces
determining the gluon, with the ALICE neutral pion and
NMC95re CaD data sets also providing constraints.

Among the SIH data sets, the 8TeV neutral pion data
has the largest �2

e↵ , followed by the 5 TeV neutral pion
data. However, they generally do not reach values as high
as the previously mentioned DIS and WZ production
data. It is unfortunate that we must impose the
pT > 3 GeV cut on the SIH data due to limitations of
our perturbative theoretical calculations; this removes a
large amount of precision SIH data from our analysis.
Improved theoretical techniques such as resummation
may allow us to extend our analysis to smaller pT values
in the future so that a larger amount of the SIH data can
be included in the PDF determination.

Little impact of η data, also no FF uncertainty available.
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TABLE IV. We present the �2/Ndof for the individual SIH data sets, the individual processes DIS, DY, SIH, WZ, 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.

�2/Ndof for selected experiments and processes

STAR PHENIX ALICE DIS DY WZ SIH Total

⇡0 ⇡± ⇡0 5 TeV ⇡0 5 TeV ⇡± 5 TeV K± 8 TeV ⇡0

nCTEQ15 0.13 2.68 0.30 2.53 0.62 0.71 1.96 0.86 0.78 (3.74) (1.23) 1.28

nCTEQ15SIH 0.16 0.69 0.41 0.48 0.13 0.29 0.58 0.87 0.72 (2.32) 0.38 1.00

nCTEQ15WZ 0.17 3.24 0.23 0.67 0.21 0.41 1.58 0.90 0.78 0.90 (0.81) 0.90

nCTEQ15WZ+SIH 0.14 0.75 0.30 0.47 0.13 0.26 0.79 0.91 0.77 1.02 0.41 0.85

TABLE V. The �2/Ndof values of the SIH data obtained with di↵erent fragmentation functions and PDF parameters taken
from the nCTEQ15WZ+SIH fit. We show the DSS result both with (modified data) and without (unmodified data) the added
systematics arising from the fragmentation function uncertainties.
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To investigate the impact of individual experimental data sets Ej on the gluon PDF g(x, Q), we look at the cosine of
the correlation angle cos(�[g(x, Q), �2(Ej)]) and the e↵ective �2 di↵erence ��2

e↵ [g(x, Q), Ej ]. Since neither of these
quantities display a strong Q dependence, we show them only for the value of Q=10 GeV in Figs. 12 and 13. We also
limit ourselves to the gluon in lead, as the focus of the SIH data is on the heavy elements; the results for gold are
similar to lead.

In Fig. 12 we see how the 5 TeV SIH ALICE data sets
(⇡0, ⇡±, K±) display a strong anti-correlation (cos� ⇠
�0.9) with the low x gluon (x ⇠ 10�3) that is not seen
in any of the remaining data, including the 8TeV ALICE
neutral pions. This observation suggests that the 5 TeV
SIH ALICE data has significant impact on the resulting
gluon in the small x region. Interestingly, the correlation
angle of the STAR and PHENIX neutral pion data are
quite similar to each other, and in the region x ⇠ 5⇥10�2

they also exhibit a strong anti-correlation (cos� ⇠ �0.9),
which then becomes strong and positive (cos� ⇠ +0.8)
for larger x. The 8 TeV ALICE neutral pion data show
a correlation behaviour similar to the NMC96 SnC data
set (which is the dominant DIS set due to its large size
and Q coverage), and somewhat opposite to the STAR
and PHENIX neutral pion data. Examining the larger x
region (x > 0.1), the influence of the various data sets is
more mixed with with the STAR and PHENIX ⇡0 data
yielding a large positive correlation and ATLAS 8 TeV
⇡0 and STAR ⇡± yielding a large negative correlation,

with the result that the high x gluon remains mostly
unchanged in Fig. 9.

Turning to the �2
e↵ in Fig. 13, we can see that the CMS

Run II W± and NMC96 SnC data remain the main forces
determining the gluon, with the ALICE neutral pion and
NMC95re CaD data sets also providing constraints.

Among the SIH data sets, the 8TeV neutral pion data
has the largest �2

e↵ , followed by the 5 TeV neutral pion
data. However, they generally do not reach values as high
as the previously mentioned DIS and WZ production
data. It is unfortunate that we must impose the
pT > 3 GeV cut on the SIH data due to limitations of
our perturbative theoretical calculations; this removes a
large amount of precision SIH data from our analysis.
Improved theoretical techniques such as resummation
may allow us to extend our analysis to smaller pT values
in the future so that a larger amount of the SIH data can
be included in the PDF determination.

Impact of (RHIC+) LHC (ALICE) data:

15

TABLE IV. We present the �2/Ndof for the individual SIH data sets, the individual processes DIS, DY, SIH, WZ, 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.

�2/Ndof for selected experiments and processes

STAR PHENIX ALICE DIS DY WZ SIH Total

⇡0 ⇡± ⇡0 5 TeV ⇡0 5 TeV ⇡± 5 TeV K± 8 TeV ⇡0

nCTEQ15 0.13 2.68 0.30 2.53 0.62 0.71 1.96 0.86 0.78 (3.74) (1.23) 1.28

nCTEQ15SIH 0.16 0.69 0.41 0.48 0.13 0.29 0.58 0.87 0.72 (2.32) 0.38 1.00

nCTEQ15WZ 0.17 3.24 0.23 0.67 0.21 0.41 1.58 0.90 0.78 0.90 (0.81) 0.90

nCTEQ15WZ+SIH 0.14 0.75 0.30 0.47 0.13 0.26 0.79 0.91 0.77 1.02 0.41 0.85

TABLE V. The �2/Ndof values of the SIH data obtained with di↵erent fragmentation functions and PDF parameters taken
from the nCTEQ15WZ+SIH fit. We show the DSS result both with (modified data) and without (unmodified data) the added
systematics arising from the fragmentation function uncertainties.
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To investigate the impact of individual experimental data sets Ej on the gluon PDF g(x, Q), we look at the cosine of
the correlation angle cos(�[g(x, Q), �2(Ej)]) and the e↵ective �2 di↵erence ��2

e↵ [g(x, Q), Ej ]. Since neither of these
quantities display a strong Q dependence, we show them only for the value of Q=10 GeV in Figs. 12 and 13. We also
limit ourselves to the gluon in lead, as the focus of the SIH data is on the heavy elements; the results for gold are
similar to lead.

In Fig. 12 we see how the 5 TeV SIH ALICE data sets
(⇡0, ⇡±, K±) display a strong anti-correlation (cos� ⇠
�0.9) with the low x gluon (x ⇠ 10�3) that is not seen
in any of the remaining data, including the 8TeV ALICE
neutral pions. This observation suggests that the 5 TeV
SIH ALICE data has significant impact on the resulting
gluon in the small x region. Interestingly, the correlation
angle of the STAR and PHENIX neutral pion data are
quite similar to each other, and in the region x ⇠ 5⇥10�2

they also exhibit a strong anti-correlation (cos� ⇠ �0.9),
which then becomes strong and positive (cos� ⇠ +0.8)
for larger x. The 8 TeV ALICE neutral pion data show
a correlation behaviour similar to the NMC96 SnC data
set (which is the dominant DIS set due to its large size
and Q coverage), and somewhat opposite to the STAR
and PHENIX neutral pion data. Examining the larger x
region (x > 0.1), the influence of the various data sets is
more mixed with with the STAR and PHENIX ⇡0 data
yielding a large positive correlation and ATLAS 8 TeV
⇡0 and STAR ⇡± yielding a large negative correlation,

with the result that the high x gluon remains mostly
unchanged in Fig. 9.

Turning to the �2
e↵ in Fig. 13, we can see that the CMS

Run II W± and NMC96 SnC data remain the main forces
determining the gluon, with the ALICE neutral pion and
NMC95re CaD data sets also providing constraints.

Among the SIH data sets, the 8TeV neutral pion data
has the largest �2

e↵ , followed by the 5 TeV neutral pion
data. However, they generally do not reach values as high
as the previously mentioned DIS and WZ production
data. It is unfortunate that we must impose the
pT > 3 GeV cut on the SIH data due to limitations of
our perturbative theoretical calculations; this removes a
large amount of precision SIH data from our analysis.
Improved theoretical techniques such as resummation
may allow us to extend our analysis to smaller pT values
in the future so that a larger amount of the SIH data can
be included in the PDF determination.

Little impact of η data, also no FF uncertainty available.
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TABLE IV. We present the �2/Ndof for the individual SIH data sets, the individual processes DIS, DY, SIH, WZ, 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.
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nCTEQ15WZ+SIH 0.14 0.75 0.30 0.47 0.13 0.26 0.79 0.91 0.77 1.02 0.41 0.85

TABLE V. The �2/Ndof values of the SIH data obtained with di↵erent fragmentation functions and PDF parameters taken
from the nCTEQ15WZ+SIH fit. We show the DSS result both with (modified data) and without (unmodified data) the added
systematics arising from the fragmentation function uncertainties.
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To investigate the impact of individual experimental data sets Ej on the gluon PDF g(x, Q), we look at the cosine of
the correlation angle cos(�[g(x, Q), �2(Ej)]) and the e↵ective �2 di↵erence ��2

e↵ [g(x, Q), Ej ]. Since neither of these
quantities display a strong Q dependence, we show them only for the value of Q=10 GeV in Figs. 12 and 13. We also
limit ourselves to the gluon in lead, as the focus of the SIH data is on the heavy elements; the results for gold are
similar to lead.

In Fig. 12 we see how the 5 TeV SIH ALICE data sets
(⇡0, ⇡±, K±) display a strong anti-correlation (cos� ⇠
�0.9) with the low x gluon (x ⇠ 10�3) that is not seen
in any of the remaining data, including the 8TeV ALICE
neutral pions. This observation suggests that the 5 TeV
SIH ALICE data has significant impact on the resulting
gluon in the small x region. Interestingly, the correlation
angle of the STAR and PHENIX neutral pion data are
quite similar to each other, and in the region x ⇠ 5⇥10�2

they also exhibit a strong anti-correlation (cos� ⇠ �0.9),
which then becomes strong and positive (cos� ⇠ +0.8)
for larger x. The 8 TeV ALICE neutral pion data show
a correlation behaviour similar to the NMC96 SnC data
set (which is the dominant DIS set due to its large size
and Q coverage), and somewhat opposite to the STAR
and PHENIX neutral pion data. Examining the larger x
region (x > 0.1), the influence of the various data sets is
more mixed with with the STAR and PHENIX ⇡0 data
yielding a large positive correlation and ATLAS 8 TeV
⇡0 and STAR ⇡± yielding a large negative correlation,

with the result that the high x gluon remains mostly
unchanged in Fig. 9.

Turning to the �2
e↵ in Fig. 13, we can see that the CMS

Run II W± and NMC96 SnC data remain the main forces
determining the gluon, with the ALICE neutral pion and
NMC95re CaD data sets also providing constraints.

Among the SIH data sets, the 8TeV neutral pion data
has the largest �2

e↵ , followed by the 5 TeV neutral pion
data. However, they generally do not reach values as high
as the previously mentioned DIS and WZ production
data. It is unfortunate that we must impose the
pT > 3 GeV cut on the SIH data due to limitations of
our perturbative theoretical calculations; this removes a
large amount of precision SIH data from our analysis.
Improved theoretical techniques such as resummation
may allow us to extend our analysis to smaller pT values
in the future so that a larger amount of the SIH data can
be included in the PDF determination.

Impact of (RHIC+) LHC (ALICE) data:

15

TABLE IV. We present the �2/Ndof for the individual SIH data sets, the individual processes DIS, DY, SIH, WZ, 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.

�2/Ndof for selected experiments and processes

STAR PHENIX ALICE DIS DY WZ SIH Total
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nCTEQ15 0.13 2.68 0.30 2.53 0.62 0.71 1.96 0.86 0.78 (3.74) (1.23) 1.28

nCTEQ15SIH 0.16 0.69 0.41 0.48 0.13 0.29 0.58 0.87 0.72 (2.32) 0.38 1.00
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TABLE V. The �2/Ndof values of the SIH data obtained with di↵erent fragmentation functions and PDF parameters taken
from the nCTEQ15WZ+SIH fit. We show the DSS result both with (modified data) and without (unmodified data) the added
systematics arising from the fragmentation function uncertainties.
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To investigate the impact of individual experimental data sets Ej on the gluon PDF g(x, Q), we look at the cosine of
the correlation angle cos(�[g(x, Q), �2(Ej)]) and the e↵ective �2 di↵erence ��2

e↵ [g(x, Q), Ej ]. Since neither of these
quantities display a strong Q dependence, we show them only for the value of Q=10 GeV in Figs. 12 and 13. We also
limit ourselves to the gluon in lead, as the focus of the SIH data is on the heavy elements; the results for gold are
similar to lead.

In Fig. 12 we see how the 5 TeV SIH ALICE data sets
(⇡0, ⇡±, K±) display a strong anti-correlation (cos� ⇠
�0.9) with the low x gluon (x ⇠ 10�3) that is not seen
in any of the remaining data, including the 8TeV ALICE
neutral pions. This observation suggests that the 5 TeV
SIH ALICE data has significant impact on the resulting
gluon in the small x region. Interestingly, the correlation
angle of the STAR and PHENIX neutral pion data are
quite similar to each other, and in the region x ⇠ 5⇥10�2

they also exhibit a strong anti-correlation (cos� ⇠ �0.9),
which then becomes strong and positive (cos� ⇠ +0.8)
for larger x. The 8 TeV ALICE neutral pion data show
a correlation behaviour similar to the NMC96 SnC data
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Turning to the �2
e↵ in Fig. 13, we can see that the CMS

Run II W± and NMC96 SnC data remain the main forces
determining the gluon, with the ALICE neutral pion and
NMC95re CaD data sets also providing constraints.

Among the SIH data sets, the 8TeV neutral pion data
has the largest �2

e↵ , followed by the 5 TeV neutral pion
data. However, they generally do not reach values as high
as the previously mentioned DIS and WZ production
data. It is unfortunate that we must impose the
pT > 3 GeV cut on the SIH data due to limitations of
our perturbative theoretical calculations; this removes a
large amount of precision SIH data from our analysis.
Improved theoretical techniques such as resummation
may allow us to extend our analysis to smaller pT values
in the future so that a larger amount of the SIH data can
be included in the PDF determination.

Little impact of η data, also no FF uncertainty available.
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P. Duwentäster, MK et al. [nCTEQ Coll.], Phys. Rev. D 105 (2022) 114043 [2204.09982]

Data-driven approach (Crystal Ball function):

∣∣Agg→Q+X

∣∣2 =
λ2κŝ

M2
Q

ea|y| ×


e

−κ
p2
T

M2
Q if pT ≤ 〈pT 〉

e

−κ 〈pT 〉
2

M2
Q

(
1 + κ

n

p2
T−〈pT 〉2

M2
Q

)−n

if pT > 〈pT 〉

• Originally proposed for J/Ψ pairs and double parton scattering
[C.H. Kom, A. Kulesza, J. Stirling, PRL 107 (2011) 082002]

• Impact on nPDFs demonstrated with reweighting studies
[A. Kusina, J.P. Lansberg, I. Schienbein, H.S. Shao, PRL 121 (2018) 052004 and PRD 104 (2021) 014010]

• New rapidity dependence allows to cover also LHCb data

Choice of proton PDF (nCTEQ15) and factorization scales:
6

TABLE I: Scale choices for the di↵erent particles.

D0 J/ B ! J/ ⌥(1S)  (2S) B !  (2S)

µ2
0 4M2

D + p2
T,D M2

J/ + p2
T,J/ 4M2

B +
M2

B

M2
J/ 

p2
T,J/ M2

⌥(1S) + p2
T,⌥(1S) M2

 (2S) + p2
T, (2S) 4M2

B +
M2

B

M2
 (2S)

p2
T, (2S)

TABLE II: Crystal Ball parameters and �2/d.o.f. values for the Crystal Ball function for the di↵erent processes.

D0 J/ B ! J/ ⌥(1S)  (2S) B !  (2S)

 0.33457 0.47892 0.15488 0.94524 0.21589 0.45273

� 1.82596 0.30379 0.12137 0.06562 0.07528 0.13852

hpT i 2.40097 5.29310 -7.65026 8.63780 8.98819 7.80526

n 2.00076 2.17366 1.55538 1.93239 1.07203 1.64797

a -0.03295 0.02816 -0.08083 0.22389 -0.10614 0.06179

Npoints 34 501 375 55

�2/Ndof 0.25 0.88 0.92 0.77

D. Comparison with D0 production in the
GMVFNS

The predictions for D0 production can also be
compared with perturbative calculations. These
calculations can be carried out using the General-
Mass Variable-Flavor-Number-Scheme (GMVFNS)
implementation of heavy quark production at NLO QCD
by Kniehl et al. [31, 32]. Fig. 3 shows a comparison of
the predictions obtained from the GMVFNS code, with
those from our Crystal Ball fit for the data sets used in
the fit for all the pp ! D0 + X data used in the baseline
fit. In the input of GMVFNS we use the nCTEQ15
proton PDF set, we set the c quark mass to mc = 1.3
GeV, and the renormalization and the initial/final

factorization scales to µr = µi = µf =
p

p2
T + 4m2

c .
As a fragmentation function we use the one with
identifier 712 from the KKKS08 set of fragmentation
functions [90] which was obtained in a global fit to Belle,
CLEO, ALEPH and OPAL data. The uncertainties of
the GMVFNS predictions are obtained by varying the
three scales individually by a factor of two, such that
there is never a factor four between two scales. These
uncertainties are similar in size as the data uncertainty,
except for the low-pT region, where they are somewhat
larger. Overall the central prediction of the GMVFNS
calculation slightly overshoots the data. This can
perhaps be attributed to the contribution from largely
unconstrained gluon component of the fragmentation
function, which contributes at almost 50%. However,
there is always overlap between the data and GMVFNS
theory uncertainty. The uncertainty of the Crystal Ball
fit is similar in size as the GMVFNS one for large pT , but
contrary to the latter it decreases for lower pT values.
The central values are very close to the data points,

as indicated by the low �2/Ndof value seen in Tab. II.
Overall the two methods are in very good agreement
with only minor discrepancies seen in the highest pT

bins.
We also compared our Crystall Ball fit and GMVFNS

predictions against more recent data of D0 production in
pp collisions from ALICE [91, 92] and LHCb [93], which
we have not been used in the present analysis. We do
not show the comparisons here, but we report that both
the Crystall Ball fit as well as GMVFNS reproduce the
ALICE and LHCb data well. This data could provide
further constraints on the D0 Crystall Ball parameters.
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P. Duwentäster, MK et al. [nCTEQ Coll.], Phys. Rev. D 105 (2022) 114043 [2204.09982]

Crystal Ball fit parameters: Cut data with pT < 3 GeV and |y | > 4

6

TABLE I: Scale choices for the di↵erent particles.

D0 J/ B ! J/ ⌥(1S)  (2S) B !  (2S)

µ2
0 4M2

D + p2
T,D M2

J/ + p2
T,J/ 4M2

B +
M2

B

M2
J/ 

p2
T,J/ M2

⌥(1S) + p2
T,⌥(1S) M2

 (2S) + p2
T, (2S) 4M2

B +
M2

B

M2
 (2S)

p2
T, (2S)

TABLE II: Crystal Ball parameters and �2/d.o.f. values for the Crystal Ball function for the di↵erent processes.

D0 J/ B ! J/ ⌥(1S)  (2S) B !  (2S)

 0.33457 0.47892 0.15488 0.94524 0.21589 0.45273

� 1.82596 0.30379 0.12137 0.06562 0.07528 0.13852

hpT i 2.40097 5.29310 -7.65026 8.63780 8.98819 7.80526

n 2.00076 2.17366 1.55538 1.93239 1.07203 1.64797

a -0.03295 0.02816 -0.08083 0.22389 -0.10614 0.06179

Npoints 34 501 375 55

�2/Ndof 0.25 0.88 0.92 0.77

D. Comparison with D0 production in the
GMVFNS

The predictions for D0 production can also be
compared with perturbative calculations. These
calculations can be carried out using the General-
Mass Variable-Flavor-Number-Scheme (GMVFNS)
implementation of heavy quark production at NLO QCD
by Kniehl et al. [31, 32]. Fig. 3 shows a comparison of
the predictions obtained from the GMVFNS code, with
those from our Crystal Ball fit for the data sets used in
the fit for all the pp ! D0 + X data used in the baseline
fit. In the input of GMVFNS we use the nCTEQ15
proton PDF set, we set the c quark mass to mc = 1.3
GeV, and the renormalization and the initial/final

factorization scales to µr = µi = µf =
p

p2
T + 4m2

c .
As a fragmentation function we use the one with
identifier 712 from the KKKS08 set of fragmentation
functions [90] which was obtained in a global fit to Belle,
CLEO, ALEPH and OPAL data. The uncertainties of
the GMVFNS predictions are obtained by varying the
three scales individually by a factor of two, such that
there is never a factor four between two scales. These
uncertainties are similar in size as the data uncertainty,
except for the low-pT region, where they are somewhat
larger. Overall the central prediction of the GMVFNS
calculation slightly overshoots the data. This can
perhaps be attributed to the contribution from largely
unconstrained gluon component of the fragmentation
function, which contributes at almost 50%. However,
there is always overlap between the data and GMVFNS
theory uncertainty. The uncertainty of the Crystal Ball
fit is similar in size as the GMVFNS one for large pT , but
contrary to the latter it decreases for lower pT values.
The central values are very close to the data points,

as indicated by the low �2/Ndof value seen in Tab. II.
Overall the two methods are in very good agreement
with only minor discrepancies seen in the highest pT

bins.
We also compared our Crystall Ball fit and GMVFNS

predictions against more recent data of D0 production in
pp collisions from ALICE [91, 92] and LHCb [93], which
we have not been used in the present analysis. We do
not show the comparisons here, but we report that both
the Crystall Ball fit as well as GMVFNS reproduce the
ALICE and LHCb data well. This data could provide
further constraints on the D0 Crystall Ball parameters.

Heavy quarkonia in NRQCD:
[M. Butenschön, B. Kniehl, PRL 106 (2011) 022003]
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Open heavy quarks in GM-VFNS:
[B. Kniehl et al., PRD 71 (2005) 014018]
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TUE 12:20 J. Wissmann (U Münster) HQs in GM-VFNS in nCTEQ    
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Impact of heavy quark and quarkonium data
P. Duwentäster, MK et al. [nCTEQ Coll.], Phys. Rev. D 105 (2022) 114043 [2204.09982]

Cut D0 data with pT > 15 GeV (no p), 2 high-pT LHCb Υ points
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Impact of heavy quark and quarkonium data
P. Duwentäster, MK et al. [nCTEQ Coll.], Phys. Rev. D 105 (2022) 114043 [2204.09982]
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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

 0 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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Nuclear PDFs after 10 years of LHC data
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. (2024) [2311.00450]
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Top pair production in pPb with ATLAS
ATLAS-CONF-2023-063
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nCTEQ24 (prel.) vs. EPPS21
T. Jezo, talk at DIS24 (WED 11:00)

Preliminary
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Conclusion
Nuclear PDFs:
• QCD factorization, DGLAP evolution, HT enhancement
• Shadowing (LTA?), antishadowing, EMC effect, Fermi motion
• Dynamics: Partonic, hadronic, duality?
• Non-linear effects, initial-state phase transition to QGP

Recent developments in fixed-target experiments:
• NC DIS: JLab at high x → TMC, HT, deuteron
• CC DIS: CHORUS (CDHSW, dimuon) ((CCFR/NuTeV))
• Neutrino data constrain in particular the strange quark

10 years of LHC data:
• Electroweak bosons → nCTEQ, EPPS, nNNPDF, TUJU, KP
• Heavy quarks/quarkonia → Gluon down to x = 10−5

• Photons/light hadrons/jets → Need for NNLO?

Lattice QCD: [LP3 Coll., NPLQCD Coll.]

• Large x , low A, mπ, quasi-/pseudo-PDFs etc., Ru−d , pg/pAFRI 09:00 H.W. Lin (MSU) PDFs in LQCD 
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Outlook

# 33

Looking Forward
Unique physics reach:

Chapter 6. Quantum Chromodynamics 231

Figure 6.2: The schematic kinematic coverage in the (x, Q) plane for D-meson production in
proton-proton collisions at the LHC (

p
s = 14 TeV) followed by their decay into neutrinos falling

within the FPF acceptance. The approximate kinematic coverage for other experiments providing
inputs for proton global PDF analyses, as well as that corresponding to future facilities such as the
Electron-Ion Collider and the FoCal upgrade of the ALICE experiment are indicated.

Therefore, the mapping of low–x QCD dynamics that FPF measurements would allow can provide
a natural bridge between the physics program at the HL-LHC and that of an eventual higher-energy
pp collider that follows it.

Fig. 6.2 also demonstrates that the FPF will be sensitive to very high–x kinematics. This region
is of particular interest due to the particular sensitivity of the FPF to any intrinsic charm component
of the proton [849]. In particular, while charm production in pp collisions is dominated by gluon–
gluon scattering, in the presence of a non–perturbative charm PDF in the proton (known as intrinsic
charm), the charm-gluon initial state enters, and may even be dominant for forward D-meson
production. Several studies have investigated the possible existence of this intrinsic charm, including
tantalizing very recent measurements of Z+charm production by the LHCb experiment [850]. FPF
measurements would provide a complementary handle on the intrinsic charm content of the proton,
which in turn could enhance the expected flux of prompt neutrinos arising from the decays of
charm mesons produced in cosmic ray collisions in the atmosphere. These represent a dominant
background for astrophysical neutrinos at neutrino telescopes such as IceCube and KM3NET.

As indicated in the right section of Fig. 6.1, the FPF acts e↵ectively as a high-energy neutrino-
induced deep-inelastic scattering (DIS) experiment, with event properties being reconstructed from
the kinematics of the outgoing charged lepton. While in the last five decades several experiments
have measured DIS structure functions on nuclear targets [853], the FPF beam contains neutrinos of
higher energy E⌫ compared to these previous measurements, hence leading to a significant extension
of the kinematic coverage available for proton and nuclear structure studies.

This improvement is demonstrated in Fig. 6.3, which compares the kinematic coverage in the
(x, Q2) plane (assuming leading order kinematics) of available hard-scattering data on nuclear
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SINCE FPF5: PHYSICS STUDIES

• New quantitative results from SM studies, guaranteed interesting physics

• New BSM studies, including models where the FPF is uniquely sensitive

8 June 2023 Feng 8

SINCE FPF5: PHYSICS STUDIES

• New quantitative results from SM studies, guaranteed interesting physics

• New BSM studies, including models where the FPF is uniquely sensitive

Significant impact on constraining PDFs

The future is forward ;-)


FPF white-paper 

https://arxiv.org/abs/2203.05090

• FPF for the HL-LHC is a proposed facility that could 
house a suite of experiments to enhance the LHC’s 
physics potential for BSM physics searches, neutrino 
physics and QCD.

• FASER𝜈𝜈2 is designed to carry out precision tau-
neutrino measurements and heavy flavor physics 
studies

– Expected to be ∼20 tons

– Should detect ∼ 106 𝜈𝜈𝜇𝜇 + 𝜈𝜈𝜇𝜇, ∼ 105 𝜈𝜈𝑒𝑒 + �𝜈𝜈𝑒𝑒, and 
∼ 104 𝜈𝜈𝜏𝜏 + �𝜈𝜈𝜏𝜏 CC interactions

The Forward Physics Facility (FPF) and FASER𝜈𝜈2

FPF papers
• “The Forward Physics Facility: Sites, Experiments, and Physics 

Potential” (short paper), Phys. Rept. 968 (2022) 1-50, 
arxiv:2109.10905

• “The Forward Physics Facility at the High-Luminosity LHC” 
(long "White" paper), J. Phys. G 50 (2023) 3, 030501, 
arxiv:2203.05090

22

See also Jianming Bian’s talk in WG3 on Aug 25, 
on the Forward Liquid Argon Experiment at the FPF

Motivation
Physics scopes of HERA and EIC differ but have significant overlap.

Inclusive DIS cross sections will be measured to high precision in a phase space region
that will be complementary to HERA.

The strong coupling, αs, is the least well constrained.
Essential ingredient of SM cross section calculations, as well as constraints on new
physics and grand unification scenarios.

Inclusive NC DIS cross section is sensitive to αs through F2 and FL.
d2σ

dxdQ2
= 2πα2

xQ4
[Y+F2(x,Q2) − y2FL(x,Q2) ∓ Y−xF3(x,Q2)]

HERA and EIC kinematic phase-space
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HERA data have limited high-x sensitivity due to kinematic correlation
between x and Q2 and 1/Q4 factor in cross section.
EIC data fills in large-x, modest Q2 region with high precision.
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Figure 6.2: The schematic kinematic coverage in the (x, Q) plane for D-meson production in
proton-proton collisions at the LHC (

p
s = 14 TeV) followed by their decay into neutrinos falling

within the FPF acceptance. The approximate kinematic coverage for other experiments providing
inputs for proton global PDF analyses, as well as that corresponding to future facilities such as the
Electron-Ion Collider and the FoCal upgrade of the ALICE experiment are indicated.

Therefore, the mapping of low–x QCD dynamics that FPF measurements would allow can provide
a natural bridge between the physics program at the HL-LHC and that of an eventual higher-energy
pp collider that follows it.

Fig. 6.2 also demonstrates that the FPF will be sensitive to very high–x kinematics. This region
is of particular interest due to the particular sensitivity of the FPF to any intrinsic charm component
of the proton [849]. In particular, while charm production in pp collisions is dominated by gluon–
gluon scattering, in the presence of a non–perturbative charm PDF in the proton (known as intrinsic
charm), the charm-gluon initial state enters, and may even be dominant for forward D-meson
production. Several studies have investigated the possible existence of this intrinsic charm, including
tantalizing very recent measurements of Z+charm production by the LHCb experiment [850]. FPF
measurements would provide a complementary handle on the intrinsic charm content of the proton,
which in turn could enhance the expected flux of prompt neutrinos arising from the decays of
charm mesons produced in cosmic ray collisions in the atmosphere. These represent a dominant
background for astrophysical neutrinos at neutrino telescopes such as IceCube and KM3NET.

As indicated in the right section of Fig. 6.1, the FPF acts e↵ectively as a high-energy neutrino-
induced deep-inelastic scattering (DIS) experiment, with event properties being reconstructed from
the kinematics of the outgoing charged lepton. While in the last five decades several experiments
have measured DIS structure functions on nuclear targets [853], the FPF beam contains neutrinos of
higher energy E⌫ compared to these previous measurements, hence leading to a significant extension
of the kinematic coverage available for proton and nuclear structure studies.

This improvement is demonstrated in Fig. 6.3, which compares the kinematic coverage in the
(x, Q2) plane (assuming leading order kinematics) of available hard-scattering data on nuclear
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– Expected to be ∼20 tons
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See also Jianming Bian’s talk in WG3 on Aug 25, 
on the Forward Liquid Argon Experiment at the FPF

Motivation
Physics scopes of HERA and EIC differ but have significant overlap.

Inclusive DIS cross sections will be measured to high precision in a phase space region
that will be complementary to HERA.

The strong coupling, αs, is the least well constrained.
Essential ingredient of SM cross section calculations, as well as constraints on new
physics and grand unification scenarios.

Inclusive NC DIS cross section is sensitive to αs through F2 and FL.
d2σ
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HERA data have limited high-x sensitivity due to kinematic correlation
between x and Q2 and 1/Q4 factor in cross section.
EIC data fills in large-x, modest Q2 region with high precision.
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Figure 6.2: The schematic kinematic coverage in the (x, Q) plane for D-meson production in
proton-proton collisions at the LHC (

p
s = 14 TeV) followed by their decay into neutrinos falling

within the FPF acceptance. The approximate kinematic coverage for other experiments providing
inputs for proton global PDF analyses, as well as that corresponding to future facilities such as the
Electron-Ion Collider and the FoCal upgrade of the ALICE experiment are indicated.

Therefore, the mapping of low–x QCD dynamics that FPF measurements would allow can provide
a natural bridge between the physics program at the HL-LHC and that of an eventual higher-energy
pp collider that follows it.

Fig. 6.2 also demonstrates that the FPF will be sensitive to very high–x kinematics. This region
is of particular interest due to the particular sensitivity of the FPF to any intrinsic charm component
of the proton [849]. In particular, while charm production in pp collisions is dominated by gluon–
gluon scattering, in the presence of a non–perturbative charm PDF in the proton (known as intrinsic
charm), the charm-gluon initial state enters, and may even be dominant for forward D-meson
production. Several studies have investigated the possible existence of this intrinsic charm, including
tantalizing very recent measurements of Z+charm production by the LHCb experiment [850]. FPF
measurements would provide a complementary handle on the intrinsic charm content of the proton,
which in turn could enhance the expected flux of prompt neutrinos arising from the decays of
charm mesons produced in cosmic ray collisions in the atmosphere. These represent a dominant
background for astrophysical neutrinos at neutrino telescopes such as IceCube and KM3NET.

As indicated in the right section of Fig. 6.1, the FPF acts e↵ectively as a high-energy neutrino-
induced deep-inelastic scattering (DIS) experiment, with event properties being reconstructed from
the kinematics of the outgoing charged lepton. While in the last five decades several experiments
have measured DIS structure functions on nuclear targets [853], the FPF beam contains neutrinos of
higher energy E⌫ compared to these previous measurements, hence leading to a significant extension
of the kinematic coverage available for proton and nuclear structure studies.

This improvement is demonstrated in Fig. 6.3, which compares the kinematic coverage in the
(x, Q2) plane (assuming leading order kinematics) of available hard-scattering data on nuclear
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Figure 6.2: The schematic kinematic coverage in the (x, Q) plane for D-meson production in
proton-proton collisions at the LHC (

p
s = 14 TeV) followed by their decay into neutrinos falling

within the FPF acceptance. The approximate kinematic coverage for other experiments providing
inputs for proton global PDF analyses, as well as that corresponding to future facilities such as the
Electron-Ion Collider and the FoCal upgrade of the ALICE experiment are indicated.

Therefore, the mapping of low–x QCD dynamics that FPF measurements would allow can provide
a natural bridge between the physics program at the HL-LHC and that of an eventual higher-energy
pp collider that follows it.

Fig. 6.2 also demonstrates that the FPF will be sensitive to very high–x kinematics. This region
is of particular interest due to the particular sensitivity of the FPF to any intrinsic charm component
of the proton [849]. In particular, while charm production in pp collisions is dominated by gluon–
gluon scattering, in the presence of a non–perturbative charm PDF in the proton (known as intrinsic
charm), the charm-gluon initial state enters, and may even be dominant for forward D-meson
production. Several studies have investigated the possible existence of this intrinsic charm, including
tantalizing very recent measurements of Z+charm production by the LHCb experiment [850]. FPF
measurements would provide a complementary handle on the intrinsic charm content of the proton,
which in turn could enhance the expected flux of prompt neutrinos arising from the decays of
charm mesons produced in cosmic ray collisions in the atmosphere. These represent a dominant
background for astrophysical neutrinos at neutrino telescopes such as IceCube and KM3NET.

As indicated in the right section of Fig. 6.1, the FPF acts e↵ectively as a high-energy neutrino-
induced deep-inelastic scattering (DIS) experiment, with event properties being reconstructed from
the kinematics of the outgoing charged lepton. While in the last five decades several experiments
have measured DIS structure functions on nuclear targets [853], the FPF beam contains neutrinos of
higher energy E⌫ compared to these previous measurements, hence leading to a significant extension
of the kinematic coverage available for proton and nuclear structure studies.

This improvement is demonstrated in Fig. 6.3, which compares the kinematic coverage in the
(x, Q2) plane (assuming leading order kinematics) of available hard-scattering data on nuclear
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Inclusive NC DIS cross section is sensitive to αs through F2 and FL.
d2σ

dxdQ2
= 2πα2

xQ4
[Y+F2(x,Q2) − y2FL(x,Q2) ∓ Y−xF3(x,Q2)]

HERA and EIC kinematic phase-space
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HERA data have limited high-x sensitivity due to kinematic correlation
between x and Q2 and 1/Q4 factor in cross section.
EIC data fills in large-x, modest Q2 region with high precision.
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EPPS16 vs. Run-I CMS dijet data
K. Eskola, P. Paakinen, H. Paukkunen, Eur. Phys. J. C 79 (2019) 511
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PDFs with the CMS 7 TeV inclusive jet measurements [34]
which are included in the CT14 analysis. For these calcula-
tions we use the pre-computed fastNLO grids [35], setting the
renormalization and factorization scales equal to the trans-
verse momentum pT of the individual jet as in the CT14
analysis. Fig. 6 shows the data-to-theory ratio for the NLO
predictions with the CT14 PDFs reweighted with the dijet
data using D c2 = 100. Also the ratios of the original CT14
central predictions with the reweighted ones are indicated.
The data-to-theory agreement happens to be even slightly
better for the reweighted PDFs, with c2/Ndata = 1.2, than
for the original set, for which c2/Ndata = 1.3. Thus we find
that, in the light of reweighting, the CMS measurements of
inclusive jets at 7 TeV and dijets at 5.02 TeV are mutually
compatible.

3.2 Significance of proton PDF uncertainties in proton–lead
dijet spectra

The pPb dijet spectra, shown in Fig. 7, have a rather similar
data-to-theory systematics as we had in the pp case. Here,
we use the EPPS16 nuclear modifications along with the
CT14 NLO proton PDFs in the predictions, i.e. the PDF of
a flavour i in a proton bound in lead at scale Q2 is obtained
with

f p/Pb
i (x,Q2) = RPb

i (x,Q2) f p
i (x,Q2), (33)

where RPb
i is the nuclear modification from the EPPS16 anal-

ysis and f p
i the corresponding CT14 PDF of the free proton.

The total PDF uncertainties in the cross sections are calcu-
lated with

dX±
total =

q�
dX±

EPPS16

�2
+
�
dX±

CT14

�2
, (34)

where dX±
EPPS16 are the upward and downward uncertainties

obtained with Equation (11) using the EPPS16 error sets
and keeping the CT14 central set fixed, and dX±

CT14, respec-
tively, the uncertainties from the CT14 error sets keeping the
EPPS16 central set fixed.

Again, these predictions give wider distributions than
seen in the CMS data, resulting with c2/Ndata = 6.9. While
in this case the data points are mostly within the combined nu-
clear and free-proton PDF uncertainty bands, we can expect
that the modifications to the CT14 PDFs, which were found
necessary to improve the description of the pp data, play a
role also here. Indeed, in Fig. 8 we show results with the PDFs
obtained by reweighting CT14 with the pp data, observing a
clear improvement in the data to theory agreement. We ob-
tain c2/Ndata = 2.8 for the predictions with CT14 reweighted
using D c2 = 100 and c2/Ndata = 1.6 when using D c2 = 10.
These numbers are somewhat higher than what we obtained
in the pp case, reflecting the fact that also the EPPS16 nuclear
modifications need to be adjusted for optimal description of
the data. This can also be seen by comparing the data-to-
theory agreement in pPb at hdijet & 2 to that in pp: While the
CT14 predictions reweighted using D c2 = 100 describe well
the pp data in these rapidities, the pPb data points lie sys-
tematically below the predictions, which hints a preference
for deeper nuclear shadowing – the suppression in the gluon
PDF, RPb

g < 1, at small x – than that in the EPPS16 central
set. We will verify this claim in the next section.

An important thing to notice here is that most of the devi-
ations from central theory predictions actually originate from
the issues with the free-proton PDFs instead of the nuclear
modifications. This large free-proton PDF bias prevents a
clean extraction of the PDF nuclear modifications from the
pPb spectra. The dijet spectra are certainly not the only pPb
observable sensitive to such a free-proton PDF dependence,
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nNNPDF3.0 vs. Run-II CMS low- and high-mass Z data
R. Abdul Khalek et al. [nNNPDF Coll.], Eur. Phys. J. C 82 (2022) 507
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Figure C.3. Same as Fig. C.1 for other LHC datasets on gauge boson production in pPb collisions, in particular
the ALICE and LHCb forward and backward measurements of W and Z production at 5.02 TeV and 8.16 TeV and
the di↵erential measurements of Z production at 8.16 TeV from CMS in two bins of the dimuon invariant mass Mµµ̄.

the figure of merit used in the reweighting procedure is �2
t0 in Eq. (3.5), and hence it does not account for

the theoretical constraints that enter the full �2
fit in the fit, namely the A = 1 free-proton PDF boundary

condition and the positivity of cross-sections. Furthermore, Bayesian reweighting assumes some degree of
compatibility between the prior fit and the new data, such that the �2 evaluated over the unweighted replicas
for the new dataset follows (approximately) a �2-like distribution. This condition may not be satisfied in
the case of e.g. internal inconsistencies of the added dataset. Within a direct fit this problem is avoided,
since stopping is based on look-back cross-validation rather than in reaching target �2 values. Finally,
finite-sample e↵ects may also lead to small di↵erences, since formally reweighting and refitting coincide only
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TUJU21 NNLO vs. KSASG20 NNLO
I. Helenius, W. Vogelsang, M. Walt, Phys. Rev. D 105 (2022) 094031; H. Khanpour et al., Phys. Rev. D 104 (2021) 03401014
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i of PDFs in a proton bound in a lead nucleus compared to the PDFs in a free proton for

TUJU21, nCTEQ15wz [9], EPPS16 [18] and nNNPDF2.0 [20], shown at Q2 = 100GeV2.
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i = g, s = s̄ = ū = d̄, u, d for a proton bound in a lead nucleus.

PDFs. At NNLO, it even appears that the calculated
cross section is somewhat above the data, contrary to the
ATLAS comparison. The di↵erences are well visible also
in the plots showing the ratio between the NNLO and
NLO results together with the data in Fig. 14. There,
the NNLO corrections grow with yZ and are of the order
10% at the largest rapidities. The ATLAS data seem to
agree with the NNLO result, whereas the CMS results
seem to fall a bit below the NNLO calculation at larger
rapidities and are better in line with the NLO result.
Therefore our results point to possible tensions between
the two data sets. That said, one should keep in mind
that there are some di↵erences in the experimental anal-
yses: In case of ATLAS, the Glauber model was used
to calculate the normalization, whereas CMS applied the
measured luminosity. Also, ATLAS provides the result
only in the fiducial phase-space region, while the CMS
data has been corrected to include also the phase space
removed by cuts on the final-state leptons. These fea-
tures make direct comparisons of the two data sets di�-

cult.

B. DY production in p+Pb

A recent dataset that has proved di�cult to include in
an nPDF analysis at the NLO is the CMS DY produc-
tion in p+Pb collisions [98]. It has been anticipated that
for the lower-mass bin (15 < M < 60 GeV) the NNLO
corrections could be significant [23] and for the higher-
mass bin (60 < M < 120 GeV) it has been noted that
due to large fluctuations at the mid-rapidity it is di�cult
to have acceptable �2 values with any PDF-based calcu-
lation [22]. Here we quantify the impact of the NNLO
corrections on these data to study whether these could
explain the observed di↵erences in the low-mass bin.

Comparison with this CMS data is presented in Fig. 15
for both mass windows as a function of the rapidity y for
the dilepton pair including also the ratios between the
NNLO and NLO results. The comparisons are made for
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PDFs. At NNLO, it even appears that the calculated
cross section is somewhat above the data, contrary to the
ATLAS comparison. The di↵erences are well visible also
in the plots showing the ratio between the NNLO and
NLO results together with the data in Fig. 14. There,
the NNLO corrections grow with yZ and are of the order
10% at the largest rapidities. The ATLAS data seem to
agree with the NNLO result, whereas the CMS results
seem to fall a bit below the NNLO calculation at larger
rapidities and are better in line with the NLO result.
Therefore our results point to possible tensions between
the two data sets. That said, one should keep in mind
that there are some di↵erences in the experimental anal-
yses: In case of ATLAS, the Glauber model was used
to calculate the normalization, whereas CMS applied the
measured luminosity. Also, ATLAS provides the result
only in the fiducial phase-space region, while the CMS
data has been corrected to include also the phase space
removed by cuts on the final-state leptons. These fea-
tures make direct comparisons of the two data sets di�-

cult.

B. DY production in p+Pb

A recent dataset that has proved di�cult to include in
an nPDF analysis at the NLO is the CMS DY produc-
tion in p+Pb collisions [98]. It has been anticipated that
for the lower-mass bin (15 < M < 60 GeV) the NNLO
corrections could be significant [23] and for the higher-
mass bin (60 < M < 120 GeV) it has been noted that
due to large fluctuations at the mid-rapidity it is di�cult
to have acceptable �2 values with any PDF-based calcu-
lation [22]. Here we quantify the impact of the NNLO
corrections on these data to study whether these could
explain the observed di↵erences in the low-mass bin.

Comparison with this CMS data is presented in Fig. 15
for both mass windows as a function of the rapidity y for
the dilepton pair including also the ratios between the
NNLO and NLO results. The comparisons are made for
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FIG. 9. Top panels: Nuclear corrections calculated from the ratios defined in Eq.(13) for the

differential cross sections of W+ (left) and W − (right) production in p + Pb collisions at
√

sNN =

5.02 TeV. The curves illustrate the impact of adding different cold nuclear matter effects in the

KP model (see text for details): FMB (dash-dot-dotted), FMB+OS (dash-dotted), FMB+OS+NS

(dashed), and the full calculation FMB+OS+NS+MEC (solid). The data points from the CMS

measurement [9] are also shown for comparison (the error bars correspond to the sum in quadrature

of statistical and systematic uncertainties). A double horizontal scale is used for completeness: the

bottom one shows the charged lepton pseudorapidity, while the top one provides an estimate of the

equivalent Bjorken xPb for the partons in the lead nucleus. Bottom panels: Relative contribution

of each individual nuclear effect on the nuclear corrections for the W+ (left) and W − (right)

differential cross sections. Each contribution is obtained by subtracting the corresponding curves

in the top panels, with and without the effect considered.

A comparison of W+ and W − production in p+Pb collisions can potentially shed some light
on these issues. The current CMS data are consistent with the assumption of a universal
function, but future high precision data would be very valuable to further clarify this point.

In Fig.10 we show the contributions from different nuclear effects to the Z0 differential
cross section in p+Pb collisions at

√
sNN = 5.02 TeV, together with the corresponding CMS

data [10]. Similar considerations can be made as for the W ± cross sections in Fig.9.
In the previous discussion we mainly focused on the various observables from the recent

measurements by the CMS experiment. However, the ATLAS experiment also measured the
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