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Hadron structure and Nuclear PDFs

𝐹𝐴
2 ≠ 𝑍𝐹𝑝

2 + (𝐴 − 𝑍)𝐹𝑛
2

• Shadowing (low 𝑥 ), antishadowing (mid to 

high 𝑥 ), EMC effect (high 𝑥 ) and Fermi 

motion (very high 𝑥 ) very well tested 

experimentally

• Nuclear PDFs: Translation of modifications 

to universal quantaties

≠
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• Shadowing (low 𝑥 ), antishadowing (mid to 

high 𝑥 ), EMC effect (high 𝑥 ) and Fermi 

motion (very high 𝑥 ) very well tested 

experimentally

• Nuclear PDFs: Translation of modifications 

to universal quantaties

≠

Physical Input for nuclear PDF determination

• Factorisation (PDFs as universal concept)

• DGLAP equations determine scaling and make the formalism predictive

• Isospin symetry: 𝑑
𝑛
𝐴 (𝑥, 𝑄2) = 𝑢

𝑝
𝐴 (𝑥, 𝑄2) and vice versa

• Sum rules, e.g. ∫1
0 (𝑢(𝑥) − 𝑢(𝑥))𝑑𝑥 = 2
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Hadron structure and Nuclear PDFs

• The model consists of a parametrisation in x at 

an initial scale 𝑄0:

𝑓𝐴
𝑘 (𝑥, {𝑐𝑘 (𝐴)})

𝑘 = {𝑢𝑣 , 𝑑𝑣 , 𝑠 + 𝑠, 𝑔, 𝑒𝑡𝑐}
‣ Fitted to experimental data

‣ 𝑐𝑘 (𝐴) is parametrised in 𝐴
• Parametrisation should be able to reproduce 

modifications found in measurements

• 𝐴 - dependence as smooth parametrisation:

• nCTEQ25: 𝑐𝐴 = 𝑝 + 𝑎 ln(𝐴) + 𝑏ln(𝐴)2

• EPPS21: 𝑦𝑖(𝐴) = 1 + [𝑦𝑖(𝐴ref) − 1]( 𝐴
𝐴ref

)
𝛾𝑖

• nNNPDF3.0: 𝐴 as input for neural network 

NN𝑖(𝑥, ln(1
𝑥

), 𝐴)
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nCTEQ25 global analysis

Overview

• Combination of old nCTEQ analyses 

(nCTEQ15HQ, nCTEQ15HIX etc.)

• + new Data, Parametrisation
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nCTEQ25 global analysis

Overview

• Combination of old nCTEQ analyses 

(nCTEQ15HQ, nCTEQ15HIX etc.)

• + new Data, Parametrization

• 3518 included data points

• total 𝜒2/d.o.f. = 0.98
• 1079 points from hadron-hadron 

collisions
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nCTEQ25 global analysis: 𝑓C(𝑥 , 𝑄2 = 10 GeV2)
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• nCTEQ25 Parametrisation less restrictive compared to nCTEQ151

1nCTEQ15 PDFs from [1]
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nCTEQ25 global analysis: 𝑓Pb(𝑥 , 𝑄2 = 10 GeV2)
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• nCTEQ25 Parametrisation less restrictive compared to nCTEQ151

• HQ data as a constraint for gluon distribution (only heavy nuclei)

1nCTEQ15 PDFs from [1]
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nCTEQ25 global analysis: 𝑓Pb(𝑥 , 𝑄2 = 10 GeV2)
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• nCTEQ15HQ, 20221, allowed for strange flexibility

‣ Decreasing strange uncertainties towards nCTEQ25

• Are we finally in the era of realistic uncertainties?

1nCTEQ15HQ PDFs published in [2]
Katrin Greve (kgreve@uni-muenster.de) 7 / 15

mailto:kgreve@uni-muenster.de


nCTEQ25 global analysis: 𝑓C(𝑥 , 𝑄2 = 10 GeV2)
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• Overall good agreement with EPPS211 and nNNPDF3.0 nuclear PDFs2

• New HQ data works as constraint for gluon distribution

1Published in [3]

2Published in [4]
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Nuclear PDFs: Heavy data, light distributions?

• Vast amount of data from heavy ion collisions

• Hadron - hadron data only from heavy ions
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Data used in nCTEQ25; distributed in 𝐴, presented on a log/lin scale.
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Nuclear PDFs: Heavy data, light distributions?

• Vast amount of data from heavy ion collisions

• Hadron - hadron data only from heavy ions

Data used in EPPS21; distributed in 𝐴.1

Same situation for all nuclear PDF groups

→ Missing data for light nuclei should be 

reflected in uncertainties1Figure taken from EPPS21 talk at light ions 2024 [3].
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Nuclear PDFs: Heavy data, light distributions?
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Nuclear PDFs: Heavy data, light distributions?
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• For light nuclei at low 𝑥 : both shadowing and antishadowing in gluon and strange distribution is 

consistent with the data
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Nuclear PDFs: Heavy data, light distributions? 𝑓(𝐴, 𝑄2 = 2 GeV2)
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Nuclear PDFs: Heavy data, light distributions? 𝑓(𝐴, 𝑄2 = 2 GeV2)

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

R s
+

s(x
,Q

=
2G

eV
)

NNPDF3.0

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

EPPS21

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

nCTEQ25

12 Carbon

208 Lead
56 Iron

4 Helium

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

R g
(x

,Q
=

2G
eV

)

12 Carbon

208 Lead
56 Iron

4 Helium

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

12 Carbon

208 Lead
56 Iron

4 Helium

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4

0.6
1

1.4 x=1e-05
x=0.0001
x=0.001
x=0.01
x=0.1
x=0.3

1.0

2.5

4.0

5.5

7.0

𝐴 behaviour for strange 

and gluon

• nNNPDF3.0

‣ gluon: free proton 

boundary 

condition1 + HQ 

data from heavy 

ion collisions

‣ strange: free 

proton boundary 

condition + 

indirect constraints

1As mentioned in the nNNPDF3.0 relase paper [4]
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Nuclear PDFs: Heavy data, light distributions? 𝑓(𝐴, 𝑄2 = 2 GeV2)
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𝐴 behaviour for strange 

and gluon

• EPPS21

‣ gluon: HQ data 

from heavy ion 

collisions (low 𝑥 )

‣ strange: indirect 

constrains (e.g. HQ 

data from heavy 

ion collisions

(low 𝑥 ))
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Nuclear PDFs: Heavy data, light distributions? 𝑓(𝐴, 𝑄2 = 2 GeV2)
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𝐴 behaviour for strange 

and gluon

• nCTEQ25:

‣ gluon: HQ data 

from heavy ion 

collisions (low 𝑥 )

‣ strange: DISDIMU 

data for iron

(high 𝑥 )
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Nuclear PDFs: Heavy data, light distributions? 𝑓(𝐴, 𝑄2 = 2 GeV2)
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𝐴 behaviour for strange 

and gluon

• nCTEQ25:

‣ gluon: HQ data 

from heavy ion 

collisions (low 𝑥 )

‣ strange: DISDIMU 

data for iron

(high 𝑥 )
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Nuclear PDFs: Heavy data, light distributions? 𝑓(𝐴, 𝑄2 = 2 GeV2)
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• Collaborations show 

very different 

uncertainty 

landscapes

What is missing 

everywhere:

• light nuclei data!

• Oxygen data will 

help out here
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Light data in nCTEQ25: Deep inlastic scattering

• DIS Data from New muon collaboration (1996)1 and Jefferson Lab (20192 and 20093)

• Predictions for new JLab data (2023)4

(not used in the nCTEQ25 fit):
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Light data in nCTEQ25: Hadron - hadron collisions

• Drell Yan data: Fermilab experiments E772, 19901
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Light data in nCTEQ25: Hadron - hadron collisions

• Drell Yan data: Fermilab experiments E866, 19991
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Summary and Outlook

nCTEQ25: What we have seen

• Preliminary results of upcoming nCTEQ25 paper

• New fit, including more data

• Comparison to other nuclear PDF sets

• Detailed study of 𝐴-dependence

‣ The different collaborations provide very different landscapes in 𝐴

‣ Are we finally in the era of realistic uncertainties? Outlook

• nuclear PDF groups want more 

light nuclei data!

• Oxygen data from LHC can help 

to constrain light nuclei regime

• SMOG data can help out too
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Thank You
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Nuclear PDFs: Heavy data, light distributions?
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• The difference in PDFs between light nuclei is large

• For heavy nuclei only soft change, for light nuclei rapid change in 𝐴.
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Nuclear PDFs: Heavy data, light distributions?
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nCTEQ25 vs EPPS21 vs nNNPDF3.0   𝑓𝐹𝑒(𝑥, 𝑄2 = 10𝐺𝑒𝑉2)
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nCTEQ25 vs EPPS21 vs nNNPDF3.0   𝑓𝑃𝑏(𝑥, 𝑄2 = 10𝐺𝑒𝑉2)
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Data vs. Theory DISDIMU
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