
Overview of 
nuclear PDFs

P. Zurita

2021 RHIC/AGS Annual Users' Meeting


June 8-11, 2021

Next Generation Perturbative

QCD for Hadron Structure:

Preparing for the Electron-Ion Collider

Proposal for a Research Unit

DFG Research Unit

Next Generation Perturbative QCD for Hadron Structure:
Preparing for the Electron-Ion Collider

Next Generation Perturbative
QCD for Hadron Structure:

Preparing for the Electron-Ion Collider
Proposal for a Research Unit

Vladimir M. Braun

Hamburg Regensburg Tübingen



Outline

What are the nPDFs? I’m not into nuclei, why should 
I care? How do we get them? 


Current sets of nPDFs. Latest results.


Issues with the extraction of nPDFs.


The future EIC.


Summary.
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What are the nPDFs?

In the early ‘80s people measured the 
cross-section for NC DIS off nuclei.


The effect is non-negligible and 
differs from what one expects for free 
nucleons. 

What, why, how

Construct a theoretical model that could explain the observed data.


Introduce new non-perturbative but universal objects, described by 
parameters that encode the nuclear behaviour: the nuclear PDFs.
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Figure 3.3. A comparison between the global NNPDF3.1 free-proton analysis with its variant with
heavy nuclear data excluded. We show results for the up quark, down antiquark, total strangeness,
and the gluon at Q0 = 1 GeV. The comparison is presented for the range of x for which the proton
boundary condition is implemented in nNNPDF2.0 using Eq. (3.17). The PDF uncertainty bands
correspond to 90% CL intervals.

In order to ensure that all central values and PDF uncertainties are reproduced, we

select a di↵erent replica from the NNPDF3.1 proton baseline when constructing Eq. (3.17)

for each replica of nNNPDF2.0. Since we perform a large Nrep number of fits to estimate the

uncertainties in nNNPDF2.0, we are able to propagate the necessary information contained

in NNPDF3.1 to the resulting nPDFs in a robust manner. Lastly, we note that Eq. (3.17)

is the only place in the analysis where the free-proton NNPDF3.1 baseline is inserted. In

other parts of the fit where a free-nucleon PDF is required, for example in the theoretical

predictions of the proton-lead scattering cross-sections, the nNNPDF2.0 set with A = 1 is

used instead.

3.3 Cross-section positivity

While parton distributions are scheme-dependent and thus not necessarily positive-definite

beyond leading order in perturbative QCD, physical cross-sections constructed from them

are scheme independent and should be positive-definite in the region of validity of the

perturbative expansion.1 In the NNPDF family of proton PDF fits, the requirement that

1A recent study [77] suggests, however, that from a practical point of view PDFs in the MS-scheme

should also satisfy positivity beyond the LO approximation in the perturbative region.
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Why even bother?

If you work on heavy-ions, they describe the initial state.

But even if you only 
deal with protons, 
nuclear targets are 
used to separate the 
quark flavours! JHEP 09 (2020), 183

If you work with cold nuclear matter effects, they are in your way.
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What, why, how



Just like the usual collinear proton PDFs, do a fit to data.

a) At some initial scale (Q0), write the (n)PDFs in terms of free parameters.

f p/A
i (x, Q2

0 , A) = F(x, Q2
0 , A)

f p
i (x, Q2

0)Ri(x, A)

f p
i (x, Q2

0) ⊗ Ri(x, A)

f p/A
i (x, Q2

0 , A)

neural network

To get nPDFs:
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b) Use isospin symmetry to construct the nPDFs (not proven to be valid!).

f A
i (x, Q2, A) =

Zf p/A
i (x, Q2) + (A − Z)f n/A

i (x, Q2)
A

c) Follow a fitting procedure.

What, why, how



Current sets of nPDFs
EKS: EPJC 9 (1999) 61.

EPS09: JHEP 0904 (2009) 065.

EPPS16: EPJC 77 (2017) no.3, 163.

HKM: PRD 64 (2001) 034003.

HKN07: PRC 76 (2007) 065207.

KA15: PRD 93 (2016) no.1, 014026.

KSASG20: arXiv:2010.00555 [hep-ph].

nDS: PRD 69 (2004) 074028. 
DSSZ: PRD 85 (2012), 074028.

nCTEQ15: PRD 93 (2016) no.8, 085037.

nCTEQ15WZ: EPJC 80 (2020) 10, 968.

nTuJu: PRD 100 (2019) no.9, 096015.

nNNPDF1.0: EPJC 79 (2019) no.6, 471.

nNNPDF2.0: JHEP 09 (2020), 183.

FIRST EVER

FIRST WITH LHC DATA

FIRST NLO

FIRST WITH CC AND nFFs

FIRST NNLO

FIRST WITH NEURAL NETWORKS

FIRST OPEN SOURCE

FIRST WITH THEORETICAL UNCERTAINTIES
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SET nDS HKN07 EPS09 DSSZ nCTEQ15 EPPS16 nNNPDF1.0 nTuJu19 nNNPDF2.
0

nCTEQ
15wz

d

a

t

a


t

y

p

e

NC 
DIS 🙂 🙂 🙂 🙂 🙂 🙂 🙂 🙂 🙂 🙂

D-Y 🙂 🙂 🙂 🙂 🙂 🙂 🙂

π 🙂 🙂 🙂 🙂 🙂

CC 
DIS 🙂 🙂 🙂 🙂

EW 🙂 🙂 🙂

jets 🙂

# points 420 1241 929 1579 740 1811 451 2336 1467 860

χ2/N 0.714 1.197 0.787 0.978 0.793 0.988 0.681 0.887 0.976 0.887

Q02(GeV2) 0.4 1 1.69 1 1.69 1.69 1 1.69 1 1.69

deuteron 🙂 ? 🙂 🙂 ?

flavour 
separation

?
🙂  

valence 🙂
🙂  

valence 🙂 🙂

cyan: χ2/Ndat

green: number of points

magenta: starting scale

the amount of smileys

Focus on: 

Current sets



The nPDFs can be given as


distribution of flavour i in proton in nucleus A


distribution of flavour i in nucleus A

ratios to the corresponding flavour in proton


(most of) the data used in 
fits are given as ratios and 
have this type of shape.
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i (x, Q2)

RA
i = f A

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

Why ratios?

It is “natural” to expect that the 
individual modification of each 
parton will be similar.

This is ~ true for valence quarks, don’t 
assume it will be for other partons. 

Current sets
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EPJ C77 (2017) no.3, 163

Isoscalar or nearly isoscalar nuclei can’t separate flavours.

NLO

Shapes for separate up/down don’t usually match. 


(weighted) averages do overlap.

Current sets
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RA

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

i (x, Q2)
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FIG. 12 Comparison of the full lead (Pb) PDFs at Q = 2 GeV for nCTEQ15, EPPS16, nNNPDF2.0 and
nCTEQ15WZ. The uncertainty band for nCTEQ15 is shown in gray, nCTEQ15WZ in violet, nNNPDF2.0 in yellow
and EPPS16 in green.

the x region relevant for heavy ion W±/Z production.
While we obtain a good fit in terms of the overall �2

values, we must ask: i) how the uncertainties and data
normalization a↵ect the resulting PDFs, and ii) whether
the results truly reflect the underlying physics, or is
the fit simply exploiting s(x) because that is one of the
least constrained flavors? The answer to this important
question will require additional study; this is currently

under investigation.
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The nPDFs of the 
valence up and down 
quarks in a nucleus 
are similar for all fits.

This is not so for the 
sea quarks. 
Particularly for the 
strange/anti-strange 
quark.

Usually the sea is 
given one common 
parametrisation.

Current sets
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f A
i (x, Q2)

f A
i (x, Q2)
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FIG. 7 The full lead (Pb) PDFs for Q = 2 GeV. The uncertainty band for nCTEQ15 is shown in gray, and for
Norm3 in blue. The increase of the Norm0 set is evident for the strange and gluon PDFs in the region of x ⇠ 0.03.

prefer a larger value for both the gluon and strange PDFs
at intermediate x values, which is the region relevant for
the LHC heavy ion W±/Z production. We discuss these
fits in turn.

Norm0: Examining the Norm0 fit for Q = 2 GeV
(Fig. 7), we see a distinct excess in the strange and gluon
PDFs in the region x ⇠ 0.03; this is also evident in Fig. 10
where we have plotted the ratio relative to the nCTEQ15
values. At Q = 2 GeV, the peak of the gluon and strange

distributions are located at approximately x ⇠ 0.03; via
the DGLAP evolution these peaks shift down7 to the
region x ⇠ 0.017 for Q = 90 GeV, consistent with the
expectation for the central x value of ⇠ MW,Z/

p
s.

7
For comparison, in the ATLAS proton analysis, the central x
value at

p
s = 8 TeV corresponds to MW/Z/

p
s ⇠ 0.023 at

Q0 =
p
2 GeV, and evolves to x ⇠ 0.011 at Q ⇠ MZ/

p
s.

10

FIG. 7 The full lead (Pb) PDFs for Q = 2 GeV. The uncertainty band for nCTEQ15 is shown in gray, and for
Norm3 in blue. The increase of the Norm0 set is evident for the strange and gluon PDFs in the region of x ⇠ 0.03.

prefer a larger value for both the gluon and strange PDFs
at intermediate x values, which is the region relevant for
the LHC heavy ion W±/Z production. We discuss these
fits in turn.

Norm0: Examining the Norm0 fit for Q = 2 GeV
(Fig. 7), we see a distinct excess in the strange and gluon
PDFs in the region x ⇠ 0.03; this is also evident in Fig. 10
where we have plotted the ratio relative to the nCTEQ15
values. At Q = 2 GeV, the peak of the gluon and strange

distributions are located at approximately x ⇠ 0.03; via
the DGLAP evolution these peaks shift down7 to the
region x ⇠ 0.017 for Q = 90 GeV, consistent with the
expectation for the central x value of ⇠ MW,Z/

p
s.

7
For comparison, in the ATLAS proton analysis, the central x
value at

p
s = 8 TeV corresponds to MW/Z/

p
s ⇠ 0.023 at

Q0 =
p
2 GeV, and evolves to x ⇠ 0.011 at Q ⇠ MZ/

p
s.

10

FIG. 7 The full lead (Pb) PDFs for Q = 2 GeV. The uncertainty band for nCTEQ15 is shown in gray, and for
Norm3 in blue. The increase of the Norm0 set is evident for the strange and gluon PDFs in the region of x ⇠ 0.03.

prefer a larger value for both the gluon and strange PDFs
at intermediate x values, which is the region relevant for
the LHC heavy ion W±/Z production. We discuss these
fits in turn.

Norm0: Examining the Norm0 fit for Q = 2 GeV
(Fig. 7), we see a distinct excess in the strange and gluon
PDFs in the region x ⇠ 0.03; this is also evident in Fig. 10
where we have plotted the ratio relative to the nCTEQ15
values. At Q = 2 GeV, the peak of the gluon and strange

distributions are located at approximately x ⇠ 0.03; via
the DGLAP evolution these peaks shift down7 to the
region x ⇠ 0.017 for Q = 90 GeV, consistent with the
expectation for the central x value of ⇠ MW,Z/

p
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7
For comparison, in the ATLAS proton analysis, the central x
value at

p
s = 8 TeV corresponds to MW/Z/

p
s ⇠ 0.023 at

Q0 =
p
2 GeV, and evolves to x ⇠ 0.011 at Q ⇠ MZ/
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Norm_i: i free normalisation 
parameters for LHC data

One can of course try to 
separate the nPDF of the 
strange, but little constraint 
is given by the data.
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EPJC 80 (2020) 10, 968.

W and Z bosons in p+Pb 
collisions at the LHC are  
not decisive either.

Current sets
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dependence, i.e., in TUJU19 we have assumed s ¼ s̄ ¼
ū ¼ d̄, whereas for nCTEQ15 s ¼ s̄ and ū ¼ d̄ are
connected by an additional factor, and only s ¼ s̄ applies
for EPPS16. For valence quarks we find that uv tends to
stay below (above) the EPPS16 and nCTEQ15 results at
x≳ 0.03 (x≲ 0.03) whereas the opposite behavior is
found for dv. This can be explained by the fact that in

the case of nuclear data only a combination of uv and dv is
probed, and even with the included neutrino data the
flavor dependence of valence quarks is not well con-
strained. Indeed, we find a very good agreement between
the three analyses for the sum of valence quarks V.
The uncertainty bands in our NLO fit are similar to those

obtained in the earlier analyses for sea quarks, but for

FIG. 19. Nuclear parton distribution functions TUJU19 in lead at NLO compared to the nPDF sets nCTEQ15 [16], EPPS16 [17], and
DSSZ [12] shown at the higher scale Q2 ¼ 100 GeV2. The comparison is presented per parton flavor i for the ratios Rp=Pb

i of PDFs in a
proton bound in lead compared to the PDFs in a free proton.

FIG. 20. Nuclear parton distribution functions TUJU19 in lead at NNLO compared to the LHAPDF set nNNPDF1.0 [45], shown at
our initial scale Q2

0 ¼ 1.69 GeV2 and at a higher scale Q2 ¼ 100 GeV2 for distribution functions xfi, and at the higher scale Q2 ¼
100 GeV2 for the ratios Rp=Pb

i of PDFs in a proton bound in lead compared to PDFs in a free proton. The comparison is presented for the
gluon g and for the quark singlet Σ ¼ uþ ūþ dþ d̄þ sþ s̄ in a bound proton in lead.

OPEN-SOURCE QCD ANALYSIS OF NUCLEAR PARTON … PHYS. REV. D 100, 096015 (2019)

096015-17

Q2=100 GeV2

PRD100 (2019) no.9, 096015

And now, the gluon. Gluons are 😈

Early fits only had data from 
RHIC (single hadron 
production, ~ 60 points) to 
constrain the gluon nPDF.

Current sets

12/31

Not constrained 
by data!



Latest results
We are all working to get new sets.


Efforts focus on using “new” and new data, and exploring the 
region of validity of applied assumptions/approximations.

relaxing kinematic cuts, including 
TMC, etc…

“new”: e.g. pion+A Drell-Yan 
(1981, 1987, 1989), single hadron 
production at LHC.

new: e.g. JLab NC DIS, LHC p+Pb 
(Z and W from Run 2, dijet RpPb, D0).

5

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
C
)
/�

(
D
)

x

EPPS16

no TMC

CLAS C data

1.81% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
C
)
/�

(
D
)

x

nCTEQ15

CLAS C data

1.81% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
C
)
/�

(
D
)

x

TUJU19

TUJU19, free deuteron

CLAS C data

1.81% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
A
l)
/�

(
D
)

x

EPPS16

no TMC

CLAS Al data

1.82% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
A
l)
/�

(
D
)

x

nCTEQ15

CLAS Al data

1.82% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
A
l)
/�

(
D
)

x

TUJU19

TUJU19, free deuteron

CLAS Al data

1.82% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
F
e
)
/�

(
D
)

x

EPPS16

no TMC

CLAS Fe data

1.83% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
F
e
)
/�

(
D
)

x

nCTEQ15

CLAS Fe data

1.83% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
F
e
)
/�

(
D
)

x

TUJU19

TUJU19, free deuteron

CLAS Fe data

1.83% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
P
b
)
/�

(
D
)

x

EPPS16

no TMC

CLAS Pb data

1.94% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
P
b
)
/�

(
D
)

x

nCTEQ15

CLAS Pb data

1.94% norm. uncert.

0.75

0.8

0.85

0.9

0.95

1.0

1.05

1.1

0.2 0.3 0.4 0.5 0.6

�
(
P
b
)
/�

(
D
)

x

TUJU19

TUJU19, free deuteron

CLAS Pb data

1.94% norm. uncert.

Fig. 2 The CLAS data compared with the nuclear-PDF predictions. Left panels: EPPS16 with (solid line) and without (dashed
line) TMCs. Center panels: nCTEQ15. Right panels: TuJU19 with (solid line) and without (dashed line) nuclear e↵ects in
deuteron.
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where Di corresponds to central data value and �i is the
the uncorrelated point-to-point uncertainty. The rela-
tive normalization uncertainties �norm.

i,k are treated as

fully correlated. Note that the systematic shifts sk�k
i

are taken to be proportional to the theory values in or-
der to avoid the D’Agostini bias [45]. By minimizing
the �2 with respect to parameters sk one finds the “op-
timum shifts” smin
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i that correspond to a given set of

theory predictions Ti.

EPJC 80 (2020) 5, 381

Latest results
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EPPS21*

JLAB and LHC data

TMC included

proton uncertainties considered

ratios used when possible

For CMS di-jets large rapidity bins 
can’t be fitted (neither in p+p).

* from Petja Paakkinen’s talk at DIS2021

Dijets at 5.02 TeV
new!

7 / 13

data from: [CMS Collaboration, Phys.Rev.Lett. 121 (2018) 062002]
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CMS dijet, 115 < paveT /GeV < 150

R
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⌘dijet

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

CMS dijet, 150 < paveT /GeV < 400

: : :

:

Results in line with
the reweighting study
[Eskola, PP & Paukkunen,

Eur.Phys.J.C 79 (2019) 511]

Still finding it difficult to fit
the forwardmost data points

: currently excluded
from the fit

D
0
s at 5.02 TeV – backward

new!
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data from: [LHCb Collaboration, JHEP 10 (2017) 090]
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not fitted

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

LHCb D
0
, �4.5 < y < �4.0

Excellent fit!

Results in line with
the reweighting study
[Eskola, Helenius, PP & Paukkunen,

JHEP 05 (2020) 037]

Using the NLO pQCD
S-ACOT-mT GM-VFNS
[Helenius & Paukkunen,

JHEP 05 (2018) 196]

Using a pT > 3 GeV cut
to reduce theoretical
uncertainties

Ws at 8.16 TeV
new!
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data from: [CMS Collaboration, Phys.Lett.B 800 (2020) 135048,

Eur.Phys.J.C 76 (2016) 469]

R
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CMS W�
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p
s = 8.16 TeV
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CMS W+
, pPb,

p
s = 8.16 TeVExcellent fit!

Using the mixed-energy
nuclear modification ratio

RpPb =
d�pPb

8.16 TeV/d⌘µ
d�pp

8.0 TeV/d⌘µ

to cancel the free-proton
PDF uncertainty

Fully consistent with the dijets and D0s

Important check on the nPDF universality & factorization

These data do not appear to give additional flavour-separation constraints
on top of those we had already in EPPS16

Looking forward to increased precision at LHC Run 3

Latest results
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JLab NC DIS
new!

6 / 13

data from: [CLAS Collaboration, Nature 566 (2019) 354-358]
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Excellent fit!

Results in line with
the reweighting study
[Paukkunen & Zurita,

Eur.Phys.J.C 80 (2020) 381]

We take into account
the leading target-mass
corrections

No sign of isospin-dependence
in the bound-proton
nuclear modifications Rp/A

i

EPJ C79 (2019) no.6, 511



Comparison with EPPS16
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Better control over gluon (anti)shadowing : sub-10% level uncertainties at mid-x!

Flavour separation (esp. strangeness) remains a difficult beast to tame

Latest results

Flavour 

separation not 

dramatically 

improved       ☹

Gluon anti-

shadowing 

better 

constrained    🙂

Latest results
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nNNPDF2.0 + pPb CMS 5 TeV* from R. Abdul Khalek’s talk at DIS2021

Rabah Abdul Khalek CMS dijet 5 TeV

nNNPDF2.0 + pPb CMS 5 TeV

9

— w/o dijet  
— w/ CMS dijet pPb  
— w/ CMS dijet pPb/pp 

→ χ2
dataset /N = [6.47]

→ χ2
dataset /N = [6.16]

→ χ2
dataset /N = 3.85

baseline = 
NNPDF3.1 + 5 
TeV CMS data

nNNPDF*
NLO and NNLO 


Incorporates dijets and EW 

bosons in p+Pb


Positivity constraint imposed

Latest results
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Rabah Abdul Khalek CMS dijet 5 TeV

nNNPDF2.0 + pPb CMS 5 TeV

9

— w/o dijet  
— w/ CMS dijet pPb  
— w/ CMS dijet pPb/pp 

→ χ2
dataset /N = [6.47]

→ χ2
dataset /N = [6.16]

→ χ2
dataset /N = 3.85

Missing correlations.


Inability to describe p+p dijet 
data with baseline affects the 
p+Pb description.


Gluon shape still unconstrained.
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Resulting nPDFs have new behavior at high-x

17

fi
fNCTEQ15
i

(Log-Linear axis)* from F. Muzakka, P. Duwentäster 
and E. Segarra’s talks at DIS2021

nCTEQ* Unlike the EPPS and nNNPDF analyses, the 
following studies are being done independently

Latest results

Use the very precise JLAB 6 GeV data (high x).

4

Moving to valence region
Q > 2,W > 3.5

Q > 1.3
W > 1.7

nCTEQ15

nCTEQ15HIX

4

4

Moving to valence region
Q > 2,W > 3.5

Q > 1.3
W > 1.7

nCTEQ15

nCTEQ15HIX

4

only data up to x=0.7

Resulting nPDFs have new behavior at high-x
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(Log-Linear axis)

Resulting nPDFs have new behavior at high-x
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Resulting nPDFs have new behavior at high-x
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LHC data have 
more sensitivity to 
the gluon nPDF 
(and gluon FF too).

Include single hadron production to access the gluon nPDF
Latest results

In older fits only 
RHIC neutral 
pion data 
included.
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Impact on nPDFs  

● Including low x neutrino data pulls the strange PDF up.

● Smaller uncertainties as we add more neutrino data.

PRELIM
INARY

FFe

10

Neutrino DIS

● Important for flavor 
differentiation

● (More) sensitivity to strange 
PDF

● High statistics! 

● Heavy target (Fe, Pb)

● Different nuclear correction ? 

● Problem : Tension with 
charge lepton DIS data ?

Tension?

PRL 106 (2011) 122301 

There is tension among the 
different neutrino experiments.


The tensions in the new fit 
only happen for NuTeV data, 
and mostly disappear if x < 0.1 
is removed.


No problem if fitting structure 
functions*.

PRL 110 (2013) 212301 

PRD85, 074028 (2012) 

*correlated uncertainties not used (no issue in EPPS16 
with CHORUS data and correlated uncertainties) 

Systematic study of CC DIS
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Issues with the 
extraction of nPDFs

The amount of data:

NC DIS data Collider (HERA)
Fixed target, 

proton/nucleus 
(16)

Fixed target 
deuterium

proton PDF fit 
MSHT


EPJC 81 (2021) 4, 341
1264 433 513

nuclear case, 
same cuts 0 1314 615

The problems
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σ red = F2 –
y2

1 + (1 – y)2 FL

Most data from fixed target DIS.


~57% given as ratios, the rest as F2.

Information on FL lost.


Drell-Yan does not make a difference.

NMC Collaboration~Nuclear Physics B 481 (1996) 3-22 17 

Y_C 1.1 

0.9 

NMC 

Ca/C present analysis 
0 Ca/C 90 GeV (3] 
[] Co/D*D/C 200 GeV [2,3] 

, , L i , I  L J , , , , , , 1  i , , L ~ l i t  

0.01 0.1 
X 

Fig. 6. The present result for F~z2 a/F~2 compared to the NMC results published in Ref. [3] (obtained at 
90 GeV) and to the result obtained by dividing the lff2a/FD ratio by lff2/F ~ (both obtained at 200 GeV and 
published in Ref. [2] ). The errors were treated as uncorrelated. The error bars represent the statistical and 
systematic uncertainties added in quadrature. The relative normalisation uncertainty between the different data 
sets, not included in the error bars shown, is 0.7%. 
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. . . . . . . . . . .  H . . I  . . . . . . . .  I . . . . .  

I 

+, . . . . .  , 

0.001 0.01 0.1 1 
(b) X 

Fig. 7. Comparison of the NMC and 
(Ca /D) / (C /D) ,  taken from Ref. [26]. 
Ref. [2,3] already shown in Fig. 6 (I-l). 
from Ref. [26]. The errors of the E665 
results include the present ones on Ca/C 
Ref. [31 ( r l ) .  F2Pb/F~: the NMC results 
for C/D of Ref. [2]. 

E665 results. (a) F~Z2a/F~2: the E665 points were obtained as 
The NMC points include the present results (o) and those from 
F~b/lff2: the E665 points were obtained as (Pb /D) / (C /D) ,  taken 
results were assumed to be uncorrelated. (b) lff2a/FD: the NMC 
divided by the C/D data of Ref. [2] (o) and the Ca/D results of 
(e) were obtained from the present ones on Pb/C divided by those 

W e  p a r a m e t r i s e d  the  A d e p e n d e n c e  o f  the  da ta  in  the  f o l l o w i n g  ways:  
( i )  W e  used  the  c o n c e p t  o f  the  "e f fec t ive  n u m b e r "  o f  n u c l e o n s  in the  nuc leus  def ined  

as A '~ = O'rA/O'z,N, w h e r e  O':,A is the  p h o t o n - n u c l e u s  cross  sec t ion  and  O':,N is the  
p h o t o n - n u c l e o n  c ross  sec t ion .  F o l l o w i n g  the  ana lys i s  o f  the  E 1 3 9  data,  a fit to 

σA
red/σD

red, F
A
2 /F

D
2 , f(F

A
L /F

A
2 )

NPB481 (1996) 3

~43%~10% ~2.3%

The problems
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comparison (not a fit!) 
using proton PDFs

χ2
CDHS /Npoints ≈ 1.28

NC DIS complemented 
with CC DIS: tensions 
between data sets, and 
not very sensit ive to 
nuclear effects.

The CC DIS data, just like 
NC DIS off deuterium, are 
used in almost all proton 
PDF fits.

we are all guilty of 
double counting!

The problems
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FIG. 3: Upper panel: comparison of the PHENIX data for
neutral pion production in dAu collisions at mid-rapidity [14]
with NLO estimates obtained with various combinations of
nPDFs, FFs, and nFFs. The solid and dotted line correspond
to the results of our optimum and simple three parameter fit
for nFFs, respectively, using the nDS nPDFs [11]. Results
based on standard DSS FFs [1] are shown as dashed and dot-
dashed lines for nDS [11] and EPS [13] nPDFs, respectively.
Lower panel: same as above but now for the ratio Rπ

σ defined
in Eq. (7).

pression for the pT dependent cross section [24] with an
extra factor of z in the integrand, divided by the cross
section itself [28], i.e., schematically we use

〈z〉 ≡

∫

dz z dσH

dzdpT
∫

dz dσH

dzdpT

. (13)

Here, dσH/dzdpT contains the appropriate convolutions
of the parton densities and fragmentation functions with
the partonic hard scattering cross sections.
Panel (b) of Fig. 6 shows the individual 〈z〉 for quark

and gluon fragmentation processes, simply referring to
the contributions in the dAu cross section proportional to
either Dπ

q/Au or Dπ
g/Au. Beyond the LO, this separation

involves some arbitrariness and depends on the choice of
the factorization scheme. In addition, primary partons
created in the hard scattering may radiate off secondary
partons of a different species which in turn fragment into
the observed hadron. Figure 6 (c) shows histograms of
the z distribution for three representative values of pT . In
panel (d), we present the relative contributions of quark
and gluon fragmentation processes to the π0 production
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FIG. 4: The same as in Fig. 3 but now for neutral pion data
obtained by STAR [16].

cross section in pp and dAu collisions.

As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
z, starting at about z $ 0.2. Notice that below about
pT = 1.5GeV, the tail in the z distribution becomes sen-
sitive to values z ! 0.1, where the concept of fragmen-
tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
〈z〉, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT $ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
pend on the extracted medium induced modifications.
In our analysis, pion production is dominantly driven by
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As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
z, starting at about z $ 0.2. Notice that below about
pT = 1.5GeV, the tail in the z distribution becomes sen-
sitive to values z ! 0.1, where the concept of fragmen-
tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
〈z〉, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT $ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
pend on the extracted medium induced modifications.
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the factorization scheme. In addition, primary partons
created in the hard scattering may radiate off secondary
partons of a different species which in turn fragment into
the observed hadron. Figure 6 (c) shows histograms of
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cross section in pp and dAu collisions.

As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
z, starting at about z $ 0.2. Notice that below about
pT = 1.5GeV, the tail in the z distribution becomes sen-
sitive to values z ! 0.1, where the concept of fragmen-
tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
〈z〉, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT $ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
pend on the extracted medium induced modifications.
In our analysis, pion production is dominantly driven by

- single hadron production 
data are used to constrain 
the gluon FFs. 

- single hadron production 
data are used to constrain 
the gluon nPDF.

No much data sensitive to gluons: 

single hadron production at RHIC 

(now also at dijets at LHC).

Tiny problem with this:
We could also have final state effects in the fragmentation process!

The problems

23/31



10

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1
10
10 2
10 3

d3σπ

dp3E [mb / GeV2]
0

dAu

nFF (nDS)
nFF* (nDS)
FF (nDS)
FF (EPS)

PHENIX

RπRσ

0

pT [GeV]

0.8

1

1.2

1.4

0 5 10 15

FIG. 3: Upper panel: comparison of the PHENIX data for
neutral pion production in dAu collisions at mid-rapidity [14]
with NLO estimates obtained with various combinations of
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to the results of our optimum and simple three parameter fit
for nFFs, respectively, using the nDS nPDFs [11]. Results
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. (13)

Here, dσH/dzdpT contains the appropriate convolutions
of the parton densities and fragmentation functions with
the partonic hard scattering cross sections.
Panel (b) of Fig. 6 shows the individual 〈z〉 for quark

and gluon fragmentation processes, simply referring to
the contributions in the dAu cross section proportional to
either Dπ

q/Au or Dπ
g/Au. Beyond the LO, this separation

involves some arbitrariness and depends on the choice of
the factorization scheme. In addition, primary partons
created in the hard scattering may radiate off secondary
partons of a different species which in turn fragment into
the observed hadron. Figure 6 (c) shows histograms of
the z distribution for three representative values of pT . In
panel (d), we present the relative contributions of quark
and gluon fragmentation processes to the π0 production
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cross section in pp and dAu collisions.

As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
z, starting at about z $ 0.2. Notice that below about
pT = 1.5GeV, the tail in the z distribution becomes sen-
sitive to values z ! 0.1, where the concept of fragmen-
tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
〈z〉, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT $ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
pend on the extracted medium induced modifications.
In our analysis, pion production is dominantly driven by
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As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
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z, starting at about z $ 0.2. Notice that below about
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dashed lines for nDS [11] and EPS [13] nPDFs, respectively.
Lower panel: same as above but now for the ratio Rπ

σ defined
in Eq. (7).

pression for the pT dependent cross section [24] with an
extra factor of z in the integrand, divided by the cross
section itself [28], i.e., schematically we use

〈z〉 ≡

∫

dz z dσH

dzdpT
∫

dz dσH

dzdpT

. (13)

Here, dσH/dzdpT contains the appropriate convolutions
of the parton densities and fragmentation functions with
the partonic hard scattering cross sections.
Panel (b) of Fig. 6 shows the individual 〈z〉 for quark

and gluon fragmentation processes, simply referring to
the contributions in the dAu cross section proportional to
either Dπ

q/Au or Dπ
g/Au. Beyond the LO, this separation

involves some arbitrariness and depends on the choice of
the factorization scheme. In addition, primary partons
created in the hard scattering may radiate off secondary
partons of a different species which in turn fragment into
the observed hadron. Figure 6 (c) shows histograms of
the z distribution for three representative values of pT . In
panel (d), we present the relative contributions of quark
and gluon fragmentation processes to the π0 production
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FIG. 4: The same as in Fig. 3 but now for neutral pion data
obtained by STAR [16].

cross section in pp and dAu collisions.

As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
z, starting at about z $ 0.2. Notice that below about
pT = 1.5GeV, the tail in the z distribution becomes sen-
sitive to values z ! 0.1, where the concept of fragmen-
tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
〈z〉, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT $ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
pend on the extracted medium induced modifications.
In our analysis, pion production is dominantly driven by

Tiny problem with this:

* Of course we are orders of magnitude less adorable. 

We could also have final state effects in the fragmentation process!

This is us* 

PRD 81, 054001

The problems

- single hadron production 
data are used to constrain 
the gluon FFs. 

- single hadron production 
data are used to constrain 
the gluon nPDF.
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No much data sensitive to gluons: 

single hadron production at RHIC 

(now also at dijets at LHC).
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Fig. 1 The kinematic coverage of the NNPDF3.1 dataset in the
(
x, Q2)

plane

central rapidity used when rapidity is integrated over and the
plotted value of Q2 set equal to the factorization scale. It is
clear that the new data added in NNPDF3.1 are distributed
in a wide range of scales and x , considerably extending the
kinematic reach and coverage of the dataset.

In Table 4 we present a summary of the kinematic cuts
applied to the various processes included in NNPDF3.1 at
NLO and NNLO. These cuts ensure that only data where
theoretical calculations are reliable are included. Specifically,
we always remove from the NLO dataset points for which the
NNLO corrections exceed the statistical uncertainty. The fur-
ther cuts collected in Table 4, specific to individual datasets,
will be described when discussing each dataset in turn. All
computations are performed up to NNLO in QCD, not includ-
ing electroweak corrections. We have checked that with the
cuts described in Table 4, electroweak corrections never
exceed experimental uncertainties.

The codes used to perform NLO computations will be
discussed in each subsection below. With the exception
of deep-inelastic scattering, NNLO corrections are imple-

mented by computing at the hadron level the bin-by-bin ratio
of the NNLO to NLO prediction with a pre-defined PDF set,
and applying the correction to the NLO computation (see
Sect. 2.3 of Ref. [5]). For all new data included in NNPDF3.1,
the PDF set used for the computation of these correction fac-
tors (often refereed to as K -factors, and in Ref. [5] as C-
factors) is NNPDF3.0, except for the CMS W rap 8 TeV and
ATLAS W/Z 2011 entries of Table 3 for which published
xFitter results have been used and the CMS 2D DY 2012
data for which MMHT PDFs have been used [89] (see
Sect. 2.5 below); the PDF dependence of the correction fac-
tors is much smaller than all other relevant uncertainties as
we will demonstrate explicitly in Sect. 2.7 below.

2.2 Deep-inelastic structure functions

The main difference between the NNPDF 3.0 and 3.1 DIS
structure function datasets is the replacement of the separate
HERA-I and ZEUS/H1 HERA-II inclusive structure function
measurements by the final legacy HERA combination [9].
The impact of the HERA-II data on a global fit which includes
HERA-I data is known [5,90–92] to be moderate to begin
with; the further impact of replacing the separate HERA-I and
HERA-II data used in NNPDF3.0 with their combination has
been studied in [93] and found to be completely negligible.

Additionally, the NNPDF3.1 dataset includes the H1
and ZEUS measurements of the bottom structure function
Fb

2 (x, Q
2) [67,68]. While the Fb

2 dataset is known to have
a very limited pull, the inclusion of this dataset is useful
for applications, such as the determination of the bottom
mass [94].

While it is not included in the default NNPDF3.1 dataset,
the EMC data on charm structure functions [69] will also be
used for specific studies of the charm content of the proton
in Sect. 5.3. As discussed in Refs. [23,95], the EMC dataset
has been corrected by updating the BR(D → µ) branching
ratio: the value used in the original analysis [69] is replaced
with the latest PDG value [96]. A conservative uncertainty
on this branching ratio of ±15% is also included.

The cuts applied to DIS data are as follows. As in
NNPDF3.0, for all structure function datasets we exclude
data with Q2 < 3.5 GeV2 and W 2 < 12.5 GeV2, i.e. the
region where higher twist corrections might become rele-
vant and the perturbative expansion may become unreliable.
At NNLO we also remove Fc

2 data with Q2 < 8 GeV2 in
order to minimize the possible impact of unknown NNLO
terms related to initial-state charm (see below).

The computation of structure functions has changed
in comparison to previous NNPDF releases. Indeed, in
NNPDF3.0 the solution of the DGLAP evolution equations
and the structure functions were computed with the internal
NNPDF code FKgenerator [97,98], based on the Mellin-
space formalism. In NNPDF3.1, as was already the case

123
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Possibly, the worse problem is the kinematic coverage of the data
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proton fit nuclear fit

The problems
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All fixed target DIS data (~3000 
points) can be described with 3 
parameters (χ2/d.o.f ~ 1.02).



How do we solve this?

get more data in the fit

new data from 
current experiments

“new” data from old 
experiments

get more observables in the fit

just build a new experiment!

e.g. heavy mesons

SIDIS?

impact parameter 
dependent data?

EIC

LHeC?

FCC-eh?

The problems

25/31



use a statistical method 
to add the “data” to a fit

JHEP 1412 (2014) 100

Fake it till we make it: 

impact studies

make a fit using the 
data and the “data” takes a long time  ☹

the “real” thing  🙂

depends a lot on the 
parametrisation  ☹
fast  🙂

We have seen already impact  
studies for RHIC yesterday.

Of course we want colliders 
like LHeC and FCC-eh.

nPDF fitters, 
waiting for data



EIC7.3. THE NUCLEUS: A LABORATORY FOR QCD 143

Figure 7.66: Relative uncertainty bands for Au at Q2 = 1.69 GeV2 for u (first row), ū (sec-
ond row), s (third row) and gluon (lower row) for three different sets of nPDFs. The blue
and orange bands correspond to before and after including the EIC pseudodata in the fit,
respectively.

band at high-x. This is illustrated in the left panel of Fig. 7.67, where the blue band is
the original EPPS16* fit, the green band incorporates s pseudodata and the orange one
adds also scharm. A similar dedicated study using PDF reweighting with structure func-
tion Fcharm

2A was done in [91]. In the right panel of Fig. 7.67 the impact of Fe pseudodata
on the EPPS16 NLO gluon density [24] is shown by the red band. The charm pseudodata
substantially reduces the uncertainty at x > 0.1, providing sensitivity to the presence of
a gluonic EMC effect. Comparing the red band (only charm pseudodata) with the results
of Fig. 7.66 one can see that the high-x region can be equally studied considering inclu-
sive or charm pseudodata. It is by combining both observables that a striking reduction is
achieved (orange band, left panel of Fig.7.67). Moreover, the measurement will be comple-
mented by jet studies that have already shown promising constraining power for gluons
in p + Pb collisions [743].

change in the 
relative 
uncertainty 
after inclusion 
of EIC 
pseudo-data. 

the majority of 
the effect lies 
in the x < 10-2 
region.
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Impact studies
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Up to a factor 8 
reduction of the 
nuclear gluon 
uncertainty at high x!



PRD95 (2017) no.9, 094013 

PRD97 (2018) 
no.11, 114013

sensitivity to the gluon PDF 
at low and high x

sensitivity to the gluon PDF 
at low x

Impact studies
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Summary

Summary
There are many different sets of nPDFs available (all “good”).


The limited kinematic coverage of the data (among other 
things) severely hampers the extraction of nPDFs.


Within limitations, improvements are achieved. New ideas 
and data are coming into play. 


For some observables the inclusion in fits require extra 
considerations from the theory side.


The issue of nuclear effects in proton PDFs is being seriously 
addressed. 
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Summary
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“… the data have rather small Q2 values in a restricted Q2 

range at small x. It suggests that it is difficult to determine 

the nuclear gluon distributions from the scaling 

violation at small x. In order to obtain the smaller x or 

larger Q2 data than those in Fig. 2, we should wait for a 

next generation project such as HERA-eA [26] or eRHIC 

[27].”
HKM, PRD64 (2001) 034003


