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What are the nPDFs? 
A quick reminder

is the probability of finding (in a hadron) a parton a carrying a 

fraction x of its momentum.


can’t be computed in pQCD but are universal.


evolve in Q2 with DGLAP evolution equations.


obtained from global fits to the world data (DIS, DY, jets, EW 

boson, top, etc).

We know that the PDF fa(x,Q2)
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For the nuclear case we introduce fa
p/A(x,Q2)



Why do we need them?

they are the initial state for HIC.

to understand data like
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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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they might be relevant to 
understand the composition 
of cosmic rays.

nuclear data are used 
to separate flavours in 
proton PDF fits.

A quick reminder
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just like proton PDFs: take the data and do a fit

How to extract nPDFs?

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

a proton PDF is taken as baseline and a smooth dependence in 
A is assumed

isospin symmetry is assumed to be valid

fA
i (x, Q2, A) =

Zf p/A
i (x, Q2) + (A − Z)f n/A

i (x, Q2)
A  5/22

A quick reminder



In the fitting procedure every step implies a 
choice and each choice has an impact on the 
final result

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.

different data selection, error treatment, proton baseline, Q0, 

heavy flavour scheme, perturbative order, …
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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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Chapon, Cynthia Keppel, Jorge Morfin, Pavel Nadolsky,
Je↵ Owens and Mark Sutton for help and useful

16

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.

ACKNOWLEDGMENTS

We are pleased to thank Aaron Angerami, Émilien
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EPJC 80 (2020) 10, 968
most of the data used in the 
fits sit at x > 0.01.


the modification of the 
valence up is the best 
constrained.


separation of up and down 
mostly through NC and CC 
DIS.

the sea distributions are not 
well constrained.


flavour separation in the sea 
sector is not yet fully 
achieved.
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gluon-sensitive data: single hadron 
production at RHIC 
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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 TuJu19 has no data 
that can constrain 
the gluon.

Determination of nPDFs

PRD100 (2019) no.9, 096015
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Latest results

Latest results on nPDFs
many groups are currently updating their nPDFs using “new” and 
new data:

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)


* see Cynthia Keppel’s talk tomorrow

** see Vadim Guzey’s talk tomorrow
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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.

�2
new ⌘

X
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"
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k
i
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+
4X

k=1

s2k , (12)

�k
i ⌘ �norm.

i,k Ti (13)

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

k �k
i that correspond to a given set of

theory predictions Ti.

EPJC 80 (2020) 5, 381
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(preliminary) results from EPPS*

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

JLAB and LHC data


leading TMC included


proton uncertainties considered


ratios used whenever possible

Dijets at 5.02 TeV
new!

7 / 13

data from: [CMS Collaboration, Phys.Rev.Lett. 121 (2018) 062002]
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CMS dijet, 95 < paveT /GeV < 115

R
p
P
b

⌘dijet

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

CMS dijet, 115 < paveT /GeV < 150

R
p
P
b

⌘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]

R
p
P
b

pT [GeV]

not fitted

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

LHCb D
0
, �3.0 < y < �2.5

R
p
P
b

pT [GeV]

not fitted

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

LHCb D
0
, �3.5 < y < �3.0

R
p
P
b

pT [GeV]

not fitted

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

LHCb D
0
, �4.0 < y < �3.5

R
p
P
b

pT [GeV]

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
p
P
b

lepton rapidity (c.m. frame)

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

CMS W�
, pPb,

p
s = 8.16 TeV

R
p
P
b

lepton rapidity (c.m. frame)

EPPS16

EPPS21 nuclear err.

EPPS21 full err.

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

* from Petja Paakkinen’s talk at DIS2021

Latest results

10/22



Fit results – sea
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Bound-proton modifications prelim.
Carbon Lead

Full-nucleus modifications prelim.
Carbon Lead
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Fit results – strange and glue
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Bound-proton modifications prelim.
Carbon Lead

Full-nucleus modifications prelim.
Carbon Lead
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Comparison with EPPS16
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Carbon

EPPS16 EPPS21 prelim.

Lead

EPPS16 EPPS21 prelim.
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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 tameBetter constrained gluon anti-shadowing


Flavour separation not (much) improved

Latest results
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(preliminary) results from nCTEQ*

incorporate W and Z boson production from LHC

* from F. Muzakka, P. Duwentäster and E. Segarra’s talks at DIS2021

7

 Data-Theory comparison : good agreement.

8

nCTEQ15WZ nPDFs

improved 
constraints 
on gluon PDF

Larger uncertainty : 
more free parameters

Latest results
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S.6 6Bib @ J�BM 7Bib

"�b2/ QM M*h1ZR8qw UN8R iQi�H /�i�TQBMib- Rky Q7 i?2K aA>V

SBi .mr2Mi�bi2` MS.6b 7`QK aA> /�i� R9 f ky

AMi`Q/m+iBQM @ JQiBp�iBQM
q?v �`2 r2 BMi2`2bi2/ BM aBM;H2 AM+HmbBp2 >�/`QM T`Q/m+iBQM UaA>V /�i�\

I a2MbBiBpBiv iQ ;HmQM S.6b MQi QMHv 7`QK .:G�S 2pQHmiBQM
I S`2+Bb2 M2r /�i� 7`QK �GA*1

S`Q#H2Kb\
I h?2 KQbi T`2+Bb2 /�i� HB2b BM MQM@T2`im`#�iBp2 HQr Th `2;BQM
I 6`�;K2Mi�iBQM 6mM+iBQM /2T2M/2M+2

SBi .mr2Mi�bi2` MS.6b 7`QK aA> /�i� 8 f ky

AMi`Q/m+iBQM @ JQiBp�iBQM
q?v �`2 r2 BMi2`2bi2/ BM aBM;H2 AM+HmbBp2 >�/`QM T`Q/m+iBQM UaA>V /�i�\

I a2MbBiBpBiv iQ ;HmQM S.6b MQi QMHv 7`QK .:G�S 2pQHmiBQM
I S`2+Bb2 M2r /�i� 7`QK �GA*1

S`Q#H2Kb\
I h?2 KQbi T`2+Bb2 /�i� HB2b BM MQM@T2`im`#�iBp2 HQr Th `2;BQM
I 6`�;K2Mi�iBQM 6mM+iBQM /2T2M/2M+2

SBi .mr2Mi�bi2` MS.6b 7`QK aA> /�i� 8 f ky

LHC data have more 
sensitivity to the gluon 
nPDF.

Latest results

incorporate single hadron production to access gluon PDFs

13/22

In older nCTEQ fits only 
RHIC neutral pion data 
included (low pT).

S.6 6Bib @ J�BM 7Bib

"�b2/ QM M*h1ZR8qw UN8R iQi�H /�i�TQBMib- Rky Q7 i?2K aA>V

SBi .mr2Mi�bi2` MS.6b 7`QK aA> /�i� R9 f ky

Strongly dependent on 
the FF used (DSS here).

S.6 6Bib @ J�BM 7Bib

"�b2/ QM M*h1ZR8qw UN8R iQi�H /�i�TQBMib- Rky Q7 i?2K aA>V

SBi .mr2Mi�bi2` MS.6b 7`QK aA> /�i� R9 f ky

S.6 6Bib @ J�BM 7Bib

"�b2/ QM M*h1ZR8qw UN8R iQi�H /�i�TQBMib- Rky Q7 i?2K aA>V

SBi .mr2Mi�bi2` MS.6b 7`QK aA> /�i� R9 f ky

Data normalisation fitted. 
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DimuNeu Fit

 
● DimuNeu : Dimuon+ CDHSW+Chorus+NuTeV

● Total               : 
Dimuon                        : 1.27
NuTeV neu, antineu    : 1.50 , 1.23 
Chorus neu, antineu   : 1.27 , 1.09
CDHSW neu, antineu  :  0.60 , 0.72
ALL                        :  1.17

● TENSION between neutrino data sets at low x!

Tension at low x

 for the i-th data point :

Baseline = nCTE15WZ 

“low x” : x < 0.1

15

Prediction Comparisons with nCTEQ15WZ

Tensions with nCTEQ15WZ predictions at x⇤0.1 and x~0.6

The tensions in the new fit 
only happen for NuTeV 
data.


They disappear if x < 0.1 
from CC are removed.

Latest results

14/22

CC DIS (a bit controversial)

PRL 110 (2013) 212301 

PRD85, 074028 (2012) 

There is tension among the 
different neutrino experiments.


No problem if fitting structure 
functions.
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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

The CC DIS data seems to favour a lower strange at low x.

The single hadron production data seem to favour a higher strange 
at low x.

Latest results
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High x data and TMC: using JLAB very precise data

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

Resulting nPDFs have new behavior at high-x

17

fi
fNCTEQ15
i

(Log-Linear axis)

Resulting nPDFs have new behavior at high-x

17

fi
fNCTEQ15
i

(Log-Linear axis)

Resulting nPDFs have new behavior at high-x

17

fi
fNCTEQ15
i

(Log-Linear axis)

Resulting nPDFs have new behavior at high-x

17

fi
fNCTEQ15
i

(Log-Linear axis)

only data up to x=0.7 (so far)

Latest results
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(preliminary) results from nNNPDF*

* from R. Abdul Khalek’s talk at DIS2021

new baseline for nNNPDF3.0: NNPDF4.0


NLO and NNLO


positivity constraint


include dijet p+Pb (NLO, NNLO) and EW bosons (NNLO)

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

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

Latest results
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Lead, A=208Boundary condition

10

nNNPDF2.0 + pPb CMS 5 TeV
Missing correlations might be 
crucial to describe this data set.


Inability to describe p+p data with 
NNPDF3.1 severely affects the 
p+Pb description with nNNPDF2.0.


Largest rapidity bins should be 
removed (same tension as seen by 
EPPS21).


Gluon shape still unconstrained.

Latest results
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The future

The future
LHC: gluon sensitivity through dijets/hadron production. 
Oxygen run?


Inclusion of other observables (large amount of data 
available but not used in fits).


LHeC? FCC-eh?

STAR forward upgrade + sPHENIX


JLAB12: explore the high x region and validity of kinematic 
cuts.


EIC: down to x~10-4.
19/22



The future

20/22

DIS in collider mode is crucial.


Current DIS data can be described quite nicely (χ2/d.o.f=1.02) 
with just 3 parameters (and exploiting the sum rules).
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DIS in collider mode is crucial.


Current DIS data can be described quite nicely (χ2/d.o.f=1.02) 
with just 3 parameters (and exploiting the sum rules).
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The future

160 7.3. THE NUCLEUS: A LABORATORY FOR QCD

at the EIC has been studied in dedicated efforts [26, 795, 796] by tagging, from
the simulated DIS sample, the K and/or p decay products from the D mesons
produced in the charm fragmentation. The reconstruction methods used in this
analysis [795] demonstrate the key role that particle identification (PID) will play.
It was shown that the charm reconstruction is significantly increased [797] when
PID capabilities are included.

In Ref. [26] a full fit using the EIC pseudodata for the inclusive (s) and the charm
cross-section (scharm) has found a significant impact on the reduction of the gluon
uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, where
the blue band is the original EPPS16* fit, the green band incorporates s pseudo-
data and the orange one adds also scharm. A similar dedicated study using PDF
reweighting with structure function Fcharm

2A was done in [96]. In the right panel of
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [25] is
shown by the red band. The charm pseudodata substantially reduces the uncer-
tainty 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. 7.68
one can see that the high-x region can be equally studied considering inclusive or
charm pseudodata. It is by combining both observables that a striking reduction
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measurement will
be complemented by jet studies that have already shown promising constraining
power for gluons in p+Pb collisions [793].
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Figure 7.69: Left: Relative uncertainty bands of the gluon for Au at Q2 = 1.69 GeV2 for
EPPS16* (light blue), EPPS16*+EIC s (green) and EPPS16*+EIC scharm (orange). Right: same
as left panel but for Fe at Q2 = 2 GeV2 for EPPS16 (yellow) and EPPS16+EIC scharm (red).

Investigating the A dependence of nPDFs

The EIC will have the capability to operate with a large variety of ion beams from
protons to Pb in order to scrutinize the A-dependence of nuclear PDFs. The dif-
ferent nuclei used in the nPDFs fits are usually connected through parameters for
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Summary
Many nPDFs sets available, still far from the precision of proton 
PDFs. More data needed (quantity AND quality).


PDF fitters are taking into account the nuclear effects in their fits.


“New”/new data and treatments improve the description.


New results support the existence of anti-shadowing for the gluon. 


Flavour decomposition still far from achieved despite precise data. 


Future experiments have a huge potential to improve nPDFs.


