
Nuclear PDFs
Karol Kovařík

University of Münster

2024 CTEQ summer school on QCD and EW phenomenology



Recap

ence and in nuclear science.
The scientific goals and the machine pa-

rameters of the EIC were delineated in delib-
erations at a community-wide program held
at the Institute for Nuclear Theory (INT)
[2]. The physics goals were set by identifying
critical questions in QCD that remain unan-
swered despite the significant experimental

and theoretical progress made over the past
decade. This White Paper is prepared for
the broader nuclear science community, and
presents a summary of those scientific goals
with a brief description of the golden mea-
surements and accelerator and detector tech-
nology advances required to achieve them.

1.2 Science Highlights of the Electron Ion Collider

1.2.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
off nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

The 12 GeV upgrade of CEBAF at JLab will start on such studies in the kinematic
region of the valence quarks, and a similar program will be carried out by COMPASS at
CERN. However, these programs will be dramatically extended at the EIC to explore the
role of the gluons and sea quarks in determining the hadron structure and properties. This
will resolve crucial questions, such as whether a substantial “missing” portion of nucleon
spin resides in the gluons. By providing high-energy probes of partons’ transverse momenta,
the EIC should also illuminate the role of their orbital motion contributing to nucleon spin.
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 Want to discover the inner structure of the proton? BREAK IT UP

 DIS cross-section & structure functions (photon exchange)
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 Want to discover the inner structure of the proton? BREAK IT UP

⇠mom. fraction    =     kinematic variablex
parton distribution function (PDF)
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 Can we use the same language of PDFs to talk about the nucleus?
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 Free nucleon approximation - nuclear binding effects

   assigned democratically to each nucleon in nucleus (A,Z)
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Nuclei
 Explanation of attraction between like-charged protons - strong force - QCD

 Can we use the same language of PDFs to talk about the nucleus? YES we can
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neutron structure related to proton via isospin
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Nuclear binding

BCDMS(85)
BCDMS(87)
SLAC-E049(83)
SLAC-E139(94)
SLAC-E140(94)

Fe 2
D 2

 How large are the nuclear binding effects? Are they uniform?

 Nuclear binding effects as correction factors R
   - many different possibilities to define R
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 Where/When are nuclear effects relevant/useful ?

1. Strange quark content of the proton

(anti-)strange PDF from (anti-)neutrino DIS with 
heavy nuclei - nuclear effects importantsin2 �w
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▶  The results for NNLO fits to inclusive W, Z differential data 
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 For W+ and W-  there is little difference, helps to fix the 
normalisation.

 For Z,  the cross section is increased and the shape is 
modified.
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2. Heavy ion collisions @ RHIC, LHC

lead & gold heavy nuclei - nuclear effects 
in gluon PDF substantial

3. Neutrino physics

neutrinos interact only weakly - heavy targets 
required for sufficient count - IceCube (ice), 
DUNE (argon)

Nuclear effects



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

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

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

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

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

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

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

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

we provide also a comparison of the absolute nuclear PDFs.

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

Nuclear PDFs - results
 Nuclear PDFs similar in shape to the proton PDFs

 Nuclear effects are similar in most partons
[2311.00450]



 how do we determine them ? What are the moving parts in a typical PDF fitting-machine ?
 Determining (nuclear) parton distribution functions
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1. Multiplicative nuclear correction factor

free parton densitybound parton density

 Nuclear effects in PDFs

HKN07 - Hirai, Kumano, Nagai [PRC76(2007)065207] arXiv: 0709.0338 

EPS09 - Eskola, Paukkunen, Salgado [JHEP0904(2009)065] arXiv: 0902.4154

DSSZ - de Florian, Sassot, Stratmann, Zurita [PRD85(2012)074028] arXiv: 1112.6324

EPPS21 - Eskola, Paakkinen, Paukkunen, Salgado [EPJC82(2022)413] arXiv: 2112.12462
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 Complicated piecewise-parametrised nuclear correction factor (A-dependence in stitching conditions)
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2. Nuclear PDF with neural network
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 functional form for bound protons same as for free proton PDF 

 In the evolution basis - singlet    , non-singlet sea quark      , valence
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free parton densitybound parton density

 Nuclear effects in PDFs

3. Traditional nuclear PDF

nCTEQ15 - Kovarik et. al. [PRD93(2016)085037] arXiv: 1509.00792

nCTEQ15WZ, nCTEQ15HQ and other nCTEQ analyses

TUJU21 - Helenius, Walt, Vogelsang [PRD105(2022)9] arXiv: 2112.11904

Nuclear PDFs

k = uv, dv, g, ū + d̄, s, s̄

d̄(x,Q0)/ū(x,Q0) = c0 xc1(1� x)c2 + (1 + c3x)(1� x)c4

 functional form for bound protons same as for free proton PDF 
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 coefficients with A-dependance (reduces to proton for A=1)
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Nuclear PDFs

proton order HQ params Uncert.

EPPS CT18A NLO GM-VFNS 
(s-ACOT)

7 indep. PDFs
(24 params)

Hessian
(Δχ2=33)

nCTEQ CTEQ6 NLO GM-VFNS 
(s-ACOT)

7 indep. PDFs
(19 params)

Hessian
(Δχ2=35)

nNNPDF NNPDF4.0 NLO GM-VFNS 
(FONLL)

6 indep. PDFs
(neural network) Monte Carlo

TUJU own NLO
NNLO

GM-VFNS 
(FONLL)

7 indep. PDFs
(16 params)

Hessian
(Δχ2=50)

KSASG CT18 NLO
NNLO

GM-VFNS 
(FONLL)

7 indep. PDFs
(18 params)

Hessian
(Δχ2=20)



 how do we determine them ? What are the moving parts in a typical PDF fitting-machine ?

Theory
(partonic σ, F2 ...)

Theory calculations @ 
NLO, NNLO

Choose PDF

input parameters
PDFs @ Q0 PDFs @ any Q

DGLAP

Experimental data

Adjust 
initial parameters

Compare 
theory & data (χ2)

Determining nPDFs
 Determining (nuclear) parton distribution functions



 Data for nuclear PDFs
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N = (He, Be, C, Al, Fe, Cu, Au, Pb)

Nuclear data
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 Data for nuclear PDFs

credit K. Grevecredit K. Greve

 Many different nuclear targets, from 600 to 1350 data points depending on cuts

 Only photon exchange relevant - at leading order the structure function
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FIG. 17. We show FA
2 /FD

2 for selected data sets in the large x region. The different curves show the impact of the variations
of ✏ = {0, 0.01, 0.03, 0.1} (solid blue, dashed red, dot-dashed green, dotted purple) with  = 10 in the rescaling of Eq. (12).
The combined �2 values are displayed in the legend, both with and without the W > 1.7 GeV cut. For reference, the bottom
curve (blue, solid) in each plot corresponds to ✏ = 0 which is the nCTEQ15HIX result. Points which are excluded from the
nCTEQ15HIX fit by the W > 1.7 GeV cut are indicated with a hollow (gray) symbol; this is evident for the Fe and Cu data
sets. For reference, experiment Fe/D is ID=5131, Al/D is 5134, Cu/D is 9984, and C/D is 9990.

W > 1.7 GeV cut (labeled �2
cut), and for all the points

(labeled �2
nocut). Note that for these �2 calculations

we have simply applied the x rescaling when computing
F2(x,Q) using the nCTEQ15HIX nPDFs; this is not a
separate fit.

If we focus on the top two panels of Fig. 17, 12C and
27Al, we see all these data points satisfy the W > 1.7 GeV
cut. Turning our attention to the bottom two panels of
Fig. 17, 56Fe and 64Cu, some data points do not satisfy
the W > 1.7 GeV cut, and these points give rise to the
differing �2

cut and �2
nocut values.

Overall, we observe there is a small but significant
variation in �2

cut, and a dramatic variation in �2
nocut. In

both cases, the fit shows preference for ✏ ⇡ 0.03. With
this parameter, we can describe very well the turnover
of the structure function ratio at x ⇠ 0.7, and the
subsequent large-x rise over the whole A range. Overall,
we obtain a very reasonable description of the large-x
data in the resonance region.

C. Extending nPDF fits to low W

We have found that the x rescaling provides a simple
means of mimicking the behavior of the nuclear PDF in
the x ! 1 region. While we have used it here post-
facto, it can also be effectively utilized to generalize the
nPDF parametrization discussed in Sect III B with only

2 additional free parameters. As the x rescaling already
increases the FA

2 /FD

2 ratio in the Fermi motion region
by about the right amount compared to the baseline
nCTEQ15HIX nPDFs, the remaining parameters will
more easily adjust to the data, and we can expect an
improvement in the fit quality in the high x, low W
region.

Furthermore, this analysis suggests that it may be
possible to expand the kinematic reach of the fit in the
{x,Q}-space to include data in the low W < 1.7 GeV
resonance region. This is an interesting possibility, and
we reserve the details for a future study.

VI. COMPARISONS WITH OTHER nPDFS

In this section we compare our new nCTEQ15HIX
nPDFs with other results from the literature. In
particular, in Figs. 18 and 19 we compare with nPDFs
from EPPS16 [4], nNNPDF2.0 [6], and TUJU19 [5]
analyses. We find the results are generally compatible
within the uncertainty bands.

Examining the ratios of Fig. 19 we note some
features similar to the comparison between nCTEQ15
and nCTEQ15HIX of Fig. 10. Specifically, for the up,
down, and gluon PDFs, nCTEQ15HIX is generally above
the other PDFs in the high x region. Correspondingly,
for the anti-up and anti-down PDFs, nCTEQ15HIX is

18

Figure 12: Comparison of the nCTEQ15 NLO theory predictions for R = F
Sn
2 /F

C
2 as a function of Q2 with nuclear

target data from the NMC collaboration. The bands show the uncertainty from the nuclear PDFs.

Figure 13: Ratio of the F2 structure functions for iron and deuteron calculated with the nCTEQ15 fit at
(a) Q2 = 5 GeV2 and (b) Q2 = 20 GeV2. This is compared with the fitted data from SLAC-E049 [57]

SLAC-E139 [51] SLAC-E140 [59] BCDMS-85 [56] BCDMS-87 [60] experiments and results from EPS09 and HKN07.
(The data points shown are within 50% of the nominal Q2 value.)

and we include only the data measured at central rapid-
ity to exclude potential final-state e↵ects (this criterion
excludes any data from BRAHMS). Additionally, we fit
the normalizations of the RHIC data and obtain 1.031

and 0.962 for PHENIX and STAR, respectively. These

 Many different nuclear targets, from 600 to 1350 data points depending on cuts

 Only photon exchange relevant - at leading order the structure function
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<latexit sha1_base64="fYAlzogLlgFEyDiOaFJct0GhAUQ=">AAACAHicbVDLSsNAFJ3UV62vqLhyM9gKLqQkoVRXUnChyxbsA5q0TKaTduhMEmYmQgnd+CfuRBfi1u9w4984bbPQ1gMDh3Pu5Z45fsyoVJb1beTW1jc2t/LbhZ3dvf0D8/CoJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/fDvz249ESBqFD2oSE4+jYUgDipHSUt88KTV6zk3FvYSpKzi8I61pzyn1zaJVtuaAq8TOSBFkqPfNL3cQ4YSTUGGGpOzaVqy8FAlFMSPTgptIEiM8RkPS1TREnEgvncefwnOtDGAQCf1CBefq740UcSkn3NeTHKmRXPZm4n9eN1HBtZfSME4UCfHiUJAwqCI46wIOqCBYsQlEGOvkCVI6Bx4hgbDSnRV0Dfbyp1dJyynb1XK14RRrlayQPDgFZ+AC2OAK1MA9qIMmwCAFz+AVvBlPxovxbnwsRnNGtnMM/sD4/AGOTZSB</latexit>

Q2 > 4GeV2 <latexit sha1_base64="alTRriHSEHpYio509+23kULdvoo=">AAAB/nicbVDLSsNAFJ3UV62vaJduBlvBhYSkanUlBRe6rGAf0IQymU7aoZNJmJkIIRT8E3eiC3Hrh7jxb5y2WWjrgYHDOfdyzxw/ZlQq2/42Ciura+sbxc3S1vbO7p65f9CWUSIwaeGIRaLrI0kY5aSlqGKkGwuCQp+Rjj++mfqdRyIkjfiDSmPihWjIaUAxUlrqm+Vq5/rMunBPYeaKEN6S9qTaNyu2Zc8Al4mTkwrI0eybX+4gwklIuMIMSdlz7Fh5GRKKYkYmJTeRJEZ4jIakpylHIZFeNgs/gcdaGcAgEvpxBWfq740MhVKmoa8nQ6RGctGbiv95vUQFV15GeZwowvH8UJAwqCI4bQIOqCBYsRQijHXyBCmdA4+QQFjpxkq6Bmfx08ukXbOculW/r1Ua53khRXAIjsAJcMAlaIA70AQtgEEKnsEreDOejBfj3fiYjxaMfKcM/sD4/AEdZpO1</latexit>

W > 3.5GeV or
<latexit sha1_base64="3M6wGkarz6B/uB1HNqVvYGrSkeo=">AAAB/nicbVDLSgMxFM34rPU12qWbYCu4kGGmSOtKCi50WcE+oDOUTJppQ5PMkGSEMhT8E3eiC3Hrh7jxb0zbWWjrgcDhnHu5JydMGFXadb+ttfWNza3twk5xd2//4NA+Om6rOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vZn7nkUhFY/GgJwkJOBoKGlGMtJH6dqnSufacun8BM19yeEva00rfLruOOwdcJV5OyiBHs29/+YMYp5wIjRlSque5iQ4yJDXFjEyLfqpIgvAYDUnPUIE4UUE2Dz+FZ0YZwCiW5gkN5+rvjQxxpSY8NJMc6ZFa9mbif14v1dFVkFGRpJoIvDgUpQzqGM6agAMqCdZsAhHGJnmKtMmBR0girE1jRVODt/zpVdKuOl7Nqd1Xy43LvJACOAGn4Bx4oA4a4A40QQtgMAHP4BW8WU/Wi/VufSxG16x8pwT+wPr8AR1ik7U=</latexit>

W > 1.7GeV
<latexit sha1_base64="/Ts4goayIh0HqEUHnqdsQRvgWzw=">AAACA3icbVDLSsNAFJ3UV62vqBvBzWAruJCSBKm6kYILXbZgH9CkZTKdtEMnkzAzEUqoO//EnehC3PoXbvwbp20WWj1w4XDOvdx7jx8zKpVlfRm5peWV1bX8emFjc2t7x9zda8ooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH11P/dY9EZJG/E6NY+KFaMBpQDFSWuqZB6V617myy5VL9xSmrgjhDWlOuk6pZxatsjUD/EvsjBRBhlrP/HT7EU5CwhVmSMqObcXKS5FQFDMyKbiJJDHCIzQgHU05Con00tkHE3islT4MIqGLKzhTf06kKJRyHPq6M0RqKBe9qfif10lUcOGllMeJIhzPFwUJgyqC0zhgnwqCFRtDhLG+PEFK34GHSCCsdGwFHYO9+PRf0nTKdqVcqTvF6lkWSB4cgiNwAmxwDqrgFtRAA2DwAJ7AC3g1Ho1n4814n7fmjGxmH/yC8fEN9nmVOQ==</latexit>

Q2 > 1.69GeV2

sensitive to gluon PDF

high-x JLab data

JLab CLAS & Hall C
<latexit sha1_base64="2+27IQmtId68209xIIBCCsV8pVU=">AAACDHicbZDLSgMxFIYz9VbrrerSTbAVKpQyU6S6EaoF6Uoq2Au0Q8mkmTY0kxmSjFCGPoAbX8WNC0Xc+gDufBsz7Sy09cAPH/85h+T8TsCoVKb5baRWVtfWN9Kbma3tnd297P5BS/qhwKSJfeaLjoMkYZSTpqKKkU4gCPIcRtrOuBb32w9ESOrzezUJiO2hIacuxUhpq5/N5W8vC/k6KcJrrVoRXrEivIkx1KzVcE71lFkyZwWXwUogB5Jq9LNfvYGPQ49whRmSsmuZgbIjJBTFjEwzvVCSAOExGpKuRo48Iu1odswUnmhnAF1faHEFZ+7vjQh5Uk48R096SI3kYi82/+t1Q+Ve2BHlQagIx/OH3JBB5cM4GTiggmDFJhoQFlT/FeIREggrnV9Gh2AtnrwMrXLJqpQqd+Vc9SyJIw2OwDEoAAucgyqogwZoAgwewTN4BW/Gk/FivBsf89GUkewcgj9lfP4AqLSWSw==</latexit>

N = (He, Be, C, Al, Fe, Cu, Au, Pb)

Nuclear data
 Data for nuclear PDFs

[2012.11566]

[1509.00792]
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Deep Inelastic Scattering (CC)

CDHSW & CCFR & NuTeV

Chorus
<latexit sha1_base64="gX88tux+N0FwvbYW//n8DhgMU+Y=">AAACF3icbVDJSgNBEO1xjXGLevTSGAQRCTMBl4sS8OJJIpgFkhBqOpWkSU/P2N0jhCE/4c0/8SZ6EK+CF//GznKIiQ8aHu9VVVc9PxJcG9f9cRYWl5ZXVlNr6fWNza3tzM5uWYexYlhioQhV1QeNgkssGW4EViOFEPgCK37veuhXHlFpHsp704+wEUBH8jZnYKzUzJzUfexwmeCDBKWgfzxI314mdRXQoj9I11G2pqxmJuvm3BHoPPEmJEsmKDYz3/VWyOIApWECtK55bmQaCSjDmUA7P9YYAetBB2uWSghQN5LRVQN6aJUWbYfKPmnoSJ3uSCDQuh/4tjIA09Wz3lD8z6vFpn3RSLiMYoOSjT9qx4KakA4joi2ukBnRp8CY3TwGY/dgXVDAjI0ybWPwZo+eJ+V8zjvLnd7ls4WrSSApsk8OyBHxyDkpkBtSJCXCyBN5IW/k3Xl2Xp0P53NcuuBMevbIHzhfvwzOn+o=</latexit>

N = Pb

<latexit sha1_base64="8wfJ0x1xUp801rcoLTl2RbdUtZE=">AAACF3icbVDLSgNBEJyN7/iKevQyGAQRCbsBHxdFEMSTKJgHJCH0TjrJkNnZdWZWCEt+wpt/4k30IF4FL/6NszGHmFgwUFR193SXHwmujet+O5mZ2bn5hcWl7PLK6tp6bmOzrMNYMSyxUISq6oNGwSWWDDcCq5FCCHyBFb93kfqVB1Sah/LO9CNsBNCRvM0ZGCs1cwd1HztcJngvQSno7w+y16dJXQX0EgfZOsrWmNXM5d2COwSdJt6I5MkIN83cV70VsjhAaZgArWueG5lGAspwJtL5scYIWA86WLNUQoC6kQyvGtBdq7RoO1T2SUOH6nhHAoHW/cC3lQGYrp70UvE/rxab9kkj4TKKDUr2+1E7FtSENI2ItrhCZkSfAmN28xiM3YN1QQEzNsqsjcGbPHqalIsF76hweFvMn5+NAlkk22SH7BGPHJNzckVuSIkw8kieySt5c56cF+fd+fgtzTijni3yB87nDwGjn+M=</latexit>

N = Fe

Q
2
[G
eV

2 ]
x

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

LHC direct photon

LHC dijet

LHC Z & Drell-Yan

ALICE π

LHC bottom

LHC charm

CC DIS

pA
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RHIC π

πA DY

NC
DI
S

 neutrino DIS contributes to                 and 

 different PDF combinations contribute to flavor   
   separation together with NC DIS

F2(x,Q
2) = x

X

q

⇥
q(x,Q2) + q̄(x,Q2)

⇤

xF3(x,Q
2) = x

X

q

⇥
q(x,Q2)� q̄(x,Q2)

⇤

F3(x,Q
2)F2(x,Q

2)

nCTEQ15+WZ+SIH
All Neutrinos & Dimu's

11

nCTEQ15+WZ+SIH
All Neutrinos & Dimu's

Nuclear data
 Data for nuclear PDFs

[2311.00450]

[2204.13157]



FNAL E-772 & E-886

Drell-Yan process

µ+

µ�

N

p

p + N � µ+µ� + X

N = (D,C,Ca,Fe,W)

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

LHC Run I - ATLAS, CMS Z0, W+, W-

- ALICE W+, W-

- LHCb Z0

LHC Run II - CMS W+, W-
<latexit sha1_base64="gX88tux+N0FwvbYW//n8DhgMU+Y=">AAACF3icbVDJSgNBEO1xjXGLevTSGAQRCTMBl4sS8OJJIpgFkhBqOpWkSU/P2N0jhCE/4c0/8SZ6EK+CF//GznKIiQ8aHu9VVVc9PxJcG9f9cRYWl5ZXVlNr6fWNza3tzM5uWYexYlhioQhV1QeNgkssGW4EViOFEPgCK37veuhXHlFpHsp704+wEUBH8jZnYKzUzJzUfexwmeCDBKWgfzxI314mdRXQoj9I11G2pqxmJuvm3BHoPPEmJEsmKDYz3/VWyOIApWECtK55bmQaCSjDmUA7P9YYAetBB2uWSghQN5LRVQN6aJUWbYfKPmnoSJ3uSCDQuh/4tjIA09Wz3lD8z6vFpn3RSLiMYoOSjT9qx4KakA4joi2ukBnRp8CY3TwGY/dgXVDAjI0ybWPwZo+eJ+V8zjvLnd7ls4WrSSApsk8OyBHxyDkpkBtSJCXCyBN5IW/k3Xl2Xp0P53NcuuBMevbIHzhfvwzOn+o=</latexit>

N = Pb
Q
2
[G
eV

2 ]
x

ALICE π (y = 0)
RHIC π (y = 0)
LHC Z & Drell-Yan
Neutrino DIS
Neutral-current DIS
pA Drell-Yan
LHC W
LHC direct photons
LHC beauty
LHC charm
LHC dijets
πA Drell-Yan
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CC DIS
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NC
DI
S

d�

dQ2dy
=

4⇡↵2

9Q2s

X

i

e2i
⇥
qi(xa, Q

2)q̄i(xb, Q
2) + a $ b

⇤
 DY dominated by photon exchange away from W & Z resonances

Q2 = (pl + pl̄)
2 xa,b =

Qp
s
exp(±y)

 DY at the W & Z resonances - different PDF combinations
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Nuclear data
 Data for nuclear PDFs

[2311.00450]



Single hadron production

RHIC - PHENIX 
N = Au

<latexit sha1_base64="THkmVZpRwqsXcaL6cUHDUc3rTyg=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjO1oBuh4saVVLAP6Awlk8m0oUlmSDJKGeYb3LnVn3Anbv0G/8GPMNPOQlsP3MvhnHvJzfFjRpW27S+rtLK6tr5R3qxsbe/s7lX3D7oqSiQmHRyxSPZ9pAijgnQ01Yz0Y0kQ9xnp+ZPr3O89EKloJO71NCYeRyNBQ4qRNpILby9h6koOr5JsWK3ZdXsGuEycgtRAgfaw+u0GEU44ERozpNTAsWPtpUhqihnJKm6iSIzwBI3IwFCBOFFeOrs5gydGCWAYSVNCw5n6eyNFXKkp980kR3qsFr1c/M8bJDq88FIq4kQTgecPhQmDOoJ5ADCgkmDNpoYgLKm5FeIxkghrE1Ol4gryiCPOkQhSV9MsbywwvzHxOIthLJNuo+6c1Rt3zVqrWQRVBkfgGJwCB5yDFrgBbdABGMTgGbyAV+vJerPerY/5aMkqdg7BH1ifP1W5m4g=</latexit>

<latexit sha1_base64="pLnKLbv7adGrpbQVVfdtj7o5mEo=">AAACEnicbVDJSgNBEO1xjXEb9ehlMIjiIcwEXI4BLx4jmAUyY6jpVJImPT1jd48QhnyCN//Em+hBvHr04t/YWQ4x8UHB470qquqFCWdKu+6PtbS8srq2ntvIb25t7+zae/s1FaeSYpXGPJaNEBRyJrCqmebYSCRCFHKsh/3rkV9/RKlYLO70IMEggq5gHUZBG6lln/ghdpnI8EGAlDA4G+b9hN27eR9Fe0Zt2QW36I7hLBJvSgpkikrL/vbbMU0jFJpyUKrpuYkOMpCaUY5mS6owAdqHLjYNFRChCrLxQ0Pn2ChtpxNLU0I7Y3V2IoNIqUEUms4IdE/NeyPxP6+Z6s5VkDGRpBoFnSzqpNzRsTNKx2kziVTzgQOUmstT0OYO2gMJVJsU8yYGb/7pRVIrFb2L4vltqVAuTgPJkUNyRE6JRy5JmdyQCqkSSp7IC3kj79az9Wp9WJ+T1iVrOnNA/sD6+gVDwJ3b</latexit>

⇡0
<latexit sha1_base64="QzMNq4UeWVb9KCCtX4/j/BVOszA=">AAACFHicbVDJSgNBEO1xjXEb9ehlMAjqIcwEXI4BLx4jmAUyY6jpVJImPT1jd48QhnyDN//Em+hBvHry4t/YWQ4x8UHB470qquqFCWdKu+6PtbS8srq2ntvIb25t7+zae/s1FaeSYpXGPJaNEBRyJrCqmebYSCRCFHKsh/3rkV9/RKlYLO70IMEggq5gHUZBG6lln/ohdpnI8EGAlDA4G+b9hN37SZT3UbRn9JZdcIvuGM4i8aakQKaotOxvvx3TNEKhKQelmp6b6CADqRnlaPakChOgfehi01ABEaogG780dI6N0nY6sTQltDNWZycyiJQaRKHpjED31Lw3Ev/zmqnuXAUZE0mqUdDJok7KHR07o3ycNpNINR84QKm5PAVt7qA9kEC1yTFvYvDmn14ktVLRuyie35YK5eI0kBw5JEfkhHjkkpTJDamQKqHkibyQN/JuPVuv1of1OWldsqYzB+QPrK9fRPae+A==</latexit>

⇡±
<latexit sha1_base64="nH9uYsGqI3hHrommXMJlC9Hhn38=">AAACEnicbVDJSgNBEO2JWxy3qEcvg0EUD2Em4HIMeBG8RDALZGKo6VSSJj09Y3ePEIZ8gjf/xJvoQbx69OLf2FkOMfFBweO9KqrqBTFnSrvuj5VZWl5ZXcuu2xubW9s7ud29qooSSbFCIx7JegAKORNY0UxzrMcSIQw41oL+1civPaJULBJ3ehBjM4SuYB1GQRuplTv2A+wykeKDAClhcDq0b+79OLR9FO0ZtZXLuwV3DGeReFOSJ1OUW7lvvx3RJEShKQelGp4b62YKUjPKcWj7icIYaB+62DBUQIiqmY4fGjpHRmk7nUiaEtoZq7MTKYRKDcLAdIage2reG4n/eY1Edy6bKRNxolHQyaJOwh0dOaN0nDaTSDUfOECpuTwBbe6gPZBAtUnRNjF4808vkmqx4J0Xzm6L+VJhGkiWHJBDckI8ckFK5JqUSYVQ8kReyBt5t56tV+vD+py0ZqzpzD75A+vrF3Ronfo=</latexit>

K± <latexit sha1_base64="N3UPiMPaHVwLA0NAswSNyYQUthQ=">AAACEXicbVDJSgNBEO1xjXEb9ehlMCjiIcwEXI4BLx4jmAWSEGo6ldjY0zN21whhyB9480+8iR7Eq1cv/o2dZA5uD7p5vFdFVb0wkcKQ7386c/MLi0vLhZXi6tr6xqa7td0wcao51nksY90KwaAUCuskSGIr0QhRKLEZ3pxP/OYdaiNidUWjBLsRDJUYCA5kpZ570AlxKFSGtwq0htHRuNhBAvup/jex55b8sj+F95cEOSmxHLWe+9HpxzyNUBGXYEw78BPqZqBJcIl2SGowAX4DQ2xbqiBC082m94y9fav0vUGs7VPkTdXvHRlExoyi0FZGQNfmtzcR//PaKQ3OuplQSUqo+GzQIJUexd4kHK8vNHKSIw84t5unQHYPfg0aONkQizaG4PfRf0mjUg5OyseXlVK1nAdSYLtsjx2ygJ2yKrtgNVZnnN2zR/bMXpwH58l5dd5mpXNO3rPDfsB5/wLOdp2k</latexit>⌘

<latexit sha1_base64="pLnKLbv7adGrpbQVVfdtj7o5mEo=">AAACEnicbVDJSgNBEO1xjXEb9ehlMIjiIcwEXI4BLx4jmAUyY6jpVJImPT1jd48QhnyCN//Em+hBvHr04t/YWQ4x8UHB470qquqFCWdKu+6PtbS8srq2ntvIb25t7+zae/s1FaeSYpXGPJaNEBRyJrCqmebYSCRCFHKsh/3rkV9/RKlYLO70IMEggq5gHUZBG6lln/ghdpnI8EGAlDA4G+b9hN27eR9Fe0Zt2QW36I7hLBJvSgpkikrL/vbbMU0jFJpyUKrpuYkOMpCaUY5mS6owAdqHLjYNFRChCrLxQ0Pn2ChtpxNLU0I7Y3V2IoNIqUEUms4IdE/NeyPxP6+Z6s5VkDGRpBoFnSzqpNzRsTNKx2kziVTzgQOUmstT0OYO2gMJVJsU8yYGb/7pRVIrFb2L4vltqVAuTgPJkUNyRE6JRy5JmdyQCqkSSp7IC3kj79az9Wp9WJ+T1iVrOnNA/sD6+gVDwJ3b</latexit>

⇡0
<latexit sha1_base64="QzMNq4UeWVb9KCCtX4/j/BVOszA=">AAACFHicbVDJSgNBEO1xjXEb9ehlMAjqIcwEXI4BLx4jmAUyY6jpVJImPT1jd48QhnyDN//Em+hBvHry4t/YWQ4x8UHB470qquqFCWdKu+6PtbS8srq2ntvIb25t7+zae/s1FaeSYpXGPJaNEBRyJrCqmebYSCRCFHKsh/3rkV9/RKlYLO70IMEggq5gHUZBG6lln/ohdpnI8EGAlDA4G+b9hN37SZT3UbRn9JZdcIvuGM4i8aakQKaotOxvvx3TNEKhKQelmp6b6CADqRnlaPakChOgfehi01ABEaogG780dI6N0nY6sTQltDNWZycyiJQaRKHpjED31Lw3Ev/zmqnuXAUZE0mqUdDJok7KHR07o3ycNpNINR84QKm5PAVt7qA9kEC1yTFvYvDmn14ktVLRuyie35YK5eI0kBw5JEfkhHjkkpTJDamQKqHkibyQN/JuPVuv1of1OWldsqYzB+QPrK9fRPae+A==</latexit>

⇡±
<latexit sha1_base64="nH9uYsGqI3hHrommXMJlC9Hhn38=">AAACEnicbVDJSgNBEO2JWxy3qEcvg0EUD2Em4HIMeBG8RDALZGKo6VSSJj09Y3ePEIZ8gjf/xJvoQbx69OLf2FkOMfFBweO9KqrqBTFnSrvuj5VZWl5ZXcuu2xubW9s7ud29qooSSbFCIx7JegAKORNY0UxzrMcSIQw41oL+1civPaJULBJ3ehBjM4SuYB1GQRuplTv2A+wykeKDAClhcDq0b+79OLR9FO0ZtZXLuwV3DGeReFOSJ1OUW7lvvx3RJEShKQelGp4b62YKUjPKcWj7icIYaB+62DBUQIiqmY4fGjpHRmk7nUiaEtoZq7MTKYRKDcLAdIage2reG4n/eY1Edy6bKRNxolHQyaJOwh0dOaN0nDaTSDUfOECpuTwBbe6gPZBAtUnRNjF4808vkmqx4J0Xzm6L+VJhGkiWHJBDckI8ckFK5JqUSYVQ8kReyBt5t56tV+vD+py0ZqzpzD75A+vrF3Ronfo=</latexit>

K± <latexit sha1_base64="N3UPiMPaHVwLA0NAswSNyYQUthQ=">AAACEXicbVDJSgNBEO1xjXEb9ehlMCjiIcwEXI4BLx4jmAWSEGo6ldjY0zN21whhyB9480+8iR7Eq1cv/o2dZA5uD7p5vFdFVb0wkcKQ7386c/MLi0vLhZXi6tr6xqa7td0wcao51nksY90KwaAUCuskSGIr0QhRKLEZ3pxP/OYdaiNidUWjBLsRDJUYCA5kpZ570AlxKFSGtwq0htHRuNhBAvup/jex55b8sj+F95cEOSmxHLWe+9HpxzyNUBGXYEw78BPqZqBJcIl2SGowAX4DQ2xbqiBC082m94y9fav0vUGs7VPkTdXvHRlExoyi0FZGQNfmtzcR//PaKQ3OuplQSUqo+GzQIJUexd4kHK8vNHKSIw84t5unQHYPfg0aONkQizaG4PfRf0mjUg5OyseXlVK1nAdSYLtsjx2ygJ2yKrtgNVZnnN2zR/bMXpwH58l5dd5mpXNO3rPDfsB5/wLOdp2k</latexit>⌘

RHIC - STAR 
N = Au
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I. INTRODUCTION

Parton distribution functions (PDFs) are fundamental
quantities required to calculate predictions for any
process involving hadrons in the initial state. The
QCD parton model has been used successfully to make
predictions for a variety of experiments at SLAC, HERA,
TeVatron, RHIC and LHC. This theoretical framework
will also be essential for both the physics program
of the EIC, and proposed future experiments such as
the FCC. While precise constraints have been imposed
on the proton PDFs, for the case of nuclear PDFs
(nPDFs), there is still much room for improvement
of the uncertainties [1–22]. The gluon PDFs are
particularly problematic because the cross sections for
the deep inelastic scattering (DIS) and the Drell-Yan
(DY) processes, which represent the bulk of the precision
data in nPDF fits like nCTEQ15 [3], are not directly
sensitive to the gluon PDF at leading order.
While many di↵erent microscopic models for nuclear

e↵ects on PDFs exist, no unambiguous picture has
yet emerged for either the shadowing region [23–26],
antishadowing region [26–28], or the EMC e↵ect [26,
29–33]. A particularly promising unified approach is
provided by the Color Glass Condensate [34, 35]. On
the other hand, unbiased fits to the experimental data
provide important global constraints on these theoretical
ideas and are an indispensable ingredient for many
current and future experimental (i.e. at LHC, but
also RHIC and EIC) and theoretical analyses (e.g.,
for the very successful Statistical Hadronization Model
describing the freeze-out of the QGP [36]). This is the
approach we take in the following. Note that there are
currently ongoing studies at the LHC of medium, i.e.
final state e↵ects also in small systems created in pA and
even pp collisions [37, 38]. In our analysis below, we will
demonstrate that our results are largely independent of
the final state hadron fragmentation and thus that our
interpretation of the nuclear e↵ects as modifications of a
cold initial state is currently totally consistent with the
available experimental data.

A. The gluon PDF

Single Inclusive Hadron (SIH) production data has the
potential to yield new constraints on the gluon PDF
because the gluon contributes a significant part to the
overall cross section of this process. The importance of
the gluon contribution can be seen in Fig. 1, which shows
the fractional contribution to the process p+Pb ! ⇡0+X
as a function of the transverse momentum pT for the
various subprocesses initiated by gluons, up, down, and
strange partons inside a lead nucleus. In particular, the
red shaded area shows the fraction where a parton from
the proton interacts with a gluon from the lead nucleus
to produce a neutral pion. The gluon contribution
dominates in the low to mid pT region at a center of

FIG. 1. Fractional contributions of the total p+Pb ! ⇡0+X
cross section initiated by each PDF flavor fPb

i (x,Q) of the
lead nucleus at

p
sNN = 200GeV (upper panel) and 5TeV

(lower panel) for i 2 {g, u, d, ū, d̄, s+ s̄}.

mass energy per nucleon of
p
sNN = 200GeV. At 5TeV,

the gluon is the dominant contribution even in the mid-
to high-pT region. The remaining contribution is shared
roughly evenly between the up and down quarks, while
the antiquarks (including up and down) contribute a
minor fraction. Charm, bottom and top are omitted in
this figure due to their negligible contributions, but they
are fully incorporated in the calculation. The partonic
fractions for kaons and eta mesons are similar to those of
pions, so we do not present a separate figure.

Figure 2 shows the relative contributions to the cross
section of p+Pb ! ⇡0+X of each parton’s fragmentation
function (FF). For instance, the red area shows the
contribution from processes where the initial scattering
event produces a gluon which then fragments into a
neutral pion. These contributions are very similar to
those of the PDF flavors (Fig. 1), but with slightly
larger contributions from the antiquarks. Both figures
are computed with nCTEQ15WZ PDFs [39] and DSS
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 Direct photon data - additional constraint of the gluon PDF
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 Top quark data - ultimate constraint of the gluon PDF
         BUT only 2 data points - total cross-section 
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alternative fits obtained by subjective tuning of selected degrees of freedom. Recent efforts to assess

the uncertainties objectively, using established statistical methods, have been mostly concerned with

the precision DIS experimental data [4–7], rather than the global analysis of all hard scattering data.

As mentioned in the introduction, there are formidable complications when standard statistical

methods are applied to global QCD analysis. The basic problem is that a large body of data from

many diverse experiments,1 which are not necessarily compatible in a strict statistical sense, is being

compared to a theoretical model with many parameters, which has its own inherent theoretical

uncertainties.

In recent papers [10–12], we have formulated two methods, the Hessian and the Lagrange,

which overcome a number of long-standing technical problems encountered in applying standard

error analysis to the complex global analysis problem. We are now able to characterize the behavior

of the χ2 function in the neighborhood of the global minimum in a reliable way. This provides a

systematic method to assess the compatibility of the data sets in the framework of the theoretical

model [27], and to estimate the uncertainties of the PDF’s and their physical predictions within

a certain practical tolerance. The basic ideas are summarized in the accompanying illustration,

adapted from [11]:

The behavior of the global χ2 function in the neighborhood of the minimum in the PDF parameter

space is encapsulated in 2Np sets of eigenvector PDF’s (where Np ∼ 20 is the number of free PDF

parameters), represented by the solid dots in the illustration. These eigenvectors are obtained by

an iterative procedure to diagonalize the Hessian matrix, adjusting the step sizes of the numerical

calculation to match the natural physical scales. This procedure efficiently overcomes a number of

long-standing obstacles2 encountered when applying standard tools to perform error propagation

in the global χ2 minimization approach. Details are given in [10, 11].

The uncertainty analysis for our new generation of PDF’s makes full use of this method. The

result is 2Np + 1 PDF sets, consisting of the best fit S0 and eigenvector basis sets in the plus and
1For our analysis, there are ∼ 1800 data points from ∼ 15 different sets of measurements with very different

systematics and a wide range of precision.
2The obstacles are due to difficulties in calculating physically meaningful error matrices by finite differences, in the

face of (i) vastly different scales of eigenvalues (∼ 107) in different, a priori unknown, directions in the high-dimension

parameter space, and (ii) numerical fluctuations due to (multi-dimensional) integration errors in the theoretical

(PQCD) calculation and round-off errors.
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Uncertainties
 Hessian approach to uncertainties

 Choice of                         :
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 Construct error PDFs for each parameter in 2 directions (#error PDF sets = 2N    ):

 Calculate PDF uncertainty of cross-section

<latexit sha1_base64="RiYsnTH7MUOz+8LRCusLw7WLCkA=">AAACJnicbVDLSgNBEJz1bXxFPXoZDIKIhN0gKoggePEkCkaFbAi9s504ODu7zvQKYcnHePNPvImCIt78FCcxB18FA0V1dU93RZmSlnz/3RsZHRufmJyaLs3Mzs0vlBeXzm2aG4F1karUXEZgUUmNdZKk8DIzCEmk8CK6PuzXL27RWJnqM+pm2Eygo2VbCiAntcp7YYQdqQu80WAMdDd6Jcn3ebAZqjglu8mPW0VoEp6B6ZVC1PE3Z6tc8av+APwvCYakwoY4aZVfwjgVeYKahAJrG4GfUbMAQ1IodPNzixmIa+hgw1ENCdpmMTiyx9ecEvN2atzTxAfq944CEmu7SeScCdCV/V3ri//VGjm1d5uF1FlOqMXXR+1ccUp5PzEeS4OCVJeDEG7zHMjtIa7AgCCXbMnFEPw++i85r1WD7er2aa1ysDUMZIqtsFW2zgK2ww7YETthdSbYHXtgT+zZu/cevVfv7cs64g17ltkPeB+ffYqlOw==</latexit>

i = 1, . . . , Npar

par
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 Uncertainties of (nuclear PDF)



Uncertainties
 Uncertainties of (nuclear PDF)

 subsets of data constrain different 
    PDFs at different x

- NC & CC DIS constrain up &  
down quark PDFs 

- W/Z Drell-Yan and HQ data 
constrain gluon PDFs 

- di-muon CC DIS are very 
sensitive to the strange PDF

 sensitivity can be made visible by 
       -scans for single experiments

<latexit sha1_base64="9O3+K/j6imrbXP9uGzPYSIhMelY=">AAACE3icbVA9SwNBEN2LXzF+RS1tDoMQLMJdkGgZsLGMYD4gF8PcZpIs2ds7d/eEcOQv2PlP7EQLsbWz8d+4Sa6IiQ8GHu/NMDPPjzhT2nF+rMza+sbmVnY7t7O7t3+QPzxqqDCWFOs05KFs+aCQM4F1zTTHViQRAp9j0x9dT/3mI0rFQnGnxxF2AhgI1mcUtJG6+aLn44CJBB8ESAnj80nOo0N2X855KHoLcjdfcErODPYqcVNSIClq3fy31wtpHKDQlINSbdeJdCcBqRnlaNbECiOgIxhg21ABAapOMvtoYp8ZpWf3Q2lKaHumLk4kECg1DnzTGYAeqmVvKv7ntWPdv+okTESxRkHni/oxt3VoT+Oxe0wi1XxsA6Xm8hi0uYMOQQLVJsacicFdfnqVNMolt1Kq3JYL1Ys0kCw5IaekSFxySarkhtRInVDyRF7IG3m3nq1X68P6nLdmrHTmmPyB9fULB36eSQ==</latexit>
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Nuclear PDFs
 Current nPDF analyses

 adding more precise LHC pPb data   
   improves the uncertainty 

 framework, fitting approaches and also  
   data selection very different -  
   different nPDF analyses can seem 
   incompatible

more to come from LHC 
but above all ...

[2204.09982]



F2 World Data (A≥Fe)
CTEQ10+EPS09
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Future of nPDFs
 Electron-Ion collider (EIC)

 in preparation in BNL - start ~ 2030

 main goal - spin & flavor structure of nucleon

 center-of-mass energy ~ 100 GeV

 high-luminosity ~ 1034 cm-2s-1

 very precise DIS on nuclei - same as HERA for protons
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