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What are parton distribution functions (PDFs)?
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FIG. 4: Comparison of CJ15 PDFs xf(x, Q2) for di↵erent flavors (f = u, d, d̄+ū, d̄�ū, s and g/10)

at a scale Q2 = 10 GeV2, with 90% CL uncertainty bands. Note the combined logarithimic/linear

scale along the x-axis.
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d̄ � ū
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• Distribution of longitudinal 
momentum fraction

• Quark parton model: 
 Depend only on  (scaling)→ x

• Quantum chromodynamics:  
  dependence (scaling violation)→ Q2

• Most accessible way to describe 
parton structure of hadrons
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σDIS ∝ F2 (x, Q2) = x∑
i

e2
i [qi (x, Q2) + qi (x, Q2)]

Inclusive deep inelastic scattering probes sum of PDFs

e e′�

A X
γ

• High energy lepton incident on hadron target


• Reconstruct  and  from scattered lepton x Q2
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σDIS ∝ F2 (x, Q2) = x∑
i

e2
i [qi (x, Q2) + qi (x, Q2)]

Inclusive deep inelastic scattering probes sum of PDFs

e e′�

A X
γ

• High energy lepton incident on hadron target


• Reconstruct  and  from scattered lepton x Q2

PDFs are fundamental to describing the emergence of 
nuclear properties from QCD…
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Recipe for PDFs

Experimental data

Ever-growing set of 
constraints on PDF fits

Theory 
NnLO, heavy quarks,  
EW/QED corrections, 
initial photon…

Methodology

Parameterization, 
uncertainty propagation, 
minimization procedure…

Accurate, precise PDFs 
with robust uncertainties

End result limited by the 
quality of ingredients



6



6

• DIS data is the backbone of all modern PDF 
determinationsDIS



6

• DIS data is the backbone of all modern PDF 
determinations

• Hadron collisions provide important constraints 
on PDFs but cannot precisely determine them

DIS
DY W±

Z0



6

• DIS data is the backbone of all modern PDF 
determinations

• Hadron collisions provide important constraints 
on PDFs but cannot precisely determine them

Today I will focus on DIS constraints on PDFs, with an emphasis 
on the legacy of HERA and expected impact of the EIC 

DIS
DY W±

Z0
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The pre-HERA DIS landscape

Probes

• Electrons (SLAC)

• Muons (BCDMS, BFP, EMC)

• Neutrinos  (BEBC, CDHSW,  

CCFRR, CHARM)


Targets

• Leptons: proton, nuclear targets

• Neutrinos: heavy nuclear targets


Kinematics

• Fixed target

•  up to ~200 GeV2

•  in valence region

Q2

x
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HERA at DESY (Hamburg, Germany)

• First (and to-date, only)  collider 


• First collisions in 1991, first physics data 
in 1992, operated until 2007


• Polarized leptons


•  up to 320 GeV  fixed-target 
equivalent of tens of TeV electron beam


• Two complementary detectors  
(H1 and ZEUS)


• HERA I+II combined results includes total 
luminosity of 200 pb-1 ( ), 30 pb-1 ( )

e±p

s →

e+p e−p
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HERA’s impactful early discoveries

Steep rise in  at low 

• Not unexpected, but onset scale was unknown 

• Confirmed role of gluons at low 
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https://doi.org/10.1016/0370-2693(93)90347-K
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Diffractive DIS

• 10% of events with intact proton

• Important to account for in PDF analyses

∼

DESY 93-093
DESY 94-133

NPB 407, 515 (1993)

https://doi.org/10.1016/0370-2693(93)90347-K
https://bib-pubdb1.desy.de/record/570345/files/desy94-133.pdf
https://lib-extopc.kek.jp/preprints/PDF/1993/9307/9307418.pdf
https://doi.org/10.1016/0550-3213(93)90090-C
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HERA I+II (H1 and ZEUS) data set

Eur. Phys. J. C (2015) 75:580
DOI 10.1140/epjc/s10052-015-3710-4

Regular Article - Experimental Physics

Combination of measurements of inclusive deep inelastic e± p
scattering cross sections and QCD analysis of HERA data
This paper is dedicated to the memory of Professor Guido Altarelli who sadly passed away as it went to
press. The results which it presents are founded on the principles and the formalism which he developed in
his pioneering theoretical work on Quantum Chromodynamics in deep-inelastic lepton-nucleon scattering
nearly four decades ago

H1 and ZEUS Collaborations
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R. Ciesielski21,a6, J. G. Contreras35, A. M. Cooper-Sarkar43, M. Corradi7, F. Corriveau50, J. Cvach48,
J. B. Dainton31, K. Daum65,a7, R. K. Dementiev39, R. C. E. Devenish43, C. Diaconu34, M. Dobre10, V. Dodonov21,
G. Dolinska21, S. Dusini44, G. Eckerlin21, S. Egli62, E. Elsen21, L. Favart3, A. Fedotov36, J. Feltesse17, J. Ferencei23,
J. Figiel24, M. Fleischer21, A. Fomenko37, B. Foster20,a8, E. Gabathuler31, G. Gach25,a9, E. Gallo20,21,
A. Garfagnini45, J. Gayler21, A. Geiser21, S. Ghazaryan21, A. Gizhko21, L. K. Gladilin39, L. Goerlich24,
N. Gogitidze37, Yu. A. Golubkov39, M. Gouzevitch61, C. Grab69, A. Grebenyuk3, J. Grebenyuk21, T. Greenshaw31,
I. Gregor21, G. Grindhammer40, G. Grzelak63, O. Gueta54, M. Guzik25, C. Gwenlan43, D. Haidt21, W. Hain21,
R. C. W. Henderson30, P. Henkenjohann5, J. Hladkỳ48, D. Hochman51, D. Hoffmann34, R. Hori59, R. Horisberger62,
T. Hreus3, F. Huber22, Z. A. Ibrahim27, Y. Iga55, M. Ishitsuka56, A. Iudin29,a2, M. Jacquet42, X. Janssen3,
F. Januschek21,a10, N. Z. Jomhari27, H. Jung3,21, I. Kadenko29, S. Kananov54, M. Kapichine15, U. Karshon51,
J. Katzy21, M. Kaur11, P. Kaur11,b23, C. Kiesling40, D. Kisielewska25, R. Klanner20, M. Klein31, U. Klein21,31,
C. Kleinwort21, R. Kogler20, N. Kondrashova29,a11, O. Kononenko29, Ie. Korol21, I. A. Korzhavina39, P. Kostka31,
A. Kotański26, U. Kötz21, N. Kovalchuk20, H. Kowalski21, J. Kretzschmar31, D. Krücker21, K. Krüger21, B. Krupa24,
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E. Malinovski37, J. Malka21, H.-U. Martyn1, S. J. Maxfield31, A. Mehta31, S. Mergelmeyer9, A. B. Meyer21,
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123

• Combined analysis of approximately 230 pb-1 of  collisions

• Independence and complementary of H1 & ZEUS make combination 

more powerful than simply averaging results

e±p
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Neutral- and charged-current  cross sectionse±p
H1 and ZEUS
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• High precision, systematic study of proton structure
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Extraction of longitudinal structure function

• Technically challenging analysis: 
requires precise cross sections with 
fixed  at multiple 


• Strongly related to gluon PDF: 
 = 0 in QPM


• Test of pQCD: nonzero  at low 
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Figure 4: The structure function FL measured a s function of x at fixed values of Q2 obtained
from the combined H1 and ZEUS cross-section data. The inner error bars are the statistical un-
certainties and the full error bars are the total uncertainties. The line represents a QCD predic-
tion based on HERAPDF1.0 fit with parameterization (green) model (yellow) and experimental
(red) uncertainties.
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Figure 3: Combined H1 and ZEUS FL measurement.
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Figure 5: The structure function FL averaged in x at given valie of Q2 using combined H1 and
ZEUS cross-section data. The resulting x values of the averaged FL measurements are given in
the figure for each point in Q2. The inner error bars are the statistical uncertainties and the full
error bars are the total uncertainties. The band represents a QCD prediction based on HERA-
PDF1.0 fit with parameterization (green) model (yellow) and experimental (red) uncertainties.
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Figure 6: H1 and ZEUS average structure function FL (full circles) compared to the individual
measurements of the H1 (open circles) and ZEUS (open boxes) collaborations. The inner error
bars are the statistical uncertainties and the full error bars are the total uncertainties. The band
represents a QCD prediction based on HERAPDF1.0 fit.

8

(a)

0

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1
0

0.2

0.4

0.6

0.8

1

 HERAPDF1.0 
 total uncertainty
 
+low energy data
RT VFN STandard 

x

xf

2 = 10 GeV2Q

            H1 and ZEUS (prel.)

H
ER

A
 In

cl
us

iv
e 

W
or

ki
ng

 G
ro

up
A

pr
il 

20
10

vxu

vxd

 0.05)×xS (

 0.05)×xg (

0

0.2

0.4

0.6

0.8

1

(b)
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Jet production and αS

• Inclusive DIS data has limited ability to 
determine  due to correlation with  (DGLAP) 


• Jet data has different dependence on ,  
 helps break correlation
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HERAPDF: PDF fit based entirely on HERA dataEur. Phys. J. C (2015) 75 :580 Page 43 of 98 580

Fig. 51 The parton distribution
functions xuv , xdv , xg and
xS = 2x(Ū + D̄) of
HERAPDF2.0 NNLO at
µ2

f = 10 GeV2 compared to
those of MMHT2014 [37],
CT10 [105] and
NNPDF3.0 [44]. The top panel
shows the distribution with
uncertainties only for
HERAPDF2.0. The bottom
panel shows the PDFs
normalised to HERAPDF2.0
and with uncertainties for all
PDFs

x
 -410  -310  -210  -110 1

xu
v

0

0.2

0.4

0.6

0.8

1 2 = 10 GeV
f
2µ

HERAPDF2.0 NNLO
MMHT2014 NNLO
CT10 NNLO
NNPDF3.0 NNLO

x
 -410  -310  -210  -110 1

xd
v

0

0.1

0.2

0.3

0.4

0.5

0.6

x
 -410  -310  -210  -110 1

xg

0

2

4

6

8

10

12

14

16

x
 -410  -310  -210  -110 1

xS

0

1

2

3

4

5

H1 and ZEUS

x
 -410  -310  -210  -110 1

xu
   

/ x
u 

 (H
ER

A
PD

F2
.0

)
v

v

1

1.5

2

2 = 10 GeV
f
2µ

HERAPDF2.0 NNLO
MMHT2014 NNLO
CT10 NNLO (68% CL)
NNPDF3.0 NNLO

x
 -410  -310  -210  -110 1

xd
   

/ x
d 

 (H
ER

A
PD

F2
.0

)
v

v

0

1

2

3

4

5

x
 -410  -310  -210  -110 1

xg
 / 

xg
(H

ER
A

PD
F2

.0
)

0.8

0.9

1

1.1

1.2

x
 -410  -310  -210  -110 1

xS
 / 

xS
(H

ER
A

PD
F2

.0
)

0.6

0.8

1

1.2

1.4

1.6

1.8

H1 and ZEUS

123

Eur. Phys. J. C (2015) 75 :580 Page 43 of 98 580

Fig. 51 The parton distribution
functions xuv , xdv , xg and
xS = 2x(Ū + D̄) of
HERAPDF2.0 NNLO at
µ2

f = 10 GeV2 compared to
those of MMHT2014 [37],
CT10 [105] and
NNPDF3.0 [44]. The top panel
shows the distribution with
uncertainties only for
HERAPDF2.0. The bottom
panel shows the PDFs
normalised to HERAPDF2.0
and with uncertainties for all
PDFs
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Fig. 54 The parton distribution functions xuv , xdv , xS = 2x(Ū + D̄)
and xg of HERAPDF2.0 NLO at µ2

f = 10 GeV2 compared to those
of HERAPDF2.0HiQ2 NLO on logarithmic (top) and linear (bottom)
scales. The bands represent the total uncertainties

and to CC e− p data in Figs. 39 and 40. The precise predic-
tions describe the CC cross sections well. The CC data are
in general less precise than the NC data.
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• Not the most precise, but demonstrates 
power of HERA dataset
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HERA’s lasting legacy

• HERA data remains the most important input to 
modern proton PDFs

• Fixed-target proton data typically completely 

excluded from global analyses due to kinematics


• HERA also made important observations related to:

• Electroweak physics

• Limits on BSM physics, quark substructure


• However, HERA did have limitations:

• No polarized protons (polarized proton PDFs)

• No  collisions (neutron structure, nuclear PDFs)eA
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What about the neutron?29 18. Structure Functions

Figure 18.10: The proton structure function F p
2 measured in electromagnetic scattering of electrons

and positrons on protons, and for electrons/positrons (SLAC,HERMES,JLAB) and muons (BCDMS, E665,
NMC) on a fixed target. Statistical and systematic errors added in quadrature are shown. The H1+ZEUS
combined values are obtained from the measured reduced cross section and converted to F p

2 with a HERAPDF
NLO fit, for all measured points where the predicted ratio of F p

2 to reduced cross-section was within 10% of
unity. The data are plotted as a function of Q2 in bins of fixed x. Some points have been slightly o�set in
Q2 for clarity. The H1+ZEUS combined binning in x is used in this plot; all other data are rebinned to the
x values of these data. For the purpose of plotting, F p

2 has been multiplied by 2ix , where ix is the number
of the x bin, ranging from ix = 1 (x = 0.85) to ix = 26 (x = 0.0000085). Only data with W 2 > 3.5 GeV2 is
included. Plot from CJ collaboration (Shujie Li – private communication).
References: H1 and ZEUS—H. Abramowicz et al., Eur. Phys. J. C75, 580 (2015) (for both data and
HERAPDF parameterization); BCDMS—A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989) (as given
in [260]); E665—M.R. Adams et al., Phys. Rev. D54, 3006 (1996); NMC—M. Arneodo et al., Nucl. Phys.
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Figure 18.11: The deuteron structure function F d
2 measured in electromagnetic scattering of electrons/-

positrons (SLAC,HERMES,JLAB) and muons (BCDMS, E665, NMC) on a fixed target, shown as a function
of Q2 for bins of fixed x. Statistical and systematic errors added in quadrature are shown. For the purpose
of plotting, F d

2 has been multiplied by 2ix , where ix is the number of the x bin, ranging from 1 (x = 0.85)
to 29 (x = 0.00076). Only data with W 2 > 3.5 GeV2 is included. Plot from CJ collaboration (Shujie Li
– private communication) References: BCDMS—A.C. Benvenuti et al., Phys. Lett. B237, 592 (1990).
E665, NMC, SLAC,HERMES—same references as Fig. 18.10; JLAB—S. Malace et al., Je�erson Lab
Hall C E00-116 Collaboration, Phys. Rev. C80, 035207 (2009), V. Tvaskis et al., Je�erson Lab Hall C
E99-118 Collaboration, Phys. Rev. C81, 055207 (2010), J. Seely (MIT, LNS) et al., Je�erson Lab Hall
C E03-103 Collaboration, Phys. Rev. Lett. 103, 202301 (2009), M. Osipenko et al., Je�erson Lab Hall B
CLAS6 Collaboration, Phys. Rev. C73, 045205 (2006).
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bedded In nuclei They may differ from the free nu- 
cleon case not only due to kinematical smearing caused 
by the Fermi motion of the nucleons in the nucleus 
but also due to other effects. 

Information about the size of these effects and their 
influence on the structure functions has been obtained 
by the European Muon Collaboration from extensive 
muon scattering experiments using targets of hquid 
hydrogen [2], deuterium [3] and of iron [4]. Apart 
from the different targets the same apparatus has been 
used for all measurements. 

The measurements with hydrogen and deuterium 
targets allow the determination of the structure func- 
tions for free nucleons. The proton structure function 
F~ has been extracted from the hydrogen data alone. 
The neutron structure function F~ has been obtained 
by a combined treatment of the hydrogen and the 
deuterium data. This then determines the ratio F~/F p 
which, for large x, represents the ratio of the d- and u- 
quark distributions. In this procedure, corrections 
have been applied to take into account effects due to 
the nucleon motion in the deuteron which is a loosely 
bound p - n  system. In the kinematical range covered 
by the data (0.03 ~< x < 0.65) these corrections are 
smaller than 3% [3]. 

In a similar way the nucleon structure function and 
the free nucleon quark and gluon distributions could 
be extracted from the high A target data, provided one 
knew how to calculate the corrections due to nuclear 
effects which are different in this case since the nu- 
cleons in the nucleus are packed much tighter together 
than in the deuteron. 

If these corrections covered all effects caused by the 
quark structure of nuclei and were completely under- 
stood, they certainly should be applied to the deep m- 
elastic scattering data before these are compared with 
the predictions of QCD. This appears to be desirable 
as the Altarelll-Parlsl equations [5] in their original 
form require an integration from x to 1 (If they are not 
modified to allow an x range up to x = A [6]) and the 
commonly used parametrizatlons of the quark and 
gluon distributions are bounded to zero at x = 1. 

Up to now only those corrections due to the motion 
of the nucleons in the nucleus have been calculated. 
For these calculations it is common to view the nucleus 
as a collection of slowly moving nucleons weakly bound 
to each other with their internal properties unchanged 
compared to the free nucleon case. The methods used 
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Fig. 1. Theoretical predlcnons for the Fermi motion correc- 
tion of the nucleon structure function F N for Iron. Dotted 
line Few-nucleon-correlation-model of Frankfurt and Strlk- 
man [9]. Dashed line. Collective-tube-model of Berlad et al. 
[10] Solid line Correction accordmg to Bodek and Rltchle 
[8]. Dot-dashed line. Same authors, but no high momentum 
tail included. Triple-dot-dashed line Same authors, momen- 
tum balance always by aA - 1 nucleus. The last two curves 
should not be understood as predictions but as an indication 
of the sensitivity of the calculations to several assumptions 
which are only poorly known. 

to calculate the deuterium corrections [7] are simply 
transferred to the heavy nucleus case. Depending on 
the way the nucleus wave function IS calculated, and 
on the assumptions made on the momentum tall and 
the momentum balance, the results [ 8 -10 ] ,  shown in 
fig. 1, differ by several percent, but show in each case 
a similar global behavtour. The ratio of the structure 
function F A for a nucleus with mass number A and of 
the sum of the free nucleon structure functions for 
proton and neutron weighted with the corresponding 
nucleon numbers [ZF~ + (A - Z) F~] is rising with x 
forx >~ 0.2. The value of this ratio is about 1.2-1.3 
at x = 0.65 and increases rapidly to higher values ofx .  
In terms of quarks this means [9,10] that in a nucleus 
the quark distributions are enhanced at high x and ex- 
tend far beyond x = 1, the kinematic lunit being x = A 
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transferred to the heavy nucleus case. Depending on 
the way the nucleus wave function IS calculated, and 
on the assumptions made on the momentum tall and 
the momentum balance, the results [ 8 -10 ] ,  shown in 
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function F A for a nucleus with mass number A and of 
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nucleon numbers [ZF~ + (A - Z) F~] is rising with x 
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at x = 0.65 and increases rapidly to higher values ofx .  
In terms of quarks this means [9,10] that in a nucleus 
the quark distributions are enhanced at high x and ex- 
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The vahdlty of these calculations can be tested by 
extracting the ratio of the free nucleon structure func- 
tions F~/F~ from the lion and hydrogen data of the 
EMC. Applying, for example, the smearing correction 
factors for the proton and the neutron as given by 
Bodek and Rltchle (table 13 of ref. [8]), one gets a 
ratio whmh is very different from the one obtained 
with the deuterium data [3]. It falls from a value of 
~1 .15  a tx  = 0.05 to a value of ~0.1 a tx  = 0.65 which 
is even below the quark-model lower bound of 0.25. 

A direct way to check the correctmns due to nu- 
clear effects is to compare the deuteron and iron data 
for they should be influenced slmdarly by the neutron 
content of these nuclei. The iron data are the final 
combined data sets for the four muon beam energies 
of 120,200, 250 and 280 GeV; the deuterium data 
have been obtained with a single beam energy of 280 
GeV. The ratio of the measured nucleon structure 
functions for iron F2N(Fe) = 1 wuFe gg* 2 and for deutermm 
FN(D) = {F~ D, ne,ther corrected for Fermi motion, 
has been calculated point by point. For this compari- 
son only data points with a total systematm error less 
than 15% have been used. The iron data have been cor- 
rected for the non-lsoscalarlty of 56Fe assuming that 
the neutron structure function behaves hke F~ = (1 
- 0 .75x)FP .  This gives a correction of ~+2.3% at x 
= 0.65 and of less than 1% forx  < 0.3. The Q2 range, 
which ~s limited by the extent of the deuterium data, 
as different for each x-value, varying from 9 ~< Q2 ~< 27 
GeV 2 for x = 0.05 over 11.5 ~< Q2 < 90 GeV 2 for x 
= 0.25 up to 36 ~ Q 2  ~< 170 GeV 2 forx  = 0.65. 

W~thm the hmlts of statistical and systematm errors 
no slgmficant Q2 dependence of the ratm F ~ ( F e ) /  
FN(D) is observed. The x-dependence of the Q2 aver- 
aged ratio is shown in fig. 2 where the error bars are 
statistical only. For a straight line fit of the form 

FN(Fe)/FN(D) = a + bx , 

one gets for the slope 

b = - 0 . 5 2  + 0.04 (statistical)+ 0.21 (systemattc). 

The systematm error has been calculated by distort- 
mg the measured F N values by the individual system- 
atm errors of the data sets, calculating the correspond- 
mg slope for each error and adding the differences 
quadratically. The possible effect of the systematic 
uncertainties on the slope is lndmated by the shaded 
area m fig. 2. Uncertalntms m the relative normahsa- 
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2, The ratio of the nucleon structure funct ions F N Fig. mea- 
sured on tron and deuter ium as a function o f x  = O2/2M,-,v. 

- 5 6  The iron data are corrected for the non-lsoscalarlty of 26Fe, 
both  data sets are not  corrected for Fermi motion. The full 

hnear fit F N ( F e ) / F N ( D )  = a + b x  which results c u r v e  i s  a in 
a s l o p e b = - 0 5 2 _ +  0.04 (stat.) -+ 0 . 2 1 ( s y s t )  The shaded 
area indicates the effect of systematm errors on this slope. 

tlon of the two data sets will not change the slope of 
the observed x-dependence of the ratio but can only 
move it up or down by up to seven percent. The dif- 
ference F N ( F e ) - F N ( D )  however ,s very sensitwe to 
the relatwe normahsatlon. 

The result is m complete disagreement with the 
calculations dlustrated an fig. 1. At high x, where an 
enhancement of the quark distributions compared to 
the free nucleon case is predicted, the measured struc- 
ture function per nucleon for ~ron ~s smaller than that 
for the deuteron. The ratio of the two is falhng from 
~1.15  a tx  = 0.05 to a value of ~0 .89  a t x  = 0.65 
while it is expected to rise up to 1.2-1.3 at this x 
value. 

We are not aware of any published detailed predic- 
tion presently available which can explain the behav- 
tour of these data. However there are several effects 
known and discussed which can change the quark dis- 
tributions m a high A nucleus compared to the free 
nucleon case and can contribute to the observed ef- 
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The EMC effect
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Nature 566, 354 (2019)

• Motivated large campaign of nuclear 
measurements at SLAC, JLab, CERN, DESY


• -dependent effect observed in all nuclei


• Data described by wide array of models 
 “Everybody’s Model is Cool.” -G. Miller


• No consensus on physical origin of effect

A

→

https://doi.org/10.1038/s41586-019-0925-9
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Nature 566, 354 (2019)

• Motivated large campaign of nuclear 
measurements at SLAC, JLab, CERN, DESY


• -dependent effect observed in all nuclei


• Data described by wide array of models 
 “Everybody’s Model is Cool.” -G. Miller


• No consensus on physical origin of effect

A

→

Understand 
bound nucleon 
modification?

Understand 
free neutron 

structure?

https://doi.org/10.1038/s41586-019-0925-9
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EMC effect only one element of nuclear modification

q Shadowing: 
ü multiple-scattering (diffractive)
ü models various (especially when 

treating along w/ anti-shadowing & 
EMC) 

Partons in Nuclei

ØFour Regions

q Anti-Shadowing？？

q EMC？？

q Fermi-Motion: 
ü Bound nucleons moving in nuclear medium (offshell, smearing, …)
ü Easily understood, hard to calculate!
ü Recent discussion on A=2,3

Alekhin, Kulagin, Petti, PRD 96, 054005 (2017)
C. Cocuzza, et. al., PRL 127, 242001
Segarra et. al. PRL 124, 092002 (2020) 

Geesaman, Saito, Thomas, Ann. Rev. Nucl. 
Part. Sci.45, 337 (1995)
Norton, Rept.Prog.Phys. 66 (2003) 1253-1297
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General approach to nuclear PDFs

f (A,Z)
i (x, Q2) =

Z
A

f p/A
i (x, Q2) +

A − Z
A

f n/A
i (x, Q2)
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General approach to nuclear PDFs

f (A,Z)
i (x, Q2) =

Z
A

f p/A
i (x, Q2) +

A − Z
A

f n/A
i (x, Q2)

• Similar parameterization to free proton PDFs
• Coefficients depend (smoothly) on   A
• Isospin symmetry for neutron PDFs 
• All nuclear effects absorbed in nPDF

Currently, DIS constraints on nPDFs come 
entirely from fixed-target experiments!
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-dependence of nPDFs  
(from nCTEQ15)
A

• At low , gluon and sea distributions 
(including  and ) decrease with  

• Effect largely cancels in valence 
distributions, resulting in reduced  

-dependence

x
u d A

A

PRD 93, 085037 (2016)

xf p/A

https://doi.org/10.1103/PhysRevD.93.085037


23

Comparison of different nPDF analyses

• (Mostly) qualitative agreement 
among different analyses 


• nCTEQ15 does not enforce 
isospin symmetry of valence 
modification (flavor dependent 
EMC effect?)

PRD 93, 085037 (2016)

 vs. xf p/Pb x  vs. f p/Pb/f p x

https://doi.org/10.1103/PhysRevD.93.085037


Rev. Mod. Phys. 89, 045002 (2017)
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Short-range correlated nucleons: bridge between 
nuclear and parton structure?

Traditional:

All nucleons 

slightly modified

SRC-EMC 
hypothesis:


Few (SRC) 
nucleons highly 

modified

SRC pair
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PRL 133, 152502 (2024)

https://doi.org/10.1103/RevModPhys.89.045002
https://doi.org/10.1103/PhysRevLett.133.152502


Rev. Mod. Phys. 89, 045002 (2017)
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Where do we stand?

• Proton PDFs poorly constrained at high 

•  at large ?

• Strange quarks, gluons?


• Knowledge of neutron structure still poor 
and model-dependent


• Nuclear PDFs, modifications constrained 
only by fixed-target data

x
d/u x

CTEQ-JLab collaboration

https://www.jlab.org/theory/cj
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The electron-ion collider at BNL 
(Upton, New York)

• Under development at Brookhaven National Lab


• Fully polarized  and  collisions


• 20 <  < 140 GeV


• High luminosity 
 surpass total HERA dataset in first year of running 


• ePIC detector under development


• Second interaction region for complementary detector

ep eA

s

→
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 = 30 - 140 GeV, 0.01 < y < 0.95sEIC 

 > -4η

27

Unpolarized ep scattering
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Projected impact on proton PDFs

up-valence, down-valence, gluon and total sea-quark
densities. The uncertainty bands show the symmetrized
total uncertainty, including experimental, model and
parametrization contributions,5 as discussed in detail in
[1]. The experimental uncertainties are generally dominant
in regions where there is data. A significant reduction
in uncertainties for all parton species is observed when
adding the EIC pseudodata, as discussed in detail in the
following.
Since the high x regime is of particular interest, the

potential improvements are most readily visualized on a
linear x scale, as shown in Fig. 3 at the starting scale for
DGLAP evolution, Q2 ¼ 1.9 GeV2. The EIC impact is
most striking in the very large x region x≳ 0.7, particularly

dramatic for the u valence quark.6 The improved constraints
are traceable to the large integrated luminosity of the EIC
pseudodata and the correspondingly improved data pre-
cision in the high-x region compared with HERA. The
charge-squared weighting of the photon couplings result in
stronger sensitivity to the up than to the down quark
density. Figure 4 shows the same information as that in
Fig. 3, but as a logarithmic function of x and at the
electroweak scale, Q2 ¼ m2

Z GeV2. At low and intermedi-
ate x, where our current knowledge of proton collinear
structure is dominated by HERA data, the EIC pseudodata
continue to have a sizeable impact on the quark densities.
While this is in part due to the large EIC luminosity and
extended phase-space, the very low x constraints on the
valence quarks come primarily from the valence quark

 x
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FIG. 3. Impact of simulated EIC data on the NNLO collinear parton distributions of the proton. The bands show relative total
uncertainties as a function of x for the up-valence, down-valence, gluon and total sea distributions, for Q2 ¼ 1.9 GeV2. The
HERAPDF2.0NNLO total uncertainties (using HERA data alone) are compared with results in which simulated EIC data are also
included in the HERAPDF2.0NNLO fitting framework.

5For technical reasons, the number of model and parametriza-
tion uncertainties differs between the HERAPDF2.0 baseline and
the version with added EIC pseudodata. However, this is expected
to cause only comparatively minor differences.

6Near to the starting scale for QCD evolution, the PDFs are
dominated by the valence quark densities for typically x ≳ 0.2,
with the gluon density becoming dominant at lower x values.

NÉSTOR ARMESTO et al. PHYS. REV. D 109, 054019 (2024)

054019-4

number sum rules, and thus derive indirectly from the
improved precision at large x. The gluon density, which is
most strongly constrained by the scaling violations of the
neutral current cross sections, is not impacted so strongly,
but there is still a notable improvement at intermediate x,
where the EIC pseudodata improve the precision at low and
intermediate Q2.
The lowest x and Q2 HERA data show evidence for

lnð1=xÞ (BFKL) resummation corrections [44]. To inves-
tigate whether precise EIC data in the low x region might
enhance the overall sensitivity to such effects, modified
EIC pseudodata are generated with central values obtained
from the NNPDF31sx_nnlo_nllx_as_0118 PDF set [44],
which includes the lnð1=xÞ resummation effects. Fits at
NNLO using the modified pseudodata are compared with
and without the addition of next-to-leading lnð1=xÞ resum-
mation, implemented using the HELL [45,46] code. The
change in the overall χ2 of the fit between the two cases is

negligible, indicating that the EIC data are not sensitive to
the BFKL effects. The same conclusion is reached when
using a more flexible PDF parametrization [47], designed
to give a better description in the small-x region without
introducing too many new parameters. While this con-
clusion could be expected from the smaller access to small
x at the EIC compared to HERA, here this conclusion is set
on firm grounds for the first time.

B. Comparison with global PDFs

Several groups worldwide are engaged in “global” fits
that constrain the proton PDFs using a range of input data
from fixed target DIS experiments, HERA and hadron-
hadron colliders, most notably the LHC [48]. Within this
global dataset, HERA inclusive DIS data remain a key
constraint, in particular at low and intermediate x. However,
other datasets also play an important role. For example,
fixed target DIS data are important in constraining the

FIG. 4. Impact of simulated EIC data on the NNLO collinear parton distributions of the proton shown on a logarithmic x scale for
Q2 ¼ m2

Z GeV2. The bands show relative total uncertainties as a function of x for the up-valence, down-valence, gluon and total sea
distributions. The HERAPDF2.0NNLO total uncertainties (using HERA data alone) are compared with results in which simulated EIC
data are also included in the HERAPDF2.0NNLO fitting framework.

IMPACT OF INCLUSIVE ELECTRON ION COLLIDER DATA ON … PHYS. REV. D 109, 054019 (2024)
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PRD 109, 054019 (2024)

• Assumes 1 year of running at 5 center of mass energies (at design luminosity)

• Conservative systematics based on HERA experience

• Biggest impact at large x

• Previous studies rely on fast MC and/or simple assumptions on systematics


• EIC is high luminosity  systematics limited!  


• Rigorous estimates of systematics from full ePIC simulation underway


• New impact studies planned, with focus on early science and long-term impact 

→
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Figure 7: A) Simulated EIC measurements of the longitudinal structure function FL in the conservative scenario,
averaged over 1000 replicas, shown as a function of Q2 and compared with the theoretical prediction given by
HERAPDF2.0 NNLO. B) Summary plot for existing HERA measurements of FL averaged over x and compared
with predictions at NNLO from various PDF sets [10]. The horizontal and vertical scales in A) and B) are
chosen to be identical for ease of comparison and in both cases the weighted-average x value is indicated for
each data point.

a factor of around 3-4 between the results with the conservative and optimistic scenarios, with the assumed
uncertainties propagating approximately linearly. The influence of reducing the integrated luminosity is minor
by comparison, confirming that 1 fb�1 at each

p
s is more than su�cient to achieve the required level of

statistical precision and ensure that the FL extraction is systematically limited, even in the optimistic scenario
with 1% systematics.

We have additionally investigated the potential to improve the precision on FL by increasing the number of
beam energy configurations and hence

p
s vales in the Rosenbluth decompositions. Following [21], in addition

to the default scenario with five configurations (referred to in the following as S-5), we have also considered
di↵erent combinations of the same sets of electron and proton beam energies that lead to di↵erent

p
s values.

As illustrated in Table 2, we consider scenarios with nine (S-9) or 17 (S-17) di↵erent configurations. Not all of
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Figure 8: Simulated FL(Q2) data based on five beam energy configurations in the conservative (top) and
optimistic (bottom) scenarios. In both cases, comparisons are made between results assuming a full nominal
year of integrated luminosity in each configuration (Table 1) and a scenario in which 1 fb�1 is assumed for each
configuration. The data points with the di↵erent luminosity assumptions are slightly o↵-set from one another
for visibility.

Ep [GeV]

41 100 120 165 180 275

E
e
[G

eV
] 5 29 45 49 57 60 74

10 40 63 69 81 (85) 105

18 54 85 93 109 114 141

Table 2: Center-of-mass energies (in GeV) for various combinations of electron and proton beam energies. The
default case studied here (S-5) with five configurations is illustrated with the green boxes. Additional combi-
nations introduced in the S-9 scenario are depicted in red. For the S-17 scenario, the full set of combinations is
included except for the degenerate case at

p
s = 85 GeV (in parentheses).

the combinations considered are necessarily technically realisable at the EIC, so the choices made here should be
considered only as indicative, chosen in order to explore the potential improvements that might be achievable.

Results with the di↵erent numbers of beam configurations are compared at the level of the Rosenbluth fits for
a typical example bin in x and Q2 in Figure 9 in the conservative scenario. The larger number of beam energy
configurations leads both to an increase in the number of data points available for the fits and to an extended
lever-arm for the fit. For the example bin shown, the uncertainty on FL decreases by a factor of approximately
three between the S-5 and S-9 scenarios and by a further factor of around two when extending to the full S-17
case.

As noted in Section 4.1, our method leads to bin-to-bin fluctuations in the uncertainties on the extracted FL

11
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• 1 fb-1 at five center of mass energies

• Optimistic vs. pessimistic systematics

• Previous studies rely on fast MC and/or simple assumptions on systematics


• EIC is high luminosity  systematics limited!  


• Rigorous estimates of systematics from full ePIC simulation underway


• New impact studies planned, with focus on early science and long-term impact 

→
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Projected impact on nPDFs
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Figure 3. The relative uncertainty of the nuclear PDFs determined in the nNNPDF2.0 fit used to
generate the pseudodata, and in the nNNPDF2.0+EIC fits, in the optimistic and pessimistic scenarios.
Uncertainties correspond to one standard deviation, and are computed as a function of x at Q2=100 GeV2.
Results are displayed for the ions with the lowest and highest atomic mass, 4He (left) and 197Au (right),
and for an intermediate atomic mass ion, 64Cu (middle column), and only for the PDF flavors that are
the most a↵ected by the EIC pseudodata: u, d̄, s and g. Note the use of a log/linear scale on the x axis.

in the pessimistic scenario.
A similar behavior is observed for the NNPDF3.1 pch fits, which are therefore not displayed.

In Figs. 3 we show the relative uncertainty of the nuclear PDFs in the nNNPDF2.0 fit used to
generate the pseudodata, and in the nNNPDF2.0+EIC fits, both in the pessimistic and in the
optimistic scenarios. Uncertainties correspond to one standard deviation, and are computed as
a function of x at Q2=100 GeV2. Results are displayed for the ions with the lowest and highest
atomic mass, 4He and 197Au, and for an intermediate atomic mass ion, 64Cu, and only for the
PDF flavors that are the most a↵ected by the EIC pseudodata: u, d̄, s and g.

From Fig. 3 we observe a reduction of nuclear PDF uncertainties, due to EIC pseudodata,
that varies with the nucleus, the x region considered, and the PDF. Overall, the heavier the
nucleus, the largest the reduction of PDF uncertainties. This is a consequence of the fact that
nuclear PDFs are customarily parametrized as continuous functions of the nucleon number A:
nuclear PDFs for 4He, which di↵er from the proton PDF boundary by a small correction, are
better constrained than nuclear PDFs for 197Au because proton data are more abundant than
data for nuclei. In this respect, the EIC will allow one to perform a comparatively accurate scan
of the kinematic space for each nucleus individually, and, as shown in Fig. 3, to determine the
PDFs of all ions with a similar precision. The reduction of PDF uncertainties is localized in the

7

• Assumes 10 fb-1 at three center of 
mass energies for each ion species


• Optimistic vs. pessimistic systematics

• Biggest impact at low, high 

• Larger reductions for heavier ions 

due to -dependence of nPDFs  
 EIC data will largely equalize 

     uncertainties among nuclei

x

A
→

PRD 103, 096005 (2021)

• Previous studies rely on fast MC and/or simple assumptions on systematics


• EIC is high luminosity  systematics limited!  


• Rigorous estimates of systematics from full ePIC simulation underway


• New impact studies planned, with focus on early science and long-term impact 

→
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Spectator-tagged DISDEEP-INELASTIC ELECTRON-DEUTERON SCATTERING … PHYSICAL REVIEW C 104, 065205 (2021)

FIG. 11. Validation of nucleon structure extraction with spectator tagging in BeAGLE (see also Fig. 10). The plots show the neutron
(proton) reduced cross sections σred,n (σred,p) as functions of xn (xp), extracted with two different methods (see Sec. II D). The nucleon reduced
cross sections plotted here are dimensionless. Stars: Integration over spectator momentum (Method I). Circles: Pole extrapolation in spectator
momentum (Method II). In contrast to Fig. 10, here the event-by-event approach was used in removing the pole factor (see Sec. II F).

effects can be included as the technical design or specification
of these elements becomes available. The beam pipe design
(v) will mostly impact the overall detection efficiency; the
nonlinear transport matrix (vi) will affect the assessment of
the momentum smearing for protons in the off-momentum de-
tectors. These effects are not expected to substantially modify
the findings of the present simulations.

In the actual experimental analysis the beam and detector
effects described here will be corrected through an unfolding
procedure. The systematic uncertainty in the final physics
results is not given by the size of the original effects, but by the
accuracy with which they can be corrected. The unfolding pro-
cedure will use apparatus information (design, performance)
that is not available at present. Progress in detector technology
and correction algorithms in the time until the EIC experi-
ments are performed will significantly improve the estimated
accuracy of the correction procedure. For these reasons we
presently cannot perform a quantitative assessment of the sys-
tematic uncertainties after corrections. The important result
of our study is that the aggregate effects before corrections
are ≈10% for protons and ≈30% for neutrons; see Fig. 10.
A reasonable unfolding procedure is expected to be able to
correct these effects with a final accuracy at the percent level,
which will be sufficient for an impactful physics analysis.

Backgrounds. In DIS measurements there are different
sources of backgrounds such as beam-gas interactions, par-
ticles coming from hadronic final states, photoproduction,

etc. These backgrounds and not studied here, as they are
common to all inclusive DIS measurements and not specific
to spectator tagging [19]. Forward nucleons produced through
target fragmentation represent a theoretical background and
are discussed below.

B. Theoretical and fit uncertainties

Uncertainties in pole extrapolation. The extraction of the
free nucleon structure function through pole extrapolation
is subject to specific uncertainties; see Sec. IV C. The first
uncertainty is related to the effects in the event-averaged
pole removal approach described in Sec. II F, which can be
corrected statistically. The error of this correction remains as
a source of uncertainty and is estimated to be ≈1–2%. The
second uncertainty is associated with the polynomial fits used
to perform the extrapolation. The degree of the polynomial
and the fitting range are determined in an optimization process
that takes into account the average variation of the function
and the fluctuations of the data; the optimal configuration
is approximately stable against variation of the degree and
range. We have performed fits using polynomials from first to
fifth order, each with different fit ranges. Combining all the fit
results and comparing to the truth value, the best fit is found
to be the first- or second-order polynomial with a fit range
of 0 < p2

pT (p2
nT ) < 0.01 GeV2. By comparing to other fit

configurations, the final extrapolation uncertainty is estimated

065205-17

• Spectator-tagged DIS:  


• Measure bound nucleon structure as a 
function of initial nuclear configuration


• Detect spectator in far-forward region


• Spectator nucleon highly boosted in lab 
frame  access to very low rest-frame 
spectator momentum


• Low   extrapolate to free neutron 
structure


• Increasing   measure bound nucleon 
modification as function of virtuality

d(e, e′￼ps)

→

ps →

ps →

PRC 104, 065205 (2021)
• Previous studies rely on fast MC and/or simple assumptions on systematics


• EIC is high luminosity  systematics limited!  


• Rigorous estimates of systematics from full ePIC simulation underway


• New impact studies planned, with focus on early science and long-term impact 

→

https://doi.org/10.1103/PhysRevC.104.065205


33

Projected EIC impact: the fine print

• Previous studies rely on fast MC and/or simple assumptions on systematics


• EIC is high luminosity  systematics limited!  


• Rigorous estimates of systematics from full ePIC simulation underway


• New impact studies planned, with focus on early science and long-term impact 

→
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Projected EIC impact: the fine print

• Previous studies rely on fast MC, simple assumptions on systematics


• EIC is high luminosity  systematics limited!  


• Rigorous estimates of systematics from full ePIC simulation underway


• New impact studies planned, with focus on early science and long-term impact 

→

• Previous studies rely on fast MC and/or simple assumptions on systematics


• EIC is high luminosity  systematics limited!  


• Rigorous estimates of systematics from full ePIC simulation underway


• New impact studies planned, with focus on early science and long-term impact 

→
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Summary 

• DIS data is the most important constraint on 
modern PDFs


• Nearly 20 years after shutdown, HERA continues 
to be critical input to global QCD analyses 


• The EIC will carry on HERA’s legacy, making 
major contributions to: 


• Proton PDFs at large 


• Nuclear PDFs at low , high 


• Nuclear modification

x

x Q2

1992 - 2007

2035(ish) -
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Expectation for structure function at low ?x

22 

the adopted functional form over the range 5 < Q 2 (GeV 2) 
< l0 s to an accuracy comparable to that of the experi- 
mental data used - 1-2~o for the dominant distributions 
at small and moderate x, increasing to bigger errors 
toward the large x region (where experimental errors 
increase) and for the numerically small sea-quarks, 
especially the heavy flavor ones. 

A separate question is the applicability of these 
distributions at smaller Q values, say 1 -2GeV.  Here, 
the real issue is the applicability of the Q C D  parton 
model itself in a region of where its theoretical basis - the 
factorization theorem (an asymptotic theorem) - is 
obviously questionable. Because this involves physics at 
the confinement scale, we cannot make any definitive 
statement on this issue. Phenomenologically, our  para- 
metrization is smooth and well behaved above Q = 
2 GeV, Our recommendation is that, for these low values 
of Q, cross-sections calculated with our distributions 
should be regarded only as extrapolated twist-2 QCD contributions which may or may not require additional 
terms due to higher twist (or non-perturbative) contribu- 
tions before they can be directly compared to 
experimentally measured quantities. These additional 
contributions have been recently examined phenomeno- 
logically [19] down to Q2 = 0.5GeV 2 and appear  to be 
quite small for 0.05 < x < 0.4, becoming more important  
as x increases to 1. 

Likewise, not much is known definitively about  
extrapolating parton distributions into the small- and 
large-x regions. Although there is intense current interest 
in these issues - particularly, the small-x behavior [20], 
there is still no conclusive theory comparable to that on 
Q-dependence. Under this circumstance, we take a pure 
phenomenological approach to this issue and use the 
functional form adopted to explore the range of predicted 
small-x behavior of physically interesting process (cf. next 
section). As explained before, our functional form is 
consistent with known theoretical understanding (for 
details, see [21]) and it is more flexible than that used 
by other published parton distribution sets. 

roach from previous efforts. First, we leave the para- 
meter A 1 (cf. (1)) for the gluon and sea-quarks as a free 
parameter  in the data analysis, hence its value (at a fixed 
value Qo) is determined by the data rather than by an 
arbitrary assumption. Since the effective power Alchan- 
ges rapidly with Q in the relatively low Q region where 
evolution starts, any assumption one makes is highly 
dependent on the choice of Qo. Our method does 
not prejudice this choice. Secondly, by introducing a 
logarithmic factor (lnx) a in the functional form (1), we 
allow for the possibility of logarithmic extrapolation 
to the small-x region in addition to the traditional power- 
law extrapolation. This is logical, as the evolution equa- 
tion naturally introduces logarithmic dependences of the 
pat ton distributions even if one starts with a pure 
power-law function. 

For a given selection of data sets we routinely perform 
fits with the A1 factor alone, with the A 3 factor alone, 
and with both as fitting parameters. Since available data 
in DIS and D Y processes involve a limited range in x, 
we are able to get good fits in all three cases. Within 
the (x,Q) range of current experiments the resulting 
parton distribution sets yield very similar DIS structure 
functions and D - Y  cross-sections; but they lead to 
different predictions far away from this range, especially 
for very small x. In this way, we can study the range of 
small-x behavior of parton distributions allowed by 
current data in a systematic and quantitative way. 

For illustration, in Fig. 10a we plot the structure 
function F2 and the gluon distribution at Q2 = 10GeV2 
in the x-range (10-s, 10-~). The two representative 
parton distribution sets "BI"  and "B2" both fit the 
existing data (x > 0.03) but they have different A, - A 3  
exponents which give rise to quite different predictions 
in the x < 0.03 range. In Fig. 10b the same quantities are 
plotted at Q~ = 10 + GeV. As expected, there is a migration 
of the partons to small x caused by the Q2 evolution, so 
that differences are reduced as Q2 increases. In order to 
explicitly display the uncertainty on the small-x behavior 

9 The small-x e x t r a p o l a t i o n  

A strong motivation for undertaking the task of this 
global fit project is to systematically explore our lack of 
knowledge of the parton distributions at low x. Most of 
published pat ton distribution sets use some assumed 
B1 parameters (cf. (5)) for the gluon and sea-quark 
distributions at a given Qo. The small-x behavior of 
the parton distributions so obtained depend sensitively 
to the values of B, and to Qo so chosen (see below). 
Predictions on processes at present (S~pS, Tevatron) 
and future (HERA, SSC) accelerators often rely on 
parton distributions at small x values much below those 
currently measured, hence they depend critically on 
implicit assumptions made about the functional form of 
these distributions at an arbitrarily chosen Q o -  a fact 
not always noted by all users of these distributions. 

In this section we explore the small-x behavior of the 
parton distributions, which are consistent with current 
data, in two different ways which distinguish our app- 

Low x Ext rapo la t ion :  F2(x,Q) and xG(x,Q) 
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Fig. 10. Predicted values of F2(x  ) and xG(x) from fits B1 and B2 at ultra low x for Q2 = I O G c V  2 and Q2= 104GeV 2 
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FIG. 3. Comparison of the shape of the strange quark distribu-
tion determined in opposite-sign dimuon events (data points) 
with the antiquark distribution (solid line) deduced from ^2 
(after Eisele, 1982). 
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FIG. 4. The ratio R =aL/aT as a function of x for the CDHS 
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surements in ep and ed scattering (Bodek et ah, 1979) and [iN 
scattering (Gordon et aly 1979; Aubert et aly 1983a). The 
curve is the QCD prediction for the kinematic range of the 
CDHS experiment. 

A = 1 8 0 ± 2 0 M e V (2.54) 
and 2 o = 5 GeV2. In Fig. 5 we show the quantities 
QviXyQl), xG(x9Ql), and x[uu(x,Qo)+dv(x,Qo)] deter-
mined from (2.49) and (2.51)-(2.53). We shall use the 
following parametrization which reproduces these distri-
butions: 

It is therefore necessary to use the singlet structure 
functions ^ V ^ G 2 ) together with the antiquark distribu-
tions qs(x,Q2) to make a simultaneous fit to A and 
G(x,Q2). The difficult-to-measure ratio R =aL/crT 
enters the analysis. The available data, summarized in 
Fig. 4, do not determine R precisely. Two fits have been 
presented to the CDHS data. 

Under the assumption that R =0.1, Abramowicz et al. 
(1983) determine the combination 

^v(^Go)=^[^u,eo)+^(^eo)+2^u,eg)] 
= 0 . 5 2 ( l - x ) 8 5 4 , (2.51) 

3r
2(x9Ql)=x {uv(xfQl)+dv(x,Ql) 

+ 2[us(x,Ql)+ds(x,Ql)+ss(x,Ql)]} 

= ( 1.1+4.07* K l - x ) 3 ' 1 9 , (2.52) 

and 

h\ 

n i i 1 r 

\ \ 

i 1 r 

Set 1 

-|— -J - - .K. . L 
0 0 .1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 

xG(x,Ql) = (2.62 + 9A7x)(l-x) 5.90 

with 

(2.53) F I G 5 P a r t o n distributions of Set 1 at Q2=5 GeV2: valence 
quark distribution x[uv(x)-\-dv(x)] (dotted-dashed line), xG(x) 
(dashed line), and qv(x) (dotted line). 
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…and are limiting factors to precision 
measurements at the LHC
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Many interesting processes 
are  initiated ( , , LQ…)gg t H

Figure 3.1. The quark-quark (top left), quark-antiquark (top right), gluon-quark (bottom left), and gluon-gluon
(bottom right) partonic luminosities, Eqs. (1–4) of [126], as a function of the invariant mass of the final state mX at
a centre-of-mass energy

p
s = 13 TeV obtained with the ABMP16, CT18, MSHT20, NNPDF4.0, and PDF4LHC21

PDF sets. Results are normalised to PDF4LHC21.

collated in a single set. The number of replicas is finally reduced by means of the compression algorithm
developed in [25] or converted to a single Hessian set by means of the algorithm developed in [23].

PDF4LHC21 [26]. This PDF set is the Monte Carlo combination of the CT180, MSHT20, and NNPDF3.10

PDF sets. The CT180 and NNPDF3.10 PDF sets are variants of the CT18 and NNPDF3.1 PDF sets:
both of these di↵er from the corresponding baseline sets for the values of the charm and bottom
quark pole masses, which are set to values common to those used in MSHT20, m

pole
c = 1.4 GeV

and m
pole
b = 4.75 GeV. The NNPDF3.10 PDF set di↵ers from NNPDF3.1 for a number of additional

variations in the input dataset and in the details of the theoretical computations, see Sect. 2.3 in [26].
The combination is carried out as in PDF4LHC15.

In all cases, we use PDF sets accurate to NNLO with a common, fixed value of ↵s(mZ) = 0.118. Note
that NNLO corrections to hadronic processes were included in all of the aforementioned PDF sets by means
of K-factors, whereas here we make predictions by means of exact NNLO computations. This fact is however
immaterial, given the very weak dependence of K-factors on PDFs [125]. In the case of ABMP16, we use
the set with nf = 5 active flavours. For ABMP16, CT18, and MSHT20, we consider Hessian sets; for
NNPDF3.1, NNPDF4.0, PDF4LHC15, and PDF4LHC21, we consider Monte Carlo sets composed of 100
replicas. In Fig. 3.1 we compare the partonic luminosities, defined by Eqs. (1–4) of [126], obtained with the
ABMP16, CT18, MSHT20, NNPDF4.0, and PDF4LHC21 PDF sets. Results are displayed as a function
of the invariant mass of the final state mX at a centre-of-mass energy

p
s = 13 TeV and are normalised to

PDF4LHC21. Comparison using other PDF sets can be seen in [3].
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with data from the JLab BoNuS experiment [60] for
W ≥ 1.84 GeV=c2, evolved to the Q2 of MARATHON
[25], and results from early SLAC measurements withW ≥
1.84 GeV=c2 [15,50]. The SLAC results are presented as a
band, the width of which at high x is dominated primarily
by uncertainties due to the choice of the N-N potential used
for the evaluation of the deuteron wave function [25,30,31].
The MARATHON data are in good agreement with the
BoNuS data, and fall well within the SLAC results band.
The highest x points are consistent with Fn

2=F
p
2 tending to a

value between 0.4 and 0.5 at x ¼ 1. This is consistent with
the predictions of perturbative QCD and quark counting
rules (for which this ratio is 3=7 at x ¼ 1), and with a recent
prediction [61] that treats strong interactions using the
Dyson-Schwinger equations, where diquark correlations in
the nucleons are consequences of dynamical chiral sym-
metry breaking (for which the nucleon F2 ratio lies, at
x ¼ 1, between 0.4 and 0.5). It is also consistent with a
covariant quark-diquark model which also predicts that this
ratio should be 3=7 at x ¼ 1 [62].
The MARATHON Fn

2=F
p
2 values are in excellent agree-

ment, as quantified by a χ2 per degree of freedom (df) of
0.8, with those predicted by K-P, which were used in the
determination of Rht. For this reason, an iterative pro-
cedure, as described earlier, was not necessary. A com-
parison between the MARATHON Fn

2=F
p
2 results and the

K-P prediction is shown in Fig. 3. Shown also in Fig. 3 are
the σt=σh MARATHON values compared with the K-P
prediction. The predicted σt=σh values by K-P, which were
also used in the determination of Rht, are in excellent
agreement with the MARATHON data, as quantified by a
χ2=df of 0.8. Also shown in Fig. 3 is the nuclear DIS

determination of Fn
2=F

p
2 by Segarra et al. [52], the

latest calculation for Fn
2=F

p
2 by the CTEQ-JLab (CJ)

Collaboration [63], and a recent prediction for σt=σh by
Tropiano et al. [64], which includes isovector components
in the off-shell effects for the bound nucleons in the A ¼ 3
nuclei, resulting in different corrections for the proton and
neutron.
In summary, the MARATHON experiment has provided

a precise determination of the nucleon Fn
2=F

p
2 ratio from

electron DIS by the A ¼ 3 mirror nuclei. The analysis is
based on a novel data-driven approach minimizing model
corrections and drastically reducing theoretical uncertain-
ties with respect to other conventional extractions of the
ratio. The results are expected to improve our knowledge of
the nucleon parton distributions, and to be used in algo-
rithms which fit [44,63,65] hadronic data to properly
determine, taking into account their Q2 variation, the
essentially unknown ðuþ ūÞ=ðdþ d̄Þ ratio at large
Bjorken x, which is relevant for the interpretation of
high-energy collider data. They will also provide unique
input for the study of the partonic structure of the few-body
nuclear systems.
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FIG. 3. The DIS σt=σh and the Fn
2=F

p
2 ratios from the

MARATHON experiment, plotted versus the Bjorken x, com-
pared to the theoretical predictions of Kulagin and Petti, and
of Refs. [52,63,64] (see text). The error bars include over-
all systematic uncertainties. All curves correspond to the
MARATHON kinematics.
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Kent State and AKP (Alekhin-Kulagin-Petti) d/u from MARATHON  

Since the raw F2
n/F2

p data are indistinguishable from the K-P model, we (Kent State and AKP) have decon-
voluted the data to remove the model’s i) target mass (TM) effects, ii) higher-twist (HT) effects, and iii) strange 
quark contributions, to obtain Leading Order (LO) data values (QPM), evolved to a fixed Q2 = 7 (GeV/c)2. 

MARATHON deconvolution and AKP QCD fit result in d/u = 0 at x = 1, in agreement with the diquark 
model of Feynman!  The JAMC fit is unable to determine d/u at large x, but finds an isovector quark effect!
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nCTEQ fit with only some nucleons modified

f A
i (x, Q2) =

Z
A [(1 − CA

p ) × f p
i (x, Q2) + CA

p × f SRC p
i (x, Q2)]

+
A − Z

A [(1 − CA
n ) × f n

i (x, Q2) + CA
n × f SRC n

i (x, Q2)]

Abundance and structure 
of free nucleons

Abundance and structure 
of modified nucleons

PRL 133, 152502 (2024)
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Results show large modification of SRC nucleons
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