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๏ Brief recap of nuclear PDFs. 

๏ Current efforts. 

๏ Nuclear densities at the EIC. 

๏ Summary.
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๏ They give us all the information about the internal structure 

of hadrons.

Brief recap on PDFs:

๏ We can identify several families of PDFs (collinear, TMD, 

GPDs, FFs, etc.)
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๏ They give us all the information about the internal structure 

of hadrons.

Brief recap on PDFs:

๏ PDFs are universal and have a calculable dependence 

on the scale(s).

๏ We can identify several families of PDFs (collinear, TMD, 

GPDs, FFs, etc.)

๏ In perturbative QCD they can’t be computed from first 

principles. Must be inferred from data.

  3/16



M. Arne odo e t al. / Nucle on s tructure  func tion  45 

F2(A)' 

F2(D) 

1 1 

I. 

0.9 

0.8 

0.7 

0.6 

0.5 

t+  + +j 
. Eoc??o 

10 2 10-1 1 
X 

Fig. 18. Compila tion of the da ta  on the nuclear to nucleon s tructure  function ra tio (the  "EMC effect") 
for the (A) = 55 nucle i [5,6b, 30,34 36,38]. Data  coming from the EMC experiments  are  marked by 

closed points . The e rrors  are  s ta tis tical. 

x with  in c re a s in g  nuc le a r a to m ic  ma s s .  Th e  s h a d o win g  b e c o m e s  m o re  p ro n o u n c e d  
with  in c re a s in g  A a n d  the re  a re  ind ica tions  o f a n tis h a d o win g  fo r 0.1 < x < 0.3. 

Th e  s tru c tu re  func tion  ra tios  do  n o t s how a n y s ign ifica n t Q2 d e p e n d e n c e  fo r 
fixe d  x in te rva ls .  Th is  s ugge s ts  tha t s h a d o win g  m a y b e  due  to  p a rto n ic  in te ra c tio n s  
a s  we ll a s  a  ve c to r m e s o n  s truc tu re  o f the  virtua l e xcha nge  p h o to n .  Q u a n tita tive  
m o d e ls  d e ve lo p e d  in c o n n e c tio n  with  o u r d a ta  c o n ta in  c o n trib u tio n s  fro m  b o th  
p a rto n ic  a n d  Ve c to r Me s o n  Do m in a n c e  me cha n is ms .  

O u r d a ta  a re  cons is te n t with  thos e  o b ta in e d  fro m  o th e r c h a rg e d  le p to n  s c a tte rin g  
e xp e rim e n ts ,  b o th  a t s imila r a n d  h ighe r va lue s  o f x a n d  Q2 a s  we ll a s  with  thos e  
o b ta in e d  in  p h o to p ro d u c tio n .  Th e  p re s e n t d a ta  a d d  va lu a b le  in fo rm a tio n  o n  the  low 
x b e h a vio u r o f the  Fz (A)/F2(D ) ra tio  fo r the  light, ( A) =  12, a n d  m e d iu m  s ize , 
( A)  = 55, nucle i. Th is  ra tio  ha s  b e e n  m e a s u re d  e xte ns ive ly fo r x va lue s  a b o ve  0.1 
( "th e  E MC  e ffe c t").  Th e  c o m p ila tio n  o f the  world  d a ta  fo r the  ( A)  = 55 nucle i is  
p re s e n te d  in  fig. 18. A cons is te n t e xp e rim e n ta l p ic tu re  o f the  ra tio s  o f s tru c tu re  
fu n c tio n s  fo r b o u n d  a n d  fre e  nuc le ons  e me rge s  ove r a  wide  ra nge  o f x. 

We  wis h  to  th a n k (ma ny p e o p le  a t o u r h o m e  ins titu te s  a n d  a t C E R N fo r 
s u p p o rtin g  th is  e xpe rime n t.  In  pa rticu la r,  we  th a n k A. Da vie s ,  R. Do b in s o n  a n d  E. 
Wa ts o n  fo r the ir he lp  with  the  s ma ll-a ng le  trigge r. In  a dd ition ,  we  th a n k the  S P S  
d ivis ion  fo r p ro vid in g  us  with  the  m u o n s  a n d  the  DD a n d  EP  d ivis ions  fo r he lp ing  
us  with  the  F AS TBUS  p ilo t p ro je c t.  F ina lly the  fina nc ia l s u p p o rt fro m  a ge nc ie s  in  
h o m e  c o u n trie s  a n d  fro m  C E R N is  g ra te fu lly a cknowle dge d .  

Nucl.Phys.B 333, 1

๏ In an experiment involving nuclei we see things like this:

d2σDIS

dxdQ2
∝  F2 −

y
1 + (1 − y)2

FL

๏ Genuine modification of the initial state due to the medium.
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๏ If we assume that we can apply pQCD just as in the “proton” 

case, then the only thing that we can modify is the soft part.

๏ The popular way: introduce A-dependent nuclear PDFs, to be 

obtained from data. 
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Current efforts
๏ 🇺🇸 and 🇺🇸-🇩🇪: nCTEQ15: PRD 93, 085037. nCTEQ15WZ: EPJC 80, 968. 

nCTEQ15HiX: PRD 103, 114015.

๏ 🇦🇷 and 🇦🇷-🇩🇪: nDS: PRD 69, 074028. DSSZ: PRD 85, 074028.

๏ 🇫🇮-🇩🇪: nTuJu19: PRD 100, 096015. nTuJu21: PRD 105, 094031.

๏ 🇫🇮-🇪🇸: EKS: EPJC 9, 61. EPS09: JHEP 0904, 065. EPPS16: EPJC 77, 163. 

EPPS21: EPJC 82, 413.

๏ 🇯🇵: HKM: PRD 64, 034003. HKN07: PRC 76, 065207.

๏ 🇮🇷 and 🇮🇷-🇩🇪: KA15: PRD 93, 014026. KSASG20: PRD 104, 034010.

๏ NN: nNNPDF1.0: EPJC 79, 471. nNNPDF2.0: JHEP 09, 183. 
nNNPDF3.0: EPJC 82, 507.

For a detailed presentation on the current status of nPDFs, please use your bilocation+time 

travelling skills to attend Pit Duwentäster’s talk in today’s QCD-PDF session.
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Eur.Phys.Jour. C 82, 413
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๏ Just like for any other PDF family, the sets differ on the choices 

made during fitting. 

๏ The extraction of a distribution is constrained by the data. 



๏ Just like for any other PDF family, the sets differ on the choices 

made during fitting. 

Eur.Phys.Jour. C 82, 413

๏ The extraction of a distribution is constrained by the data. 

Data w/o cut* with W2 cut

NC DIS 6.2 
65

4.5 
61

CC DIS 0 
6.5

0 
10

* only requiring Q2 > 1 GeV2

approx % of data with rel.uncer. < 5%

approx % of data with rel.uncer. < 1%
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Eur.Phys.Jour. C 82, 413

๏ Single inclusive hadron production (needs FF). 

๏ Drell-Yan in fixed target  collisions (needs pion PDFs). 

๏ W and Z production, and di-jets at the LHC. 

๏ D meson production at the LHC (needs D meson FF). 

๏ Prompt photon at the LHC.

π + A
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See Peter Risse’s talk (QCD-PDF session)
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๏ Single inclusive hadron production (needs FF). 

๏ Drell-Yan in fixed target  collisions (needs pion PDFs). 

๏ W and Z production, and di-jets at the LHC. 

๏ D meson production at the LHC (needs D meson FF). 

๏ Prompt photon at the LHC.

π + A
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See Peter Risse’s talk (QCD-PDF session)

๏ These observables 

complement DIS.  

๏ DIS is the cleanest 

observable to extract 

PDFs (e.g. HERAPDF).



Nuclear densities at the EIC

Nucl.Phys.A 1026 (2022) 122447 very precise mapping 
with JLAB12

EIC

 9/16



๏ EIC will have a lager kinematic coverage than the fixed target 

experiments.

“This broad kinematic coverage … will revolutionize our 
current understanding of partonic distributions in nuclei.” 

Nucl.Phys.A 1026 (2022) 122447
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๏ More importantly, the expected uncertainties will be much smaller:158 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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Figure 7.67: Relative statistical and uncorrelated systematic uncertainties for inclusive cross
section measurements in 18x110 GeV e+A collisions expected at the EIC. Details of the sys-
tematic error estimate may be found in Section 8.1.

nPDFs via inclusive DIS

The DIS cross section can be expressed in terms of the structure functions F2 and
FL

s µ F2(x, Q2) � y2

1 + (1 � y)2 FL(x, Q2) . (7.37)

The former is mainly sensitive to the (anti-)quark content of the nucleon and dom-
inates the cross-section at high values of x. The latter, relevant in the unexplored
low x region, has a direct contribution from the gluon density [782]. The large Q2

lever arm of the EIC will allow us to precisely extract FL and further determine
the nuclear gluon PDF. Longitudinal and charm structure functions provide direct
access to the magnitude of nuclear effects on the gluon distribution [783].

The precision of the inclusive cross section measurements at the EIC at low values
of x (x < 10�2) and Q2 will significantly reduce the current theoretical uncertain-
ties. This is demonstrated in Fig. 7.68 which shows a comparison of the relative
uncertainties of three modern sets of nPDFs [26, 784, 785] in a gold nucleus (blue
bands) and their modification when including EIC DIS pseudodata in the fits (or-
ange bands). The overall effect is a significant reduction of the uncertainties in the
low-x region, where data is scarce or non-existent. The high-x, low Q2 region is
covered by fixed target experiments and will be further explored at CLAS.

๏ We will be able to use the 

EIC data as foundation for 

nPDF fits.

๏ Deuterium to 238U. Perhaps 

enough to do individual fits.
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FIG. 10. Inclusive FL (left) and F cc̄
L (right) as a function of x for several values of Q2. The vertical bars represent statistical

and systematic uncertainties added in quadrature. The grey bands represent the theoretical predictions based on EPPS16.

proton PDF. The adopted x dependence was

REPPS16(x) =

8
<

:

a0 + a1(x� xa)2 x  xa

b0 + b1x↵ + b2x2↵ + b3x3↵ xa  x  xe

c0 + (c1 � c2x) (1� x)�� xe  x  1.
(7)

In the equations above, xa and xe are the values of x cor-
responding to the assumed antishadowing maximum and
EMC minimum, respectively (see Figure 11). The rest of
the parameters were adjustable but constrained such that
the piecewisely defined parametrization is smooth over all
x. The A dependence of the fit functions was encoded
with a power-law-like parametrization at x = xa, x = xe,
and in the case of sea quarks also in the limit x ! 0, see
Ref [22] for further details. Figure 11 (left) shows some
examples of how the function in Eq. (7) behaves at small
x when freezing the parameters that control the region
x > xa. The sti↵ness of REPPS16(x) is obvious: only a
monotonic decrease or increase towards x ! 0 is possible.
Exactly the same limitation would apply also if we were
to perform a PDF-reweighting study. Here, our goal is to
partly release this assumption to obtain a less-biased es-
timate of the projected data constraints. In practice, we
have replaced the EPPS16 small-x fit function in Eq. (7)
by a more flexible form.

Rnew(x  xa) = a0+(x�xa)
2

"
a1 +

2X

k=1

ak+2x
k/4

#
. (8)

Some examples of how this function can behave are
shown in Figure 11 (right). Ideally, the same functional
form should be applied to all partonic species, but in
the present work we only use it for the gluons. They
arguably play a special role being particularly prone to
non-linear e↵ects at low Q2 and also in controling the
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๏ We will also be able to properly separate the longitudinal structure 

function that is sensitive to the gluon density.

Phys.Rev.D 96 (2017) 11, 114005
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CHAPTER 7. EIC MEASUREMENTS AND STUDIES 159

Figure 7.68: Relative uncertainty bands for Au at Q2 = 1.69 GeV2 for u (first row), ū (sec-
ond row), s (third row) and gluon (lower row) for three different sets of nPDFs. The blue
and orange bands correspond to before and after including the EIC pseudodata in the fit,
respectively.

Probing nuclear gluons with heavy flavor production

Heavy flavor (HF) production is a powerful observable that will complement in-
clusive DIS measurements in determining nuclear modifications of the PDFs, in
particular for the gluon distribution. Recent results from ultraperipheral A + A
collisions [786,787,787–790] as well as HF and dijet production in p + Pb [791–793]
at the LHC support nuclear suppression with respect to the proton gluon at
x ⌧ 0.1 (shadowing). However, little is known about gluon enhancement (anti-
shadowing) at x ⇠ 0.1 or a possible suppression at x > 0.3 (“gluonic EMC effect”).
At the EIC it will be possible to obtain a direct constraint of the gluon density by
measuring HF pairs which at LO are produced through the photon–gluon fusion
process. This channel probes the gluon PDFs for x > axB, where a = 1 + 4m2

h/Q2

and mh is the heavy quark mass. This measurement will also permit the study of
different heavy quark mass schemes and constrain the intrinsic HF components in
the nPDFs [794].

The feasibility and impact of nuclear gluon measurements with HF production

Nucl.Phys.A 1026 (2022) 122447
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๏ Using the PID needed for SIDIS, we can identify e.g. kaons coming 

from c quarks.



๏ For the first time we will have jets in e+A!

15/16

FIG. 5. Same as Fig. 4 for the nCTEQ15 fit including also inclusive pion data from D-Au collisions
at BNL RHIC, and for the central EPPS16 fit (dotted green lines) to – in particular – dijet data
from the LHC as well as the corresponding (green-shaded) error bands.

at very forward rapidities are to be expected (top right). The reduced uncertainty there
translates into a similarly reduced uncertainty at low Bjorken-x (bottom right), while in
the Q2 distribution the nCTEQ15 and EPPS16 predictions are again very similar, except
at very high scales (bottom left). Under the assumption that jets are not (or at least less
than pions) modified in pA collisions, the EPPS16 predictions are already quite precise, but
would still be improved at an EIC by a factor of up to five.

V. CONCLUSION AND OUTLOOK

Let us therefore now come to our conclusions. In this paper, we have made predictions
for inclusive jet production in electron-ion collisions at a possible future EIC. Our goal was
in particular to establish the benefit that such a collider might have on a more precise de-
termination of nuclear PDFs, which is not only required to enhance our knowledge of quark
and gluon dynamics in the nucleus, but also to allow for a reliable extraction of hot nuclear
matter properties after a proper subtraction of cold nuclear e↵ects. Theoretically, our cal-
culations were based on a full NLO and an approximate NNLO calculation, implemented
in the program JetViP. While the NLO corrections were large, in particular at low pertur-

11

๏ And di-jets!

FIG. 4. Same as Fig. 3 for the nCTEQ15 fit including also inclusive pion data from D-Au collisions
at BNL RHIC, and for the central EPPS16 fit (dotted green lines) to – in particular – dijet data
from the CERN LHC as well as the corresponding (green-shaded) error bands.

scales up to 103 GeV2, but only x-values of 10�2 and p̄2T of 400 GeV2. The jets would be
well contained in a hadronic calorimeter with ⌘ 2 [�1; 3]

Despite the more limited kinematic reach, we found that one cannot only probe the EMC
and antishadowing regions, but that one can also reach somewhat into the physically inter-
esting and important shadowing region. Similarly to our findings in DIS, EIC measurements
have the potential to reduce the current theoretical uncertainty on nuclear PDFs by a factor
of 10 to 5, depending on how much information beyond DIS and DY has been included from
existing hadron colliders.

The implementation of jet mass corrections [34] to our aNNLO formalism is left for
future work. Although they will in particular introduce a dependence on the jet radius R,
the impact of these additional corrections is expected to be even smaller than the one of the
aNNLO contributions as a whole, in particular when R = 1 as in this study, where terms lnR
obviously disppear. Improvements similar to those at the EIC may also be expected from an
LHeC [42]. Due to its potentially higher center-of-mass energy, the kinematic reach could
even be larger there. Finally, even transverse-momentum dependent distribution functions
(TMDs) of gluons in protons and nuclei might become accessible in measurements of dijet
asymmetries in polarized or unpolarized ep and eA collisions at the EIC [43].

10

Phys.Rev.D 97 (2018) 11, 114013

Phys.Rev.D 95 (2017) 9, 094013

Jets as precision probes in e+A at the EIC: 

Phys.Rev.C 101 (2020) 6, 065204



Summary
๏ The EIC will be the first of its kind for the nuclear 

community. We will have a “nuclear” HERA.

๏ Just the DIS data will supersede the old fixed target 

experiments in quantity, precision and kin. coverage.

๏ And we will be able to measure poorly known or 

unexplored observables (SIDIS, jets, etc). 
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๏ For flavour separation we will continue to need 

complementary information. 


