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EMC – First data, published in March 1983
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Fig. 14. The ratio F2(Fe)/~(D ) averaged over Q2 as a function of x. The smooth curve shows the 
expected behaviour due to the Fermi motion of the nucleon in the nucleus [34]. 

The results clearly demonstrate that the quark distributions measured from 
nuclear targets are modified by nuclear effects. Many models have been proposed 
[38] to explain these nuclear effects but there is still no consensus about their origin. 

7. Conclusions 

Measurements of the nucleon structure function, F N, from a deuterium target 
have been presented. Comparison of these with the measurements for free protons 
in hydrogen allow values of the structure function of the neutron, F2 n, to be derived. 

The pat tern of scale breaking for F~ ,  F~ and the non-singlet structure function 
F ~ - F 2  n are consistent with the predictions of QCD. The values of A, the QCD 
mass scale parameter,  determined from the observed scaling violations is consistent 
with the measurements from this experiment for hydrogen and iron. The fraction of 
the m omen tum  of the nucleon carried by gluons in deuterium was measured to be 
53 + 2%. The values of this fraction are found to be similar for free protons and 
neutrons as well as for nucleons bound in an iron nucleus. 

The charges of the u flavour and d flavour quarks were measured to be 
0.64_+ 0.05 and 0.41 _+ 0.07, consistent with the values of 32 and ~, respectively, 
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Many of  the recent deep inelastic muon and neu- 
trino nucleon scattering experiments have been per- 
formed using nuclear targets ltke carbon, marble, 
heavy liqmds or iron [1]. The data of  these experi- 
ments have been used to determine the nucleon struc- 
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(?q)N and gluon distribution gN over a wide range o f x  
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Mp is the proton mass and v Is the energy transferred 
from the lepton to the nucleon. The observed pattern 
of  scahng violations has been found to be an good agree- 
ment with the theoretical expectations of  quantum 
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“The observed x dependence of this ratio is in disagreement with existing 
theoretical predictions”

CERN
Hints from high energy muons 



The EMC effect in 2013 
n Universal shape 
n ~Independent of Q2

n Effect increases with: either A? or the nuclear density?

03/02/2023 3ESNT SRC workshop

”Thirty years ago, high-energy muons at CERN revealed the first hints of an effect that puzzles 
experimentalists and theorists alike to this day.”

D. Higinbotham, G. Miller, O. Hen and K. Rith, CERN Courier, 2013:  

Fermi motion

Antishadowing

CERN COURIER 

Apr 26, 2013 

The EMC effect still puzzles after 30 years 

Thirty years ago, high-energy muons at CERN revealed the first 
hints of an effect that puzzles experimentalists and theorists alike 
to this day. 

Résumé 

L’effet EMC, encore une énigme 30 ans après 

Il y a trente ans, les membres de la collaboration EMC (Collaboration européenne du muon) 

au CERN découvraient un effet inattendu en rapportant leurs mesures de la diffusion 

profondément inélastique du muon au nombre de nucléons : les fonctions de structure 

étaient différentes s’agissant du fer et s’agissant du deutérium, qui est un noyau beaucoup 

plus léger. En représentant le rapport fer/deutérium en fonction de la fraction de l’impulsion 

du nucléon portée par le quark frappé, les expérimentateurs ont découvert une pente 

descendante inattendue. Ce résultat surprenant a été confirmé par de nombreux groupes, 

mais il reste une énigme. Des données récentes sur le 9Be ont relancé l’intérêt pour cette 

question, en montrant que des corrélations nucléon-nucléon à courte distance pouvaient 

être liées à l’effet EMC. 

 

Contrary to the stereotype, advances in science are not typically about shouting 

"Eureka!". Instead, they are about results that make a researcher say, "That’s 

strange". This is what happened 30 years ago when the European Muon 

collaboration (EMC) at CERN looked at the ratio of their data on per-nucleon deep-

inelastic muon scattering off iron and compared it with that of the much smaller 

nucleus of deuterium. 

 
Fig. 1. 



The EMC effect - 40 years later 

u The simplest definition of the EMC effect:
n The PDFs in nuclei are different than the PDFs in free nucleons 

u Additional (yet unanswered) questions:
n Are valence quark PDFs and sea quarks PDFs in nuclei modified 

differently or not? 

n Is the EMC effect flavor-dependent? 

n Is the EMC effect on quarks similar to that on the gluons?

n Are the Transverse Momentum Distributions (TMDs) also 
modified? 
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with the coefficient function CNS, which is known in perturbation theory [13]. Using DGLAP evo-
lution, the structure function at any value of Q2 can be written as a function of the PDFs at a single
reference scale Q2

0:

FNS
2 (x,Q2) =

∫ 1

x

dy
y

KNS
(
y,αs

(
Q2

)
,αs

(
Q2

0

))
fNS

(
x
y
,Q2

0

)
. (21)

Eq. 21 summarises the challenges that global fits are trying to address. Experimental data, which
are correlated and have statistical and systematic errors, appear on the left-hand side of the equation,
and are used to determine the PDF at the reference scale on the right-hand side. The problem is ill-
defined in the sense that the continuous real functions fa(x,Q2

0) cannot be determined from a discrete
set of data, no matter how copious this set is. In order to overcome this difficulty, a parametrization for
fa(x,Q2

0) needs to be chosen; experimental data are then used in order to constrain the parameters that
define the functional form. The parametrizations used for these fits need to be sufficiently flexible, so
that they do not introduce a bias in the result of the fit. Moreover the error on the data needs to be
propagated into an error on the fitted functions fa(x,Q2

0).
It is also clear from Eq. 21 that data for FNS

2 can only constraint the non-singlet PDF, and do not
provide information on individual flavors distributions. In order to constrain all PDFs a large variety
of processes needs to be included in the analysis.

3.2 Global datasets

Factorization theorems allow most observables to be written as a convolution of hard partonic cross
sections, and PDFs. For example the cross sections for processes at hadron colliders can be written as

σ(H1H2 → X) =
∑

a,b

∫
dx1dx2 fa(x1, µ

2) fb(x2, µ
2)×

× σ̂ab→X(x1x2s, µ2, µ2
R) , (22)

where H1 and H2 are the hadrons involved in the collisions, and fa and fb are the parton distributions
in these hadrons. Using DGLAP evolution again, it is clear that Eq. 22 yields an expression for ob-
servables as functions of the PDFs at the reference scale. The universality of PDFs allows to combine
data from different experiments to constrain the same PDFs. Different experiments will constrain
different combinations of PDFs, and different kinematical regions in x. Being able to combine all the
available data, including the rapidly increasing amount of data from the LHC, is crucial to get the best
determination of PDFs.

As an example, the result of the latest global fit by the NNPDF Collaboration is shown in Fig. 2.
Here we review briefly the new data included in these global fits in going from [14] to [15], trying to
identify their impact on the determination of PDFs. The reason for focussing on this specific example
is twofold: understanding the current level of precision in global fits, and highlighting the impact of
recent LHC data.

Deep-inelastic scattering data are summarised in Tab. 1. The final HERA combination [16]
provides stringent bounds on quark distributions at medium values of x. The bottom [17, 18] and
charm [19] structure functions have been considered in order to constrain respectively the determi-
nation of the bottom mass, and the charm content of the proton. Tevatron data, reported in Tab. 2,
include fixed target Drell-Yan from the E605 [20] and E866 [21–23] experiments, weak boson pro-
duction from CDF [24] and D0 [25] Z rapidity distributions, and inclusive jet production [26]. The
very precise W lepton asymmetries in the electron [27] and muon [28], provide important information
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Figure 2. Results of the latest global fit by the NNPDF Collaboration. PDFs are shown at factorization scales of
10 GeV2 (left) and 104 GeV2 (right). PDFs at diferent factorization scales are related by DGLAP evolution. Note
the size of the statistical errors for the different partons in different kinematical regions.

on the quark flavor separation at large-x, as demonstrated in [29]. Nowadays an increasing number
of LHC results has already been included in global fits. The recent NNPDF3.1 set of PDFs includes
data for the Z boson double-differential distribution [30, 31]; the inclusive W+, W−, and Z rapidity
distribution [32, 33]; the top-quark pair production normalized yt distribution [34, 35]; the tt̄ total
cross section [36–38]; the inclusive jet cross section [39, 40]; the low-mass Drell-Yan [41]; and the
inclusive W, Z production [42, 43].

This long list of experimental data should give a feeling for the variety of data used in these fits,
and for the LHC contribution to the determination of PDFs, with most PDFs being affected at 1σ to
2σ level. The impact of these data is discussed in detail e.g. in Ref. [15]. A quantitative estimate of
the error reduction due to new data is shown in Fig. 3, where the statistical error for the gluon and the
d̄ quark PDFs are shown. An overall reduction of the error is seen for all values of x, sometimes by a
factor of 2, bringing the relative uncertainty at the level of 2%. More detail can be found in the actual
publications, but it is useful to keep in mind this order of magnitude as being typical of the uncertainty
from global fits, in the regions that are reasonably constrained by the data. Clearly the error blows up
at very small values of x.

The uncertainty on the PDFs is rapidly becoming one the limiting factors in searches for new
physics. An example of the impact of the PDF error can be found in Ref. [44], where the relative size
of the NLL corrections for gluino pair production was computed. As shown in Fig. 4, the error in the
relative size of the NLL corrections grows very quickly as the gluino mass is increased, mostly as a
consequence of the large PDF errors at large values of x.

There are several collaborations that are currently producing global fits, using basically the same
datasets, but different methodologies, see Refs. [15, 69–72] for recent updates. Here we would like to
summarise what we believe are the important issues to keep in mind when engaging in lattice studies
of PDFs. It is interesting to remark that global fits yield consistent results within errors, despite a wide

7
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The EMC effect - 40 years later 

u Additional (and un-answered) questions:
n Are valence quark PDFs and sea quarks PDFs in nuclei 

modified differently or not? 

n Is the EMC effect flavor-dependent? 

n Is the EMC effect on quarks similar to that on the gluons?

n Are the Transverse Momentum Distributions (TMDs) also 
modified? 
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Dedicated Drell-Yan 
experiments could 
provide an answer

Could be probed using 
SIDIS



The Drell-Yan (-Lederman) process

u First ”dimuon” experiment  at the AGS : in 1968 !
Leon Lederman’s team was looking for the W  
n Rapid fall-off: ~Mµµ

-4

n Shoulder at around 3-4 GeV was unexplained: the authors missed 
two great discoveries: J/𝜓... and the partonic substructure of the 
nucleon     

u Explanation by Drell and Yan (1970)
n Process explained using Feynman’s parton model
n First application of the parton model besides the SLAC DIS exp’t
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Dimuon experiments – a celebrated historical background

n Discovery of the J/𝜓
“1974:  Ting, Richter

n Discovery of the 𝛶
1977: Lederman

Discovery of the J/Psi Particle

The Process: p + Be → e+ e-  X

at  BNL   AGS

very narrow width 
⇒ long lifetime

n Discovery of the W,Z
1983: Rubbia, van der Meer
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Experimental tests of the Standard ModelExperimental tests of the Standard Model
• Discovery of the W and Z bosons
• Precision tests of the Z sector 
• Precision tests of the W sector
• Electro-weak unification at HERA
• Radiative corrections and

prediction of the top and Higgs mass
• Top discovery at the Tevatron
• Higgs searches at the LHC

!

1. Discovery of the W and Z boson 1983 at CERN SppS accelerator, 
√s≈540 GeV, UA-1/2 experiments

1.1 Boson production in pp interactions

p

p u

d

W
ŝ

q,−!

q,!ν

q,−!

q,+!p

p u

ŝ

Z
"!

XWpp +→→ !!ν XffZpp +→→

 Similar to Drell-Yan: (photon instead of W)

10 1001 ZWMs ,ˆ

)( ZW σσ

nb1.0

nb1

nb10

12.0x   mitˆ q ≈= sxxs qq

22
q )GeV65(014.0xˆ =≈= sss

→ Cross section is small !

!

1.2 UA-1 Detector

!

1.3 Event signature:

p p

+!

−!

High-energy lepton pair:

222 )( ZMppm =+= −+ !!!!

XffZpp +→→

GeV91≈ZM

𝜈µJ/𝜓 W,Z



n Convolution of beam and target PDFs

n At order (αs
0) : a purely electromagnetic process

n NLO (αs
1) corrections are well known

n NNLO (αs
2) corrections are also known

Drell-Yan cross section
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QCD 
Compton

Gluon 
production

Drell-Yan is a well understood process

d2σ
dx1dx2

∝ ei
2

i=u ,d ,s
∑ fi

π (x1 ,Q2). fi A(x2 ,Q2)+ fiπ (x1 ,Q2). fiA(x2 ,Q2)⎡⎣ ⎤⎦

58 

A Dependence of Anti-quark 
Distributions 

•  Drell-Yan process sensitive  
  to anti-quark distributions in    
  the target  
•  E772 measured no A 
  dependence over limited x 
  range, with limited precision 
•  E906 will measure up to x=0.4 

!+

!-p (beam)

N (target)

x1 q
x2 q

_
�*

E906 underway … 



n Convolution of beam and target PDFs

n DY process: quark – antiquark annihilation 

n Pion beam (π−) + proton target    : "𝑢𝑑 + (𝑢𝑢𝑑) : probes u valence quarks in the target
n Pion beam (π+) + proton target    : 𝑢𝑑̅ + (𝑢𝑢𝑑) : probes d valence quarks in the target

n Proton beam + proton target : 𝑢𝑢𝑑 + (𝑢𝑢𝑑+"𝑢!𝑢!) : probes sea quarks in the target 

Drell-Yan cross section
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Nuclear effects − possible studies using dimuon production

u Separate valence and sea nuclear effects with DY (DIS is sensitive to both)
n Pion beams : probe mainly valence quarks 
n Proton beams probe mainly sea quarks 

u Separate different flavors (DIS is not sensitive to the individual flavors)  
n Pion (π−) beam : probes (preferentially) valence u quarks 
n Pion (π+) beam : probes (preferentially) valence d quarks
n Can probe the flavor dependence of the nuclear mean field

u Access the gluon distribution in nuclei?
n Assuming that the J/𝜓 production is well understood
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NA10 results, 1987 

u Beam: π−

u Targets: 2D, W 
u Energies: 140, 286 GeV

03/02/2023 11
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Bordalo et al, PL B193, 368 (1987)

“The x2 distribution indicates an effect 
(slope) quite similar in shape and magnitude 
to that reported by DIS experiments” 

x2 region: ~0.10 – 0.45 
ESNT SRC workshop



E772 results, 1990

u Beam: protons 
u Targets: 2H (50 cm) C, Ca, Fe, W 
u Energy: 800 GeV
u Goal: probe antiquark distribution in nuclei
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Alde et al, PRL 64, 368 (1990)

VOLUME 64, NUMBER 21 PHYSICAL REVIEW LETTERS 21 MAY 1990
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FIG. 2. Ratios of the dimuon yield per nucleon for Fe/'H vs dimuon mass, pr, and xz. The pr and xz ratios only include data

from the pure continuum mass region, 4 ~M ~9 GeU and M ~ 11 GeU.

EMC effect fall into three general categories: pion-
excess models, quark-cluster models, and rescaling mod-
els. These models can also be used to predict the nuclear
dependence of DY dimuon production. The acceptance
of the E772 spectrometer was taken into account in each
of the following calculations.
The pion-excess model in its earliest forms' ' pre-

dicted a rise in the F2"'/F2" ratio at small x, as well as a
depletion for x, ~0.2. The small enhancement in the

1.2

I

ca/'H
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& 0.9—
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c5+ 0.8
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0.8
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I — r~~"i tt

Pion Excess
Quark Cluster
Rescaling
1 I 1 I

—E772 W/~H
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)I
llZ, .I)

0.0 0.1 0.2 0.1 0.2 0.3

FIG. 3. Ratios of the Drell-Yan dimuon yield per nucleon,
Yg/Y2„, for positive xF The curves show. n for Fe/ H are pre-
dictions of various models of the EMC effect. Also shown are
the DIS data for Sn/ H from the EMC (Ref. 4).

pion cloud surrounding a bound nucleon arises from a
conjectured attractive p-wave rr-N interaction in nuclear
matter. The strength of this interaction is often charac-
terized by the Landau-Migdal parameter go., typical
values found in the literature range around go-0.6-0.7.
Figure 3 compares the results of a calculation's (using
the structure functions of Ref. 14) with go 0.6 to the
present Fe/ H DY data; it is completely inconsistent
with the data. The pion-excess model of Ref. 17, which
uses a different pion distribution function, predicts a
similar enhancement in the antiquark content of nuclei,
in disagreement with our data.
Quark-cluster models view the nucleus as composed of

a combination of ordinary nucleons plus some fraction of
multiquark (6q, 9q, and higher) clusters formed by the
overlap of nucleons. The uncertainties in these models
come from the essentially unknown structure functions
of multiquark clusters. In the model of Carlson and
Havens, ' for example, the parton structure functions
were parametrized according to constituent counting
rules. The gluon momentum fraction for the 6q cluster
was constrained to be the same as for the free nucleon.
This results in a significant enhancement of the sea even
for a modest 15% 6q-cluster fraction. The calculated
DY ratio (Fig. 3) is in significant disagreement with the
present data. An alternate but plausible assumption,
that the sea-to-glue momentum fraction in 6q clusters is
the same as it is for nucleons, leads to a smaller enhance-
ment of the DY ratio. However, such a calculation is
still in disagreement with our data.
The rescaling model assumes that nuclear binding re-

sults in a phenomenon similar to the scaling violation as-
sociated with gluon emission. ' Comparisons to the
present DY data are made on the basis of the scale
change of structure functions f(x„g) f(xt, gg ),
where (-2 over the Q range of our data. The calcula-
tion, shown in Fig. 3, yields a scaling violation similar to
DIS. It approximately fits the DY data, except in the

2481

x2 region: ~0.10 – 0.30 

”In summary, this experiment has shown almost 
no nuclear dependence in the production of 
continuum dimuon pairs.... 
This implies no modification of the antiquark sea 
in the range 0.1 – 0.3.“

ESNT SRC workshop



E886 results, 1999

u Beam: protons 
u Targets: Be, Fe, W
u Energy: 800 GeV
u Goal: access the shadowing region

03/02/2023 13

Vasiliev et al, PRL 83, 2304 (1999)

x2 region: ~0.01 – 0.12 

” …the shadowing observed in Drell-Yan has been 
demonstrated to be quantitatively similar to that in DIS.“

VOLUME 83, NUMBER 12 P HY S I CA L R EV I EW LE T T ER S 20 SEPTEMBER 1999

factor for the random correction was evaluated by com-
paring to the observed rate of same-charge muon pairs
in the data, whose kinematic distributions agreed well
with those of the simulated same-charge muon pairs. The
random rate was 9% of the real events, and it occurred
primarily at low dimuon mass and high pT . A residual
3% background from the empty target was also subtracted.
The overall systematic normalization uncertainty in the
cross-section ratios reported here is 1%.
The Drell-Yan events obtained by E866 extend over

the ranges 0.01 , x2 , 0.12 and 0.21 , x1 , 0.95, with
!x2" ! 0.038 and !x1" ! 0.46. They cover the range
0.13 , xF , 0.93 and provide good pT coverage to
4 GeV#c. Ratios of the cross section per nucleon for Fe
to Be and W to Be versus dimuon mass, x2, xF , and x1
are shown in Fig. 1, along with similar results from E772
for Fe to C and W to C. The figure shows very good
agreement between the experiments for the cross-section
ratios versus x2. The agreement versus other variables
is also reasonable, given the much smaller !x2" and,
hence, increased shadowing of the present data. (The A
dependence observed here and in E772 implies that the
change in the cross-section ratios due to the choice of Be
vs C is small compared to the effect of the difference in
!x2".) The reduction in the cross section per nucleon on
the heavy targets, characteristic of shadowing, is apparent
at small x2. A similar reduction, part of which could
be related to incident-parton energy loss, is apparent at
large xF and x1. However, it is important to recognize
that the spectrometer acceptance coupled to the intrinsic
Drell-Yan cross section leads to a strong anticorrelation
between x2 and xF for the observed events. Therefore,
the events that show the cross-section reduction at large
xF and x1 are in general the same events that appear in
the shadowing region.
To identify the contributions from shadowing, Fig. 1

also shows the predicted cross-section ratios, integrated
over the hidden variables, from leading-order Drell-Yan
calculations using the code EKS98 [12] together with

the MRST parton distribution functions [13]. Simi-
lar results are obtained using CTEQ5M or CTEQ5L
parton distributions [14]. EKS98 describes the ratios
fA$x, Q2%#fp$x, Q2% of the various quark flavors in
nucleus A, compared to those in the proton. It has been
tuned to fit the shadowing observed in DIS [15] and
E772 while conserving baryon number and momentum.
EKS98 provides an unbiased way to separate the effects
of shadowing and energy loss in the present data because
it uses a single shadowing function to describe the nuclear
dependence of all sea quark distributions at its initial
scale Q2

0 ! 2.25 GeV2, and only DIS results are used to
constrain that function for x & 0.1.
The shape and magnitude of the ratios versus x2 are well

reproduced by the shadowing predictions. Most of the A
dependence observed in the ratios versus mass, xF , and
x1 is also explained by shadowing at small x2. As a fur-
ther test of the shadowing parametrization, Fig. 2 shows
the W#Be ratios vs x1, with the events separated into two
subsets at the median x2 value. This eliminates the cor-
relation in acceptance between x1 and x2 for the large x2
subset of the data, indicated by the flat shadowing predic-
tion, and substantially reduces the correlation for the small
x2 subset, indicated by the reduced slope of the shadowing
prediction compared to Fig. 2. The cross-section ratios
differ by several percent when events at the same x1 are
observed in the two subsets of the data. EKS98 describes
these differences well with no free parameters. Similar re-
sults are obtained when examining the mass or xF depen-
dence. This is the first experimental demonstration that
the shadowing observed in Drell-Yan and DIS is quantita-
tively similar.
Figure 3 shows the measured ratios of the Drell-Yan

cross section per nucleon as a function of pT . Unlike the
longitudinal variables that have strongly correlated accep-
tances, the pT acceptance in E866 is nearly independent
of the other kinematic variables, so the shadowing calcu-
lations predict constant cross-section ratios, as shown in
the figure. The data demonstrate a clear pT dependence,

FIG. 1. Ratios of the measured cross section per nucleon for Drell-Yan events versus dimuon mass (in GeV#c2), x2, xF , and x1.
The upper (lower) panels show ratios of Fe#Be (W#Be) from the present experiment as solid circles and Fe#C (W#C) from E772
as open circles. The errors are statistical only. The solid curves are the predicted cross-section ratios for the present experiment,
integrated over the hidden variables, from leading-order calculations using EKS98 [12] and MRST [13].
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factor for the random correction was evaluated by com-
paring to the observed rate of same-charge muon pairs
in the data, whose kinematic distributions agreed well
with those of the simulated same-charge muon pairs. The
random rate was 9% of the real events, and it occurred
primarily at low dimuon mass and high pT . A residual
3% background from the empty target was also subtracted.
The overall systematic normalization uncertainty in the
cross-section ratios reported here is 1%.
The Drell-Yan events obtained by E866 extend over

the ranges 0.01 , x2 , 0.12 and 0.21 , x1 , 0.95, with
!x2" ! 0.038 and !x1" ! 0.46. They cover the range
0.13 , xF , 0.93 and provide good pT coverage to
4 GeV#c. Ratios of the cross section per nucleon for Fe
to Be and W to Be versus dimuon mass, x2, xF , and x1
are shown in Fig. 1, along with similar results from E772
for Fe to C and W to C. The figure shows very good
agreement between the experiments for the cross-section
ratios versus x2. The agreement versus other variables
is also reasonable, given the much smaller !x2" and,
hence, increased shadowing of the present data. (The A
dependence observed here and in E772 implies that the
change in the cross-section ratios due to the choice of Be
vs C is small compared to the effect of the difference in
!x2".) The reduction in the cross section per nucleon on
the heavy targets, characteristic of shadowing, is apparent
at small x2. A similar reduction, part of which could
be related to incident-parton energy loss, is apparent at
large xF and x1. However, it is important to recognize
that the spectrometer acceptance coupled to the intrinsic
Drell-Yan cross section leads to a strong anticorrelation
between x2 and xF for the observed events. Therefore,
the events that show the cross-section reduction at large
xF and x1 are in general the same events that appear in
the shadowing region.
To identify the contributions from shadowing, Fig. 1

also shows the predicted cross-section ratios, integrated
over the hidden variables, from leading-order Drell-Yan
calculations using the code EKS98 [12] together with

the MRST parton distribution functions [13]. Simi-
lar results are obtained using CTEQ5M or CTEQ5L
parton distributions [14]. EKS98 describes the ratios
fA$x, Q2%#fp$x, Q2% of the various quark flavors in
nucleus A, compared to those in the proton. It has been
tuned to fit the shadowing observed in DIS [15] and
E772 while conserving baryon number and momentum.
EKS98 provides an unbiased way to separate the effects
of shadowing and energy loss in the present data because
it uses a single shadowing function to describe the nuclear
dependence of all sea quark distributions at its initial
scale Q2

0 ! 2.25 GeV2, and only DIS results are used to
constrain that function for x & 0.1.
The shape and magnitude of the ratios versus x2 are well

reproduced by the shadowing predictions. Most of the A
dependence observed in the ratios versus mass, xF , and
x1 is also explained by shadowing at small x2. As a fur-
ther test of the shadowing parametrization, Fig. 2 shows
the W#Be ratios vs x1, with the events separated into two
subsets at the median x2 value. This eliminates the cor-
relation in acceptance between x1 and x2 for the large x2
subset of the data, indicated by the flat shadowing predic-
tion, and substantially reduces the correlation for the small
x2 subset, indicated by the reduced slope of the shadowing
prediction compared to Fig. 2. The cross-section ratios
differ by several percent when events at the same x1 are
observed in the two subsets of the data. EKS98 describes
these differences well with no free parameters. Similar re-
sults are obtained when examining the mass or xF depen-
dence. This is the first experimental demonstration that
the shadowing observed in Drell-Yan and DIS is quantita-
tively similar.
Figure 3 shows the measured ratios of the Drell-Yan

cross section per nucleon as a function of pT . Unlike the
longitudinal variables that have strongly correlated accep-
tances, the pT acceptance in E866 is nearly independent
of the other kinematic variables, so the shadowing calcu-
lations predict constant cross-section ratios, as shown in
the figure. The data demonstrate a clear pT dependence,

FIG. 1. Ratios of the measured cross section per nucleon for Drell-Yan events versus dimuon mass (in GeV#c2), x2, xF , and x1.
The upper (lower) panels show ratios of Fe#Be (W#Be) from the present experiment as solid circles and Fe#C (W#C) from E772
as open circles. The errors are statistical only. The solid curves are the predicted cross-section ratios for the present experiment,
integrated over the hidden variables, from leading-order calculations using EKS98 [12] and MRST [13].
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n Observations
n no enhancement of the DY antiquarks distribution

n DY (proton beam): 
n interacts mainly with antiquarks in the target

n DIS (lepton beam): 
n Sensitive to the charge weighted sum of all quarks

Comparison EMC/E772 – anti-shadowing region
P1: FLI/fgo P2: FhN/fgm QC: FhN/Anil T1: FhN

October 7, 1999 14:54 Annual Reviews AR094-06

?
DILEPTON PRODUCTION FROM NUCLEONS 237

Figure 11 Comparison of the cross section per nucleon ratios æCa/æ2H for DY pro-
duction (104) and DIS (103).

is not collective at all; there are no more pions surrounding the average nucleon
in a heavy nucleus than there are in the weakly bound system, deuterium. This
contradicts conventional wisdom and is also at odds with sophisticated new solu-
tions of the nuclear many-body problem using realistic nuclear forces (106–109).
When these techniques are applied at central nuclear-matter density, they predict
a substantially increased pion density, 1nº = 0.18 per nucleon (106, 108).5
Using the Sullivan model, Brown et al (110) propose a solution that appears

to maintain much of the conventional understanding that nuclear binding results
from meson exchange. They achieve agreement with the E772 antiquark ratio by
postulating a decrease in the effective masses of hadrons inside nuclei resulting
from a partial restoration of chiral symmetry. In view of the strong recent interest in
chiral symmetry restoration in relativistic heavy-ion collisions, this is a fascinating
explanation. However, it is far from being universally accepted as the answer to
the mystery of antiquarks in nuclei. More recently, Koltun (111) has advanced
another suggestion that may reconcile the absence of an antiquark enhancement
with conventional nuclear theory.

5Reference 108 contains a correction to the pion excess per nucleon calculated originally
in Reference 106.
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McCaughey, Moss, Peng, ARNPS49, 217 (1999)

Are valence and sea nuclear effects identical? 

Drell-Yan

DIS

shadowing

antishadowing

ESNT SRC workshop



u Beam: protons  Targets: D, C, Fe, W
u Energy: 120 GeV Statistics: = 61 000 ev (~30%)

Nuclear effects from SeaQuest 2017 (PhD thesis, preliminary!)

Figure 7.17: The measured Drell-Yan per-nucleon cross section ratio versus fractional momentum quantity,
x2. Overlaid is the data from the E-772 experiment. Only statistical uncertainty is shown. There exists an
additional ⇠3% systematic uncertainty.

7.3.2 Comparison to E-772

While there does exist some data from E-866 regarding nuclear cross section ratios for Drell-Yan, they have

only reported the ratios for �Fe/�Be and �W /�Be 1.16. This leaves E-772’s results as the only data set to

compare the SeaQuest results to. The comparison of the two results can be made above in Figure 7.14.

In E-772, they observed an A-dependent depletion of the ratio at very low x2 < 0.1, where shadowing

would be expected (discussed in Section 1.3.6). Theoretical calculations indicated that the shadowing seen

in DIS and EMC ratio studies should also be present in Drell-Yan interactions at low-x [86]. The surprising

observation with the SeaQuest data is, if it persists through new data and corrections, there appears to be

a depletion similar to the shadowing observed, but the behavior is observed above x2 > 0.1. The behavior

is not significant, however, and since each of the three measurements make use of the same denominator,

an anomalous excess in deuterium yields at low-x would cause this behavior in all targets. This is a feature

worth monitoring as the analysis progresses.

Regarding the rest of the x2 range, E-772 measured ratio results consistent with unity, fitting a flat line

to the data at RDY (x2) = 0.992± 0.007 [82]. With the SeaQuest data, a similar measurement can be taken

yielding RC
DY (x2) = 0.96 + / � 0.03, RFe

DY = 1.03 + / � 0.03, and RW
DY (x2) = 1.00 + / � 0.03, which is in

agreement with E-772’s constant fit.

7.3.3 Models For Nuclear Modifications

The A-dependent modification of the nucleon has become a challenging and intriguing phenomenon. So many

models have arisen attempting to reproduce the data, it has led some of those who study it to give it the

172
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B. Dannowitz, PhD UIUC (2017)

“This implies that perhaps the nuclear modification 
that leads to the DIS phenomenon known as the EMC 
effect is exclusively an effect of the valence quarks 
and does not originate from the quark sea.”

x2 region: ~0.10 – 0.50 



u Cloët, Benz and Thomas (2009): 
n use nuclear matter within a covariant Nambu–Jona-Lasinio model 
n look for flavour-dependence of the nuclear PDFs 

n “...for N≠Z nuclei, the u and d quarks have distinct nuclear modifications. ”

Flavor dependence of the EMC effect
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Flavor Dependence of the EMC Effect 

Q2 = 5.0 GeV2
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Mean-field calculations predict a flavor dependent EMC effect for N≠Z nuclei  

Cloët, Bentz, and Thomas, PRL 102, 252301 (2009) 

uA =
Zũp + Nd̃p

A
dA =

Zd̃p + Nũp

A

d0 =
Zdp + Nup

A
u0 =

Zup + Ndp

A

Medium modified  
quark distributions 

Free nucleon  
quark distributions 

Isovector-vector mean field (ρ) causes u (d) quark to feel 
additional vector attraction (repulsion) in N≠Z nuclei   

Experimentally, this flavor dependence has not been observed directly 

Free nucleon PDFs: u0, d0
Medium modified PDFs: uA, dA

uA/u0

dA/d0

DIS data are not sensitive to the flavor-dependence. 
ESNT SRC workshop

Cloët, Bentz and Thomas, 
PRL 102, 252301 (2009)



Flavor-dependent EMC : existing DY data

u Available data
n NA3:    H2,    Pt
n NA10:  2H,   W

u Available π+ and π− data
n NA3: 2063 and 5067 events
n WA39: few hundreds events
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EMC Flavor Dependence: Pion Drell-Yan 
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Dutta, Peng, Cloët, DG, PRC 83, 042201 (2011) 

Experiment Flavor Ind. Flavor dep. 

NA3 1.3 0.5 

NA10 0.60 2.5 

Omega (low Q2) 6.2 3.2 

Omega (high Q2) 1.4 0.96 

χ2/DOF 

Pion-induced Drell-Yan sensitive 
to potential flavor dependence, 
but existing data lack precision 

Dutta et al., Phys. Rev. C 83, 042201 (2011)

π−+W
π−+D

π++W
π−+W

ESNT SRC workshop

286 GeV

40 GeV
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FIG. 2: The existing data for the ratios σ
DY (π−+W)

σDY (π−+D)
(upper

left), σ
DY (π−+Pt)

σDY (π−+H)
(upper right) and σ

DY (π++W)
σDY (π−+W)

(lower) ver-

sus the predictions using nuclear PDFs of the CBT model for
tungsten (red solid) and N = Z nuclear matter (blue dashed).

dependence of the EMC effect. Moreover, these ratios
are not sensitive to the uncertainty of the pion structure
functions, which are not yet determined accurately.
To study the sensitivity of the pion-induced Drell-Yan

processes to the flavor dependence of the EMC effect we
calculate these ratios using the nuclear and nucleon PDFs
from the CBT model [14, 15]. Rather than using the ap-
proximate expressions of Eqs. (2)–(4), the expression for
the Drell-Yan cross-section in Eq. (1) is used in the cal-
culations. Terms involving heavy quarks (s, c, b, t) are
not included due to their negligible contributions. The
pion-induced Drell-Yan cross-section for each nuclear tar-
get is determined using the nuclear PDFs from the CBT
model. The free nucleon PDFs obtained from the CBT
model are used to calculate the Drell-Yan cross-section
from the deuteron, with uD = (up+dp)/2 = dD. For the
pion PDFs, we use the GRV-P LO parametrization [27].
As expected, the results are found to be insensitive to
the choice of the pion PDFs.
In Fig. 2 we compare our calculations of the pion-

induced Drell-Yan cross-section ratios with the existing

data. The top left panel shows the ratio of σDY (π−+W)
σDY (π−+D)

from the NA10 experiment [7]. These plots contain both
the Pbeam = 286 and 140GeV data sets, which are very
similar. Our calculations are performed at Pbeam =
286GeV, since most of the data was obtained at this
energy. We use the PDFs of the CBT model [14, 15] at a
fixed Q2 of 25GeV2, which is approximately the meanQ2

of the NA10 experiment. The top right panel shows the
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FIG. 3: The ratio of Drell-Yan cross sections for σ
DY (π++Au)

σDY (π−+Au)

(upper left) and σ
DY (π−+Au)
σDY (π−+D)

(upper right) as a function of

x2, using nuclear PDFs from the CBT model for gold (red
solid) and for N = Z nuclear matter (blue dot-dashed). These
calculations are performed for a pion beam energy of 160 GeV,
at Q2 = 25GeV2. The lower panels show the same ratios but
as a function of the dimuon mass, M , at a fixed x1 = 0.5.

ratio σDY (π−+Pt)
σDY (π−+H) from the NA3 experiment [28]. The

data was collected using a 150GeV π− beam and the
Q2 range covered was 16.8 ≤ Q2 ≤ 70.6GeV2. Our
calculations are performed for Pbeam = 150GeV and
Q2 = 25GeV2.
The solid curves in Fig. 2 are calculations using the

flavor-dependent uA(x) and dA(x) from the CBT model
with N/Z = 1.5, corresponding approximately to the
N/Z values for the Au, W and Pt nuclei. The dashed
curves correspond to the calculated ratios using the nu-
clear PDFs from the CBT model for N = Z. Since
uA/uD = dA/dD in this case, the dashed curves are
representative of the predictions for flavor-independent
EMC models. Figure 2 shows that the NA10 data do not
exhibit a clear preference for the flavor-dependent ver-
sus flavor-independent nuclear PDFs. In contrast, the
NA3 data strongly favor the calculations using flavor-
dependent nuclear PDFs.
The Drell-Yan ratio, R±, of Eq. (2) is an ideal exper-

imental observable to search for flavor-dependent EMC
effect, since it is directly proportional to dA(x)/uA(x).
The only existing data on R± is from the Omega collab-
oration [29]. The lower panels of Fig. 2 show the ratios

of σDY (π++W)
σDY (π−+W) collected with 39.5GeV pions over a Q2

range of 5.3 ≤ Q2 ≤ 7.3GeV2 and 16 ≤ Q2 ≤ 25GeV2.
The calculations were performed at Q2 = 7GeV2 and

u Pion-induced Drell-Yan for E = 160 GeV. 
u Two options:

n .

n .
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FIG. 1. (Color online) Ratios of quark distributions and structure
functions in nuclear matter versus the deuteron plotted as a function
of the Bjorken x, at Q2 = 10 GeV2. Filled circles are data for N = Z

nuclear matter from Ref. [23]. Curves are results for the CBT model
[14,19], where the solid line is the calculation of F A

2 /F D
2 for N = Z

nuclear matter, and dashed and dot-dashed curves are the ratios of the
u and d quark distributions in a gold nucleus over those in a deuteron.

Figure 1 shows some CBT model results for nuclear PDFs.
The solid curve is the result for the EMC effect in symmetric
nuclear matter, that is, the ratio FA

2 /FD
2 , where FA

2 and FD
2

are the per-nucleon structure functions of the nucleus and the
deuteron, respectively.1

The calculation is in good agreement with the data extracted
by Sick and Day [23]. For an isoscalar nucleus the u and d
quark distributions are modified in the same manner, however,
for a N != Z nucleus the u and d quark distributions are
predicted to undergo different modifications in the CBT model,
because of the nonzero ρ0 mean field. For example, the dashed
and dot-dashed curves in Fig. 1 are, respectively, the predicted
ratio of the u and d quark distributions in a gold nucleus, to
those in the deuteron. For N > Z nuclei (such as gold), the ρ0

mean field leads to stronger nuclear binding for u quarks and
weaker binding for d quarks [19]. Consequently, the medium
modification of the u quark distribution is increased, while the
d quark distribution is less modified.

Inclusive DIS experiments measure a weighted sum of
u and d quark distributions, making it difficult to extract
the quark-flavor dependence of the EMC effect. However,
the parity-violating DIS (PVDIS) asymmetry, APV, is very
sensitive to the quark-flavor dependence of the EMC effect
[24]. Measuring APV for a variety of N != Z nuclei has the
potential to provide a clean demonstration of flavor-dependent
nuclear modification of the quark distributions. Such an
experiment is part of the large PVDIS program proposed [25]
at the JLab 12 GeV facility currently under construction.

Semi-inclusive DIS (SIDIS) on nuclear targets, where the
flavor of the struck quark is tagged by the detected hadron, is
another promising experimental tool to search for the flavor-
dependent EMC effect. Recently, Lu and Ma [26] pointed out

1The CBT results used throughout this paper are calculations
performed for asymmetric nuclear matter. Results for particular
nuclei are obtained by choosing the N/Z ratio equal to the
nucleus in question. The deuteron results are obtained from a
combination of free proton and neutron quark distributions, where
uD = (up + dp)/2 = dD .

that charged lepton SIDIS off nuclear targets can be used to
probe the flavor content of the nuclear quark sea, which can
help distinguish the various models of the EMC effect. Indeed,
an SIDIS experiment [27] aiming at a precise determination of
flavor dependence of the EMC effect has also been proposed
at the upgraded 12-GeV JLab facility.

Pion-induced Drell-Yan processes are complementary to
the DIS processes mentioned above and provide another
experimental tool that is sensitive to flavor-dependent effects
in the nuclear quark distributions. The leading-order Drell-Yan
cross section for a pion interacting with a nucleus is given by

dσ 2
π±A

dxπdx2
= 4πα2

9sxπx2

×
∑

q

e2
q[qπ±(xπ )q̄A(x2) + q̄π±(xπ )qA(x2)],

(1)

where α is the fine structure constant, s is the center of mass
energy squared, xπ is the Bjorken scaling variable for the
interacting quark in the pion, and x2 is the analogous quantity
for the nucleon in the target nucleus. Quark flavor is labeled
by q, where eq is the quark charge, the pion quark or antiquark
distributions are labeled qπ± and q̄π± , respectively, and the
subscript A indicates nuclear quark or antiquark distributions.

To explore the sensitivity of pion-induced Drell-Yan
processes to a flavor-dependent EMC effect, we consider
the three ratios σDY (π++A)

σDY (π−+A) ,
σDY (π−+A)
σDY (π−+D) , and σDY (π−+A)

σDY (π−+H) , where
A represents a nuclear, D a deuteron, and H a hydrogen
target. Assuming isospin symmetry, which implies uπ+ = dπ− ,
ūπ− = d̄π+ , ūπ+ = d̄π− , and uπ− = dπ+ and keeping only the
dominant terms in each cross section, one readily obtains

R± = σDY (π+ + A)
σDY (π− + A)

≈ dA(x)
4 uA(x)

, (2)

R−
A/D = σDY (π− + A)

σDY (π− + D)
≈ uA(x)

uD(x)
, (3)

R−
A/H = σDY (π− + A)

σDY (π− + H)
≈ uA(x)

up(x)
. (4)

The target PDFs have a subscript A, and the up quark
distribution in the deuteron and the proton are labeled uD

and up, respectively. Equations (2)–(4) demonstrate that these
pion-induced Drell-Yan cross-section ratios are sensitive to
the flavor dependence of the EMC effect and, importantly, are
not sensitive to the pion structure functions, which are not yet
accurately determined.

To study the sensitivity of the pion-induced Drell-Yan
processes to the flavor dependence of the EMC effect, we
calculate these ratios using the nuclear and nucleon PDFs
from the CBT model [14,19], both with and without flavor-
dependent nuclear effects. For the pion PDFs, we choose the
GRV-P LO parametrization [28], however, as expected we find
that our results are insensitive to this choice. The Drell-Yan
cross section is determined using Eq. (1), where we ignore
heavy quarks flavors (s, c, b, t) because of their negligible
contribution to the cross section.

In Fig. 2 we compare our calculations of the pion-induced
Drell-Yan cross-section ratios with existing data. The top left
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FIG. 1. (Color online) Ratios of quark distributions and structure
functions in nuclear matter versus the deuteron plotted as a function
of the Bjorken x, at Q2 = 10 GeV2. Filled circles are data for N = Z

nuclear matter from Ref. [23]. Curves are results for the CBT model
[14,19], where the solid line is the calculation of F A

2 /F D
2 for N = Z

nuclear matter, and dashed and dot-dashed curves are the ratios of the
u and d quark distributions in a gold nucleus over those in a deuteron.

Figure 1 shows some CBT model results for nuclear PDFs.
The solid curve is the result for the EMC effect in symmetric
nuclear matter, that is, the ratio FA

2 /FD
2 , where FA

2 and FD
2

are the per-nucleon structure functions of the nucleus and the
deuteron, respectively.1

The calculation is in good agreement with the data extracted
by Sick and Day [23]. For an isoscalar nucleus the u and d
quark distributions are modified in the same manner, however,
for a N != Z nucleus the u and d quark distributions are
predicted to undergo different modifications in the CBT model,
because of the nonzero ρ0 mean field. For example, the dashed
and dot-dashed curves in Fig. 1 are, respectively, the predicted
ratio of the u and d quark distributions in a gold nucleus, to
those in the deuteron. For N > Z nuclei (such as gold), the ρ0

mean field leads to stronger nuclear binding for u quarks and
weaker binding for d quarks [19]. Consequently, the medium
modification of the u quark distribution is increased, while the
d quark distribution is less modified.

Inclusive DIS experiments measure a weighted sum of
u and d quark distributions, making it difficult to extract
the quark-flavor dependence of the EMC effect. However,
the parity-violating DIS (PVDIS) asymmetry, APV, is very
sensitive to the quark-flavor dependence of the EMC effect
[24]. Measuring APV for a variety of N != Z nuclei has the
potential to provide a clean demonstration of flavor-dependent
nuclear modification of the quark distributions. Such an
experiment is part of the large PVDIS program proposed [25]
at the JLab 12 GeV facility currently under construction.

Semi-inclusive DIS (SIDIS) on nuclear targets, where the
flavor of the struck quark is tagged by the detected hadron, is
another promising experimental tool to search for the flavor-
dependent EMC effect. Recently, Lu and Ma [26] pointed out

1The CBT results used throughout this paper are calculations
performed for asymmetric nuclear matter. Results for particular
nuclei are obtained by choosing the N/Z ratio equal to the
nucleus in question. The deuteron results are obtained from a
combination of free proton and neutron quark distributions, where
uD = (up + dp)/2 = dD .

that charged lepton SIDIS off nuclear targets can be used to
probe the flavor content of the nuclear quark sea, which can
help distinguish the various models of the EMC effect. Indeed,
an SIDIS experiment [27] aiming at a precise determination of
flavor dependence of the EMC effect has also been proposed
at the upgraded 12-GeV JLab facility.

Pion-induced Drell-Yan processes are complementary to
the DIS processes mentioned above and provide another
experimental tool that is sensitive to flavor-dependent effects
in the nuclear quark distributions. The leading-order Drell-Yan
cross section for a pion interacting with a nucleus is given by

dσ 2
π±A

dxπdx2
= 4πα2

9sxπx2

×
∑

q

e2
q[qπ±(xπ )q̄A(x2) + q̄π±(xπ )qA(x2)],

(1)

where α is the fine structure constant, s is the center of mass
energy squared, xπ is the Bjorken scaling variable for the
interacting quark in the pion, and x2 is the analogous quantity
for the nucleon in the target nucleus. Quark flavor is labeled
by q, where eq is the quark charge, the pion quark or antiquark
distributions are labeled qπ± and q̄π± , respectively, and the
subscript A indicates nuclear quark or antiquark distributions.

To explore the sensitivity of pion-induced Drell-Yan
processes to a flavor-dependent EMC effect, we consider
the three ratios σDY (π++A)

σDY (π−+A) ,
σDY (π−+A)
σDY (π−+D) , and σDY (π−+A)

σDY (π−+H) , where
A represents a nuclear, D a deuteron, and H a hydrogen
target. Assuming isospin symmetry, which implies uπ+ = dπ− ,
ūπ− = d̄π+ , ūπ+ = d̄π− , and uπ− = dπ+ and keeping only the
dominant terms in each cross section, one readily obtains

R± = σDY (π+ + A)
σDY (π− + A)

≈ dA(x)
4 uA(x)

, (2)

R−
A/D = σDY (π− + A)

σDY (π− + D)
≈ uA(x)

uD(x)
, (3)

R−
A/H = σDY (π− + A)

σDY (π− + H)
≈ uA(x)

up(x)
. (4)

The target PDFs have a subscript A, and the up quark
distribution in the deuteron and the proton are labeled uD

and up, respectively. Equations (2)–(4) demonstrate that these
pion-induced Drell-Yan cross-section ratios are sensitive to
the flavor dependence of the EMC effect and, importantly, are
not sensitive to the pion structure functions, which are not yet
accurately determined.

To study the sensitivity of the pion-induced Drell-Yan
processes to the flavor dependence of the EMC effect, we
calculate these ratios using the nuclear and nucleon PDFs
from the CBT model [14,19], both with and without flavor-
dependent nuclear effects. For the pion PDFs, we choose the
GRV-P LO parametrization [28], however, as expected we find
that our results are insensitive to this choice. The Drell-Yan
cross section is determined using Eq. (1), where we ignore
heavy quarks flavors (s, c, b, t) because of their negligible
contribution to the cross section.

In Fig. 2 we compare our calculations of the pion-induced
Drell-Yan cross-section ratios with existing data. The top left
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u Derived using global fits to the DIS and DY pion data
n EPPS09 : u/d symmetric
n nCTEQ15: independent u and d PDFs

03/02/2023 ESNT SRC workshop 19

10 P. Paakkinen et al. / Physics Letters B 768 (2017) 7–11

Fig. 4. The different LO valence-quark contributions to R−
W/D (upper panels) and the 

valence quark nuclear modification factors (lower panels) at factorization scale Q =
5 GeV. Solid lines correspond to the EPS09 (blue) and nCTEQ15 (green) central sets 
and dotted lines indicate the error sets 25 and 26 of the nCTEQ15. The uncertainty 
bands are shown as green (nCTEQ15) and blue (EPS09) bands. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

at factorization scale Q = 5 GeV. We find that EPS09 and nCTEQ15 
agree on RW

V-isoscalar, which is well constrained in both analyses, 
but there is a slight disagreement on RW

V-nonisoscalar . In addition, we 
see that nCTEQ15 has significantly larger error bands in both of 
these components. To study this difference in more detail, we plot 
in Fig. 4 also the nCTEQ15 error sets 25 and 26, which give the 
largest deviations from the central-set predictions. We can make 
two observations: First, from the lower panels in Fig. 4, we see 
that these two error sets are related to the nuclear modifications 
of u and d valence quarks with set 25 giving the most extreme dif-
ference, and set 26 being closer to uniform modifications. Second, 
from the upper panels in Fig. 4, we find that the deviations from 
the central prediction are in the same direction for both RW

V-isoscalar
and RW

V-nonisoscalar (upwards for set 25, downwards for set 26), and 
combine additively in Equation (11) thereby explaining the larger 
error bands seen in Fig. 3.

It is now evident that the studied observables are sensitive to 
the mutual differences between u and d valence quark nuclear 
modifications. On one hand, the EPS09 error sets underestimate 
the true uncertainty because flavor dependence of valence quark 
nuclear modifications was not allowed in that particular analysis. 
On the other hand, the nCTEQ15 error bands are large since the 
flavor dependence was allowed, but not well constrained in their 
analysis. The size of nCTEQ15 error bands suggest that the pion–
nucleus Drell–Yan data can have some constraining power on the 
difference of valence modifications. Indeed, in Fig. 5 we plot the 
predictions using the nCTEQ15 error sets 25 and 26, and observe 
that the most extreme deviation from identical nuclear modifica-
tions of u and d quarks given by set 25 is disfavored by NA3 and 
NA10 data.

In addition to the NA3, NA10 and E615 data we have stud-
ied also the results from the Omega experiment [26]. The data 
at 

√
s = 8.7 GeV as a function of the lepton pair invariant mass 

are shown in Fig. 6 for xF ≡ 2p∗
L√
s

> 0, where p∗
L is the longitudinal 

momentum of the lepton pair along the beam line in the center-of-
mass frame. We find that the data disagree with theory predictions 
in bins around the J/ψ peak. Furthermore, at low invariant masses 

Fig. 5. As Fig. 3, but with only normalized results shown and the nCTEQ15 error 
sets 25 and 26 (dotted lines) plotted.

Fig. 6. Comparison of the Omega data with predictions using the GRV (blue) and 
SMRS (red) pion parton distributions together with the EPS09 nuclear modifications 
combined to the CT14 proton PDFs and also from using the nCTEQ15 (green) nuclear 
PDFs with the GRV pion PDFs. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

the choice of pion PDFs becomes significant and that especially to-
wards larger invariant masses the data are not precise enough to 
discriminate between the nuclear PDFs. Hence it is not reasonable 
to include this dataset into a global nPDF analysis.

5. Conclusions

We have studied the prospects of including NA3, NA10, E615 
and Omega pion–nucleus Drell–Yan data to global analyses of nu-
clear parton distribution functions. The NA3, NA10 and E615 data 
are compatible (modulo NA10 normalization at lower beam ener-
gies) with modern nPDFs and can thus be used in a global analysis 
without causing significant tension. The Omega data is not com-
patible with the NLO theory predictions and not precise enough to 
be useful in the nPDF analysis. The cross-section ratios used in the 
experiments are largely independent of pion parton distributions 
and hence the inclusion of these data will not impose significant 
new theoretical uncertainties to the analysis. Some sensitivity to 
baseline proton PDFs however still persists. When implementing 
these data to a global analysis, one needs to take into account 
the isospin correction and normalization uncertainty in the NA10 
datasets. This can be done as described above. Motivated by this 
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J/𝜓 production mechanism 
n J/𝜓 are produced through two main processes: 

n 𝑞"𝑞 annihilation
n gluon-gluon fusion gg (+g) 

n J/𝜓 production advantages 
n Large cross sections (strong process)

n Access to quark and gluon distributions in nuclei
n Access to quark and gluon distributions in the beam
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n Extraction of gluon PDFs from J/𝜓 cross section:
n Difficulty 1: J/𝜓 production mechanism
n Difficulty 2: J/𝜓 suppression: competition with the medium-modified gluon PDF  

Measuring the glue in nuclei is still a - rewarding - challenge

(such as the DIS Ag/D) which have large correlation
cosines but small contributions to Δχ2eff ; thus, they have
minimal effect constraining the PDFs.

E. Comparison with different global analyses

We now compare our nCTEQ15 PDFs with other recent
nuclear parton distributions in the literature. Specifically,
we will consider DSSZ [11], EPS09 [12], and HKN07
[14].18 Our data set selection and technical aspects of our
analysis are closest to that of EPS09. In Figs. 22 and 23, we
plot nuclear modifications for the PDFs of a proton bound
in lead, fp=Pb=fp (left), as well as the bound proton PDFs
themselves, fp=Pb (right), for different flavors for a selec-
tion of Q scales.

For the ū and d̄ PDFs at Q ¼ 2 GeV, nCTEQ15 has
significant overlap with the other sets through much of the
x range with a stronger shadowing at small x. Our results at
x < 10−2 are extrapolated since they are not constrained by
data due to the cutQ > 2 GeV which was imposed in order
to reduce higher twist contributions. Therefore, it is likely
that the uncertainty band at x < 10−2 underestimates the
true PDF uncertainties. While this trend repeats itself for
the strange quark PDF, the spread at small x is slightly
increased.19 In fact, at Q ¼ 2 GeV, the small x behavior of

FIG. 22. Comparison of the nCTEQ15 fit (blue) with results from other groups: EPS09 [12] (green), DSSZ [11] (orange), and HKN07
[14] (red). The left panel shows nuclear modification factors for lead, and the right panel shows the actual PDFs of a proton bound in
lead. The scale is Q ¼ 2 GeV. The wide spread of the ratios at large x is an unphysical artifact due to the vanishing of the PDFs in this
region.

18Note that there is also a very recent global nPDF analysis
performed at NNLO level [88].

19In this analysis, the s-quark nuclear effects are completely
determined by the ū and d̄ nuclear PDFs and by the gluon nuclear
PDF through evolution. Due to these constraints, the error of the
s-quark nuclear PDF is underestimated. A comprehensive analy-
sis would require including the charged-current ν-DIS data as in
Ref. [21] along with using a proton PDF baseline where the
strange distribution was determined from different data such as
the W þ c production at the LHC.
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We present the new nCTEQ15 set of nuclear parton distribution functions (PDFs) with uncertainties.
This fit extends the CTEQ proton PDFs to include the nuclear dependence using data on nuclei all the way
up to 208Pb. The uncertainties are determined using the Hessian method with an optimal rescaling of the
eigenvectors to accurately represent the uncertainties for the chosen tolerance criteria. In addition to the
deep inelastic scattering and Drell-Yan processes, we also include inclusive pion production data from
the Relativistic Heavy Ion Collider to help constrain the nuclear gluon PDF. Furthermore, we investigate
the correlation of the data sets with specific nuclear PDF flavor components and asses the impact
of individual experiments. We also provide comparisons of the nCTEQ15 set with recent fits from
other groups.
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I. INTRODUCTION

In the last 30 years, an impressive array of discoveries in
particle physics has come from high energy hadron experi-
ments. These discoveries, along with many other key
measurements, rely on our understanding of nucleon
structure. A nucleon can be described using the language
of parton distribution functions (PDFs) which is based on
QCD factorization theorems [1–3]. PDFs are determined in
global analyses of a variety of different hard scattering
processes such as deep inelastic scattering (DIS), Drell-Yan
(DY) lepton pair production, vector boson production, and
the inclusive jet production. The backbone of any global
analysis is the very precise DIS structure function data from
HERA which cover a wide kinematic range in ðx;Q2Þ.
Several global analyses, based on an ever growing set of
precise experimental data and on next-to-next-to-leading
order (NNLO) theoretical predictions, are regularly
updated and maintained [4–9].
Over the years, a series of global analysis studies have

been performed within a single framework, or comparing
different frameworks. For example, detailed studies of
PDF uncertainties have been compared using Hessian,
Lagrangian, and Monte Carlo methods. Furthermore, the
precision of experimental data and theoretical predictions
in the proton case allows one to perform studies of smaller

effects such as the difference between the treatment of
heavy quarks in different analyses or the exact treatment
of target-mass corrections and higher twist effects. As a
consequence, the nucleon structure is quite well known
over a wide kinematic range.
Similarly, the theoretical description of hard scattering

processes in lepton-nucleus and proton-nucleus reactions
requires the knowledge of parton distribution functions
inside nuclei characterized by the atomic number A and the
charge Z. It has been known since the discovery of the
European Muon Collaboration (EMC) effect [10] more
than 30 years ago that the nucleus cannot be considered as
an ensemble of Z free protons and (A − Z) free neutrons.
Consequently, the nuclear PDFs (nPDFs) will differ from
the naive additive combination of free-proton and neutron
PDFs. As in the proton case, nPDFs have been determined
in the literature by global fits to experimental data for hard
scale processes including deep inelastic scattering on nuclei
and nuclear collision experiments [11–14]. However, com-
pared to the proton, our knowledge of nuclear PDFs is
much less advanced. There are several reasons.
On the theoretical side, the description of nuclear

induced hard processes is more challenging due to the
complex nuclear environment. Still, all global nuclear PDF
analyses rely on the assertion that the QCD factorization
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Do we understand the J/𝜓 production mechanism?

u Two models: CEM and NRQCD 
n Comparison: somewhat different results

03/02/2023 ESNT SRC workshop 22model is similar in spirit to the CEM albeit with more non-
perturbative parameters, as we will see.
The xF distribution of a charmonium state, C, in NRQCD

is

d!C

dxF
!"

i , j
!
0

1
dx1dx2#$xF"x1

#x2% f i
A$x1 ,&2% f j

B$x2 ,&2%!̂$ i j→C % $8%

!̂$ i j→C %!"
n
CQQ̄[n]
i j 'O n

C(, $9%

where the C production cross section, !̂(i j→C), is the prod-
uct of expansion coefficients, CQQ̄[n]

i j , calculated perturba-
tively in powers of )s(&2) and nonperturbative parameters,
'O n

C(, describing the hadronization of the charmonium state.
In the model, *c0 and *c2 are produced as color singlets by
gg fusion and as color octets through qq̄ annihilation, both
with CQQ̄[n]

i j +)s
2 . The three *cJ states, the , , and ,! are all

produced as color octets through qq̄ annihilation with
CQQ̄[n]
i j +)s

2 . Direct , and ,! occurs through gluon fusion
both in color octet production with CQQ̄[n]

i j +)s
2 and in color

singlet production with CQQ̄[n]
i j +)s

3 . In addition, the *c1 can
be produced as a color singlet through gg fusion and g(q
# q̄) scattering with CQQ̄[n]

i j +)s
2 . For charmonium produc-

tion proportional to )s
2 , an additional delta function enters

Eq. $8% so that x1 and x2 are both fixed as in Eq. $2%. How-
ever, when the expansion coefficients are proportional to )s

3 ,
only x1 or x2 can be fixed by the delta function in Eq. $8%,
while the other momentum fraction must be integrated over.
We use the parameters determined by Beneke and Rothstein
-34. for fixed-target hadroproduction of charmonium with
mc!1.5 GeV and &!2mc , and the CTEQ 3L parton den-
sities -35..

The total , xF distribution includes radiative decays of
the *cJ states and hadronic decays of the ,!,

d!,

dxF
!
d!,

dir

dxF
# "

J!0

2

B$*cJ→,X %
d!*cJ

dxF
#B$,!→,X %

d!,!
dxF

.

$10%

In contrast, in the CEM, the xF distributions of all states are
assumed to be the same. Thus F, in Eq. $7% implicitly in-
cludes the *cJ and ,! decay contributions given explicitly in
Eq. $10%. See Ref. -34. for the expressions for the charmo-
nium cross sections and the values of the nonperturbative
parameters 'O n

C(.
In Ref. -34., the singlet matrix elements were calculated

from the quarkonium wave functions at the origin. The octet
matrix elements were fit to Tevatron production data except
for /8 -34. which was obtained from a fit to total cross
sections data at fixed-target energies. In NRQCD, three pa-
rameters are needed to fix the ,! production cross section,
while eight are needed for the total , cross section. Only one
parameter for each state is needed in the CEM, a consider-
able reduction.
The total , forward xF distributions2 at 800 and 120 GeV,

Eq. $10%, are shown in Figs. 3$a% and 3$c%, respectively. Since
the *c0 branching ratio to , is less than 1%, its contribution
is virtually negligible. However, 027% of the produced *c1
states decay to , , including the gq scattering contribution,
are shown in the dotted curves. At 800 GeV this component
is only a factor of 2–3 less than the total qq̄ contribution to
the full , cross section. The gg contribution from *c1 de-
cays and the smaller *c2 decay contribution, 014%, provide
most of the singlet component of total , production. Inter-
estingly, when the *cJ decays are included, the octet contri-
bution to the total , production cross section is 60%, close to

2Note that, as in the CEM, the pp xF distributions are symmetric
around xF!0.

FIG. 3. The , xF distributions at $a% 800 GeV
and $c% 120 GeV in NRQCD. The contributions
from gg fusion $dashed%, qq̄ annihilation $dot-
dashed%, gq scattering $dotted%, and the total
$solid% are given. The corresponding ,! distribu-
tions are given in $b% and $d%. The curves show
gg fusion $dashed%, qq̄ annihilation $dot-dashed%,
and the total $solid%.
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where x1 and x2 are the fractions of the hadron momentum
carried by the projectile and target partons, respectively. Af-
ter integration over the delta functions in Eq. !4", x01,02
! 1

2 ("xF#!xF2#4m2/s). The convolution of the partonic
cross sections #22,23$ and the parton densities is

HAB!x1 ,x2 ;m2"! f g
A!x1 ,m2" f g

B!x2 ,m2"%gg!m2"

# &
q!u ,d ,s

# f q
A!x1 ,m2" f q̄

B
!x2 ,m2"

# f q̄
A
!x1 ,m2" f q

B!x2 ,m2"$%qq̄!m2",

!6"

where the parton densities f i(x ,m2) are evaluated at momen-
tum fraction x and scale m2!x1x2s , and m is the invariant
mass of the cc̄ pair. The sum over q includes only light
quark flavors.
The LO charmonium cross section for charmonium state

i, %̃ i , is then obtained by integrating the free cc̄ cross section
over the pair mass from the cc̄ production threshold, 2mc , to
the open charm threshold, 2mD!3.74 GeV. Then

d%̃ i

dxF
!2Fi!

2mc

2mD
m dm

d%cc̄

dxFdm2 , !7"

where Fi is the fraction of %cc̄ that produces the final-state
cc̄ resonance.
The CEM assumes that the quarkonium dynamics are

identical to those of low invariant mass cc̄ pairs. The had-
ronization of the charmonium states from the cc̄ pairs is
nonperturbative, involving the emission of one or more soft
gluons. A different nonperturbative matrix element is needed
for the direct production of each charmonium state. Each
nonperturbative matrix element is represented by a single
universal factor Fi which depends on the charm quark mass,
mc , the scale of 's , ( , and the parton densities. In our
calculations with the CEM, we use the leading order MRST
LO parton distributions #24$. This set has a low initial
Q2, Q0!1 GeV. The mass and scale parameters are mc
!1.2 GeV and (!2mc . Once Fi has been determined for
each state, e.g., ) , )!, or *cJ , the model successfully pre-
dicts the energy and momentum dependencies. We note that
F) includes both direct ) production and indirect production
through radiative decays of the *cJ states and hadronic )!
decays.

Since Fi must be a constant for the model to have any
predictive power, the relative differential and integrated
quarkonium production rates should be independent of pro-
jectile, target, and energy. This appears to be true for the
charmonium production ratios &J*cJ /)+0.4 and )!/)
+0.14 #25–28$. See Ref. #21$ for more details.
The next-to-leading order !NLO" quarkonium production

cross section in the CEM #21$ was calculated using the QQ̄
production code of Ref. #29$ with the mass cut in Eq. !7".
When the NLO contribution is included, the pT dependence
of ) production at the Tevatron has been shown to agree
with the CEM calculations #30$. The LO and NLO calcula-
tions agree equally well with the energy and xF dependent
data if Fi

LO is defined as Fi
NLO multiplied by a theoretical K

factor, the ratio of the NLO to LO cross sections #21$. At
next-to-leading order, F)

NLO is 2.54% #21$.
Figure 2 shows the forward xF distributions for ) produc-

tion in pp collisions1 in the CEM at 800 and 120 GeV. The
)! distributions are identical except for the relative fraction
of )! production below the DD̄ threshold and are thus not
shown. Note that at large xF , xF,0.6 at 800 GeV and ,0.5
at 120 GeV, qq̄ annihilation is the most important contribu-
tion to the cross section.

B. Quarkonium production in nonrelativistic QCD

An alternative model of quarkonium production, the color
singlet model #31$, predicted that high pT ) production
would be dominated by *cJ decays. It also predicted that
direct ) and )! production would be rare because a hard
gluon emission was required to make a color singlet 3S1
state on a perturbative time scale. On the other hand, the
CEM is an average over the color and spin of the produced
cc̄ pair and cannot make such predictions. Soon after the
high pT Tevatron data #32$ made it clear that the hard gluon
emission constraint in the color singlet model severely un-
derpredicted direct ) and )! production, the nonrelativistic
QCD !NRQCD" approach to quarkonium production was
formulated #33$. This approach does not restrict the angular
momentum or color of the quarkonium state to only the lead-
ing singlet state. For example, the final-state ) may be pro-
duced as a 3P0 color octet state which becomes a ) through
nonperturbative soft gluon emissions. Thus the NRQCD

1The xF distributions are symmetric around xF!0 in pp produc-
tion.

FIG. 2. The ) xF distributions at !a" 800 GeV
and !b" 120 GeV in the CEM. The contributions
from gg fusion !dashed" and qq̄ annihilation
!dot-dashed" are given along with the total
!solid".
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Model dependence: prevents a reliable PDF determination 



J/𝜓 – can we get rid of the production models ?  

Yes! look at the production cross section for K+ and K−

The cross section difference isolates solely the valence-valence term :
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The cross section difference between K−and K+ is independent of any model



Kaon-induced J/𝜓 production 
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Tools for investigating the hadron structure 
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Deep Inelastic 
Scattering (DIS)

from A. Bacchetta, 2014

TMD

PDF

Semi-Inclusive DIS 

Detected hadron

Detected lepton



SIDIS and Transverse Momentum Dependent PDFs (LT)

u EMC effect: are the TMDs in nuclei different than the TMDs in the nucleon?

u Answer is difficult: needed is large statistics, polarization, quark fragmentation, etc…
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Detected hadron



AMBER experiment at CERN 

u Dimuon setup
n Proposal is accepted
n Energy: 190 GeV
n Beams: Positive and Negative hadrons
n Targets: 12C and 184W
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Figure 27: Experimental setup for the proposed Drell-Yan and charmonium measurements. Top: sketch of target system and hadron absorber. Bottom: Extended setup.
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Summary

u Drell-Yan experiments shed further lights on the EMC effect. 

u CERN + AMBER experiment: only place in the world with 
n 1) mesons beams (pions, kaons) ; also proton and antiproton beams
n 2) positive or negative beam charge
n 3) large and uniform acceptance (and there are planned improvements...) 
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