
EMC EFFECT FOR ANTIQUARKS???

1

OVERVIEW OF NUCLEAR PDFS

HT in DIS

Correct definition of x  in eA 

Shadowing and anti shadowing

Mark Strikman, PSU



               Rj(x,Q2) =2fj /A(x,Q2)/Afj/N(x,Q2) from 1

shadowing antishadowing Fermi motion & short-range correlationsEMC effect

Nuclear effect for pdfs: deviation of 

Outline: from large to small x

2



2N

2N+ 3N

Scaling limit    Q2 > 20 GeV2 ?
Broad integral over LC fraction α  

Early sensitivity to 3 src

3



Volume 123B, number 3,4 PHYSICS LETTERS 31 March 1983 

THE RATIO OF THE NUCLEON STRUCTURE FUNCTIONS F N 
FOR IRON AND DEUTERIUM 

The European Muon Collaboratmn 

J.J. AUBERT h, G. BASSOMPIERRE f, K.H. BECKS m, C. BEST j,1, E. B(}HM d, X. de BOUARD f, 
F.W. BRASSE b, C. BROLL f, S. BROWN g, J. CARR j,2, R.W. CLIFFT J, J.H. COBB c , 3  
G CO1GNET f, F. COMBLEY k, G.R. COURT g, G D'AGOSTINI h, W D. DAU d, j .K.  DAVIES 1,4, 
Y. Dt~CLAIS f, R.W. DOBINSON a U. DOSSELLI a.5, j .  DREES m, A.W. EDWARDS a M. EDWARDS J, 
J. FAVIER f, M I FERRERO v,6, W. FLAUGER b, E. GABATHULER a, R. GAMET g, J. GAYLER b, 
V GERHARDT b ,7  C. GOSSLING b, j .  HAAS c, K. HAMACHER m p .  HAYMANg, M. HENCKES m,8, 
V. KORBEL h U. LANDGRAF c, M. LEENEN a,9, M, MAIRE f, H MINSSIEUX f, W. MOHR c 
H.E. MONTGOMERY a, K. MOSER c, R P. MOUNT 1,10. P.R. NORTON J, J McNICHOLAS 1.11 
A M OSBORNE a p PAYRE f, C. PERON1 e, H. PESSARD f, U PIETRZYK m, K. RITH c 
M. SCHNEEGANS f, T. SLOAN e, H E. STIER c W. STOCKHAUSEN m, j .M. THI~NARD f, 
J.C. THOMPSON J. L URBAN f, 12, M. VILLERS 1, H, WAHLEN m M WHALLEY k,13, D. WILLIAMS g, 
W.S.C WILLIAMS 1 j ,  WILLIAMSON k and S.J. WIMPENNY g 
CERN a-DESY (Hamburg) b-FretburgC-Klel d-Lancastere-LAPP {Annecy) f-Lzverpool g-Marsetlleh-Oxford 1 
Rutherford J-Sheffield k Turin ~- Wuppertal rn 

Recewed 19 January 1983 

Usmg the data on deep melastlc muon scattering on tron and deuterium the ratio of the nucleon structure functions 
FN(Fe)/FN(D) is presented. The observed x-dependence of this ratio is m disagreement with existing theoretical pred~ctlons. 

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- 
ture functions F N and xF  N, the sea-quark &strlbutlon 
(?q)N and gluon distribution gN over a wide range o f x  
and Q2. x is defined as x = Q2/2Mpv, where Q2 ts the 

square of  the four-momentum transfer from the lepton, 
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 
chromodynamms. 

The results conventionally represent the dastribu- 
tlons of  quarks and gluons m nucleons whmh are era- 
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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 t x  = 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 nonrelativistic constituent quark model with parameters fitted to reproduce the nucleon form
factor). An observation of a much larger value of p would signal the presence of large short-range
parton—parton correlations in the nucleon wave function.

At present there exist several pieces of information about (p,~, which are basically consistent with a
naive estimate (for average x):

(i) Production of leading hadrons in the current fragmentation region in the reaction  + N—+ 1’ +
+ h2 + X. The EM Collaboration analysed correlations in the transverse momentum plane between

the leading hadrons using the Lund model. They find that a reasonable description is reached for
(p,) —0.44 GeV/c at x —0.1—0.2 [21].This analysis is likely to overestimate (pj since it does not take
into account the QCD broadening of the p~distribution due to the gluon radiation in the initial state.

(ii) The p-dependence of the leading hadron production in the reaction  + N—~e’ + h + X. The
analyses [22]of this effect lead to (ps) —(0.3—0.4) GeV/c for x—0.1—0.2.

(iii) In Drell—Yan pair production the p~distribution of the  ~ pair is reasonably well described by
the QCD calculations which take into account the gluon radiation (the DDT form factor), see, e.g., ref.
[23].It appears that the agreement would be destroyed if (~~)exceeds 0.5GeV/c. Similarly, the p~
distribution of Xe-meson production is reasonably described by the gluon fusion model with the DDT
form factor [24].This can be considered as an indication that (P5)g also does not exceed 0.5 GeVI c.

3.7. Nuclear effects. Introduction

At the Paris (Rochester) Conference in 1982 the European Muon Collaboration (EMC) first
reported their observation of a difference between the structure functions F2 of heavy (Fe) and light
(D) nuclear targets for 0.05  x  0.65 (fig. 3.11) [25].The difference between the observations and the
expectations of the conventional Fermi motion calculations [26](see discussion in section 5) became
known as the EMC effect.

I I I I I

1.3 -

4+

_ II

::~ ~‘~‘

Fig. 3.11. Ratio ofnucleon structure functionsF~for iron and deuterium as measured by the EM Collaboration in 1983 125]. The solid curve is the
expectation of the Fermi motion models.
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Fig. 3. The structure function ratio F~e(x)lF~2(x) measured in 
this and in a previous [4] experiment. Only statistical errors are 
shown. 

malization. For x <  0.15, the two measurements are 
marginally compatible within the quoted systematic 
errors. Preliminary data from the EM Collaboration 
on a copper target show a less pronounced effect at 
small x in good agreement with our result [ 6 ]. The 
agreement with the SLAC E139 data [2] is excellent 
for x >  0.25 but rather poor at small x ,  In this region, 
we observe, however, a very good agreement with the 
earlier SLAC experiment on a copper target [ 3] at 
small Q2~ 1 GeV 2. 

Table 1 

L~12 

L~ 
1 1 
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eo 

(a) • BCDMS (combined) 
[ ]  EMC (Ref. 1) 

1 J J J 
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O Arnold et al. (Ref. 2) I 

" I i~T~ g } F  ~ l [ ]  S t e i n  e t  ol. (Ref. 5) ] 

0. 0.1 0.2 0.3 0.4 0,5 0.6 0.7 0.8 0.9 
Bjorken x 

Fig. 4. The structure function ratio FVe(x)/F~(x) from this and 
from a previous measurement  [4] combined, compared to other 
muon (a) and electron (b) scattering experiments. The data from 
ref. [ 3 ] were taken with a copper target. Only statistical errors 
are shown. 

In summary, we have complemented our earlier 
measurement of the structure function ratio 
FFet x fl2"~/FD2I ~. 1"32"~ 2 k , ~ 1  2 ~ , ~  J b y  n e w  d a t a  covering t h e  
region of small x (0.06 ~ x ~< 0.20) and improving the 

Results for R(x) =FVe(x)/F~'-(x) from this experiment and ref. [4] combined. The systematic errors do not include the 1.5% uncer- 
tainty on the relative normalization of  Fe and D2 data. 

X Q2 range R(x) Statistical Systematic 
(GeV 2) error error 

0.07 14- 20 1.048 0.016 0.016 
0.10 16- 30 1.057 0.009 0.012 
0.14 18- 35 1.046 0.009 0.011 
0.18 18- 46 1.050 0.009 0.009 
0.225 20-106 1.027 0.009 0.010 
0.275 23-106 1.000 0.011 0.010 
0.35 23-150 0.959 0.009 0.011 
0.45 26-200 0.923 0.013 0.015 
0.55 26-200 0.917 0.019 0.021 
0.65 26-200 0.813 0.023 0.030 

4 8 6  

Bjorken  scaling within 30% accuracy 
- caveat - HT effects are large in 
SLAC kinematics for x≥ 0.5

EMC83

q⌫ = (q0, ~q), x = xBj = �q2/2q0mp q⌫ = p�⇤

Major discovery (by chance) - the European Muon Collaboration effect - 
substantial difference of quark Bjorken x distributions at x > 0.25 in A>2 and 
a=2 nuclei : large deviation of the EMC ratio 



Why the  effect  cannot be described in the approximation: nucleus = A nucleons?

consider a fast nucleus with momentum PA as a collection of nucleons 
with momenta PA/A

FA
q (x) = AfN

q (x)

In this case probability to find a quark/antiquark  with momentum xPA/A is 

RA(x) ⌘ FA
q (x)/AfN

q (x) = 1

Deviation of RA(x) from one is refereed to as EMC effect - 1983

=
PA α1PA/A

α2PA/A
α3PA/A

α1 +α2 +α3=3

How model dependent was the expectation?
 EMC paper had many curves hence impression that curves could be moved easily.

If no Fermi motion: αi=1

6



Why it is interesting to study a 10% effect - most of reactions 
Agreement with nuclear theory is not good to even 20% 
Can account of Fermi motion describe the EMC effect?

Many nucleon 
approximation:

Z
⇥NA (�, pt)

d�

�
d2pt = A baryon charge sum rule

Light cone nuclear nucleon 
density (light cone projection of 
the nuclear spectral function

fraction of nucleus momentum 
NOT carried by nucleons

1

A

Z
�⇤NA (�, pt)

d�

�
d2pt = 1� ⇥A

F2A(x,Q
2) =

Z
⇢NA (↵, pt)F2N (x/↵)

d↵

↵
d2pt

≣probability to find a 
nucleon having 

momentum αPA

7

λA=0 in nucleus = collection 
 of nucleons

Need to use 
⇢NA (↵, pt)

to satisfy QCD sum rules

momentum  sum rule



+
xF 0

2N (x,Q2) + (x2/2)F 00
2N (x,Q2)

F2N (x,Q2)
· 2(TA � T2H)

3mN

Fermi motion

+
xn [x(n+ 1)� 2]

(1� x)2
· (TA � T2H)

3mN

small negative  RA-1 for xcr= 2/(n+1)  and rapidly growing for x > xcr

RA(x,Q
2) = 1� �Anx

1� x

Since spread in  α due to Fermi motion is modest ⇒ do 

Taylor series expansion in (1- α):   α= 1+ (α-1)

EMC effect is unambiguous evidence for presence of non nucleonic 
degrees of freedom in nuclei. The question - what they are? 

8

xfN (x,Q2) / (1� x)n

RA(x,Q
2) = 1� �AxF 0

2N (x,Q2)

F2N (x,Q2)

xcr=0.5 for quarks,             xcr=0.25 for antiquarks [nantiquarks =7 - quark counting rules]



RA/D(x)

qA(x)/qD(x)

Recent DY the highest x~ 0.4

crossover (R=1) point

Rcr = 2/(n+ 1)

xq̄(x) / (1� x)n, n = 7.

Fermi motion expectations  - no nonnucleonic degrees of freedom

FIG. 2. The figure shows rResults for the ratio of the convolution formula, Eq. (17), for (a) k0 =

220 MeV = 1.115 fm�1 (carbon), and (b) k0 = 250 MeV = 1.270 fm�1 (iron); in both cases, a2 =

4. Dashed lines correspond to the Taylor series expansion of Eq. (7).

11

n=3

  Solid curves  exact calculation, dashed curves-Taylor  
expansion - perfect agreement.            

Region of crossover a sweet spot for looking for nonnucleonic effects  

9



10

EMC effect CANNOT BE explained without introducing non-
nucleonic degrees of freedom - just due to Fermi motion.

Claims to the opposite are due  violation of the  baryon charge 
conservation or momentum conservation or both

For antiquarks no evidence for enhancement for x> 0.25 expected  due to Fermi motion



SEAQUEST COMPARISON WITH E772
*E772 systematics not shown

11

Softening of x distribution of quarks and antiquarks 
(and gluons?) in bound nucleons 



Seaquest data indicate that  deviations from naive many nucleon 
model are even larger for  antiquarks than for quarks

Complements the studies of the EMC effect by Jlab & MIT groups which 
find experimental indications that the EMC effect is proportional to  
the probability of the “pn” short range correlations in nuclei

If the origin of antiquark effect is the same - modification of parton  
structure of SRCs -  weak A-dependence for A≥ 12. 

The   data seem to be consistent with weak A-dependence except  
W/D highest point ? (correction for N=1.5 Z for W seems to be small) 

Challenge: probability of SRC in nuclei is 25% and 90% of SRC are nucleons - 
how to get 15% effect for EMC ratio

R (x=0.4,data) ~ 0.9 ±0.1,  Fermi motion  R= 1.2

Qualitatively new information about quark - gluon structure of nuclei

Both quarks and antiquarks are softer in SRCs?

12



If confirmed with a better precision,… this measurement  would be 
a second critical contribution of DY studies into understanding of 

quark- gluon nuclear structure (the first one was ruling out 
enhancement of antiquarks due to scattering off pions).

13



Moderate x ~0.5 for eA- standard EMC effect 

14

Two problems  for precision analysis necessary since dynamical quantity 

1-R which for for a wide rage  of nuclei does not exceed 10%for wide range of A

A) HT effects 

B) QCD consistent definition of Bjorken x



The higher-twist coefficients C, as a function of x. Full (open) 

circles are for H2 (D2)  data 


Marc Virchaux and  Alain Milsztajn, 1992 

F2N (x,Q2) = FLT
2N (x,Q2)(1 + C/Q2)

Bjorken  scaling within 30% accuracy - caveat - HT effects are quite large in Jlab
 and SLAC kinematics for x≥ 0.65.

Example:   for x=0.65, Q2 = 2GeV2,   HT/LT =0.3

15

!!!

Also, the high Q BCDMS point at x=0.65, is much lower than SLAC and Jlab 
measurements to  be reproduced by DGLAP evolution.



-

●

●
●●

-

●

●
●●

10 100
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1.01

1.02

0.99

0.98

R

xBj-scale

xBj-scale +Coulomb

Coulomb

x=0.6, n=2

Figure 1: Change of R due to account for correct x-scale( dashed line), contribution of
equivalent photons (dotted line) and combined e↵ect (solid line) as a function of atomic
number for x = 0.6 and F2N (x) / (1 � x)2.

where at the last step we took f j

N
(x) / (1�x)n 3. The value of the correction to the EMC

e↵ect due to this e↵ect is presented in Fig.1 together with the e↵ect of equivalent photons
to be discussed in the next section and combined e↵ect which reflects the change of the
hadronic component of the EMC e↵ect.

The nucleon Fermi motion correction can be easily included as well. We will demon-
strate in section 5 that Eq.21 leads to decrease of RA, enhancing the EMC e↵ect for A � 4
by practically the same amount due to a weak A-dependence of xp for A � 4. We will
explain in the next section that for heavy nuclei presence of the Coulomb field for a nucleus
at rest explains a certain fraction of the EMC e↵ect which compensates the e↵ect of change
of xp. So the hadronic contribution to the EMC ratio for heavy nuclei is close to the EMC
ratio reported experimentally. Overall account of the two e↵ects leads to reduction of the
A-dependence of the hadronic contribution to the EMC ratio for A between 4 and 200, cf.
Fig. 5.

Comment. A popular expectation in the low energy nuclear physics is that one
can account for the e↵ects of relativistic nucleon Fermi motion assuming that the vertex
functions in the Feynman diagrams with a virtual nucleon coincide with Schrodinger WFs
of a nucleus. This model has been applied in several papers to explain the EMC e↵ect
formulated in terms of non-parton model variable xp and without subtraction of the con-
tribution of equivalent photons. In the first papers [17, 18] the baryon sum rule, i.e., the

3
Note that to simplify the expressions we took here mn = mp so the dominator x consider with xp. In

the final expressions the A/D ratio we will take into account the di↵erence between xp and xD.

10

: Change of R due to account for correct x-scale( dashed line), contribution of equivalent 
photons (dotted line) and combined effect (solid line) as a function of atomic number for 

x = 0.6 and F2N (x) ∝ (1 − x)2  

16

xT=Q2/2q0mT Not xp used in all data analyses Bj x - light cone fraction

q0mT



Baryon charge sum rule

(1)
From (1)  + EMC effect ⇒  enhancement of VA(x~ 0.1) at least partially 

reflection of the EMC effect - some room for contribution  
compensating smallish valence quark shadowing. FGS12  presented an 
argument now why shadowing for VA is suppressed. 

Comment: the best way to measure VA/VN is semi inclusive π+- π- 

DA/⇡+

(x, xF, Q2)�DA/⇡�
(x, xF, Q2)

DN/⇡+(x, xF, Q2)�DN/⇡�(x, xF, Q2)
=

F2N(x,Q2)

F2A(x,Q2)

uA
v (x,Q

2)� 1
4d

A
v (x,Q

2)

uN
v (x,Q

2)� 1
4d

N
v (x,Q

2)

=
F2N(x,Q2)

F2A(x,Q2)

VA(x,Q2)

VN(x,Q2)

����
N,A=isosinglet

right hand side does not depend of xF . Perhaps better to measure 
(π+- π- )/(π++π-)
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Consider isoscalar  target 

and use 

define

Use NMC data (the smallest  relative normalization error)

for 40Ca



 The Gribov theory of nuclear shadowing   relates  shadowing in γ* A and 

diffraction in the elementary process:   γ*+N → X +N.

Before  HERA one had to model  ep diffraction to calculate 
shadowing for σγ*A   (FS88-89, Kwiecinski89, Brodsky & Liu 90, 

Nikolaev & Zakharov 91). More recently several groups  (Capella 
et al)  used the HERA diffractive data  as input to obtain a 
reasonable description of  the NMC data (however this analysis 
made several simplifying assumptions). Also the diffractive data 
were used by several groups to describe shadowing in γA 
scattering without free parameters.

Does not allow to calculate gluon pdfs and even quark pdfs

Author's personal copy
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Fig. 9. Graphs for to the total virtual photon–nucleus cross section, �� ⇤A . Graph a gives the impulse approximation; graphs b and c give the shadowing
correction arising from the interaction with two and three nucleons of the target, respectively.

When lc is larger than the diameter of the nucleus, 2RA, the virtual photon coherently (‘‘simultaneously’’) interactswith all
nucleons of the target located at the same impact parameter. For instance, for the nucleus of 40Ca, this happens for x  0.01.
On the other hand, when lc decreases and becomes compatible to the average distance between two nucleons in the nucleus,
rNN ⇡ 1.7 fm, all effects associated with large lc are expected to disappear. Therefore, the nuclear effects of shadowing and
antishadowing disappear for x > 0.2 (see also the discussion in Section 3.2 where this is discussed in the reference frame
of the fast moving nucleus).

The wave function of the projectile virtual photon is characterized by the distribution over components (fluctuations)
that widely differ in the strength of the interaction with the target: the fluctuations of a small transverse size correspond
to the small interaction strength and the large phase volume, while the fluctuations of a large transverse size correspond
to the large interaction strength but the small phase volume. A proper account of the interplay between the phase volume
of different configurations and their strength of interactions shows [122] that these components lead to the contributions
characterized by the same power of Q 2: �� ⇤T / 1/Q 2.1 Hence, at moderately small x, nuclear shadowing is a predominantly
non-perturbative QCD phenomenon complicated by the leading twist Q 2 evolution. At extremely small x, perturbative QCD
(pQCD) interactions become strong which leads to a change of the dynamics of nuclear shadowing, see the discussion in
Section 8.

At sufficiently high energies (small Bjorken x), when the virtual photon interacts with many nucleons of the target, the
lepton–nucleus scattering amplitude receives contributions from the graphs presented in Fig. 9. Considering the forward
scattering and taking the imaginary part of the graphs in Fig. 9 (presented by the vertical dashed lines), one obtains
the graphical representation for the total virtual photon–nucleus cross section, �� ⇤A. Note that there are other graphs,
corresponding to the interaction with four and more nucleons of the target, which are not shown in Fig. 9; the contribution
of these graphs to �� ⇤A is insignificant. However, they appear to be important in the case of the events with the multiplicity
significantly larger than the average.

Graph a in Fig. 9, which is a generalization of the left graph in Fig. 2 to the case of DIS, corresponds to the interaction with
one nucleon of the target (the impulse approximation). The contribution of graph a to �� ⇤A, which we denote �

(a)
� ⇤A, is

�
(a)
� ⇤A = A�� ⇤N , (31)

where �� ⇤N is the total virtual photon–nucleon cross section. The proton and neutron total cross sections (structure
functions) are very close at small x, and, therefore, unless specified, we shall not distinguish between protons and neutrons.
Also, in Eq. (31), we employed the non-relativistic approximation for the nucleus wave function. A more accurate treatment
would involve the light-cone many-nucleon approximation for the description of nuclei which leads to tiny corrections to
Eq. (31) for small x due to the Fermi motion effect, see Section 3.2. The good accuracy of this approximation has been tested
by numerous studies of elastic and total hadron–nucleus scattering cross sections at intermediate energies.

The total cross section in Eq. (31) corresponds to the sumof the cross sectionswith the transverse (�� ⇤
T N ) and longitudinal

(�� ⇤
L N ) polarizations of the virtual photon. These cross sections can be expressed in terms of the isospin-averaged inclusive

(unpolarized) structure function F2N(x,Q 2) and longitudinal structure function FL(x,Q 2), see, e.g. [101]:

�� ⇤
T N + �� ⇤

L N = �� ⇤N =
4⇡2↵em

Q 2(1 � x)
F2N(x,Q 2),

�� ⇤
L N =

4⇡2↵em

Q 2(1 � x)
FL(x,Q 2), (32)

1 This parton-model reasoning ismodified in QCDwhere the configurationswith almost on-mass-shell quarks are suppressed at largeQ 2 by the Sudakov
form factor. An account of radiation (Q 2 evolution) leads to the appearance of hard gluons (in addition to thenear on-mass-shell quarks) in thewave function
of the virtual photon. This property of QCD is important for the theoretical analysis of hard diffractive processes considered in Section 6.

model 
independent

model dependent 
but universal (~ 
same for different A)

four fold 
rescattering a 

small correction 
for x> 10-3
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Fig. 65. Comparison of the F2A(x,Q 2)/[AF2N (x,Q 2)] ratio for 40Ca [17] to our predictions corresponding to the sum of the leading twist and VMD
contributions. The lower band corresponds to LT + VMD; the upper band corresponds to LT + 0.5 VMD (see the text).

Since one does not have an unambiguous way to add the LT and VMD contributions, as an illustration, we consider the
scenario when the VMD contribution is added with the coefficient 1/2. This coefficient accounts for the duality between the
continuum and VMD contributions to diffraction, see also the discussion in Ref. [193]. The corresponding prediction is given
by the upper band in Fig. 65. As one can see from the figure, the ‘‘LT+ 0.5 VMD’’ prescription provides a good description of
the NMC data.

Figs. 63 and 65 illustrate the important qualitative phenomenon that the higher twist effects play an important role
in nuclear shadowing in the considered kinematics. This conclusion is in a broad agreement with the phenomenological
approaches to nuclear shadowing which include both the scaling (leading twist) and lowest mass (⇢,! and �) vector meson
(higher twist) contributions [85–92,94,95].

One should also mention a very different approach to nuclear shadowing, where nuclear shadowing is a purely higher
twist effect [206]. The analysis of [206] confirms our observation that the higher twist effects in the fixed-target kinematics
are large. So far the connection of the approach of [206] to the Gribov theory is not clear. In particular, the diagrams that
correspond to the vector meson production (which dominates the higher twist small-x contribution in the Gribov theory)
seem to be neglected in [206] as a very high twist effect. It would be interesting to compare predictions for the double
scattering contribution to F2A(x,Q 2) made using the approach of Ref. [206] and the Gribov relation between shadowing and
diffraction (see Eq. (43)), which, in this limit, is a consequence of unitarity, see the discussion in Section 3.

5.17. The EMC effect for heavy nuclei and the Lorentz dilation of the nuclear Coulomb field

This subsection is based on Ref. [207]. In QCD one usually treats the partonwave function of a nucleus A as built of quarks
and gluons. As a result, it satisfies the following momentum sum rule:

Z 1

0

⇥
xAVA(xA,Q 2) + xASA(xA,Q 2) + xAGA(xA,Q 2)

⇤
dxA = 1, (152)

where the summation over the quark flavors is assumed; (VA, SA,GA) refer to the (valence quark, sea quark, gluon)
distributions in the target; xA = Q 2/(2q0MA) where q0 is the virtual photon energy and MA is the nucleus mass. In this
approximation, one neglects electromagnetic effects both in the hadron wave function at the initial scale of the evolution,
Q 2
0 , and in the DGLAP QCD evolution.
In the case of a fast particle, its Coulomb field is transformed into the field of equivalent photons. As a result, the photons

become dynamical degrees of freedom. To take them into account requires the modification of the QCD evolution equations
by including the momentum distribution of the photons, PA, in addition to the standard contributions of quarks and gluons.
Thus, the presence of the photon component in the nuclear light-cone wave function leads to the following modification of
the momentum sum rule:

Z 1

0

⇥
xAVA(xA,Q 2) + xASA(xA,Q 2) + xAGA(xA,Q 2) + xAPA(xA,Q 2)

⇤
dxA = 1. (153)

To remove the kinematic effects, it is convenient to rescale the variables by introducing the light-cone fraction x defined as

x = AxA, (154)
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Combining Gribov theory  of shadowing and pQCD factorization theorem for 
diffraction in DIS allows to calculate LT shadowing  for all parton densities  (FS98) 
(instead of calculating F2A only)

 Theoretical expectations for shadowing in the  LT limit

Theorem:   In  the low thickness limit the leading twist nuclear shadowing 
is unambiguously expressed through the nucleon diffractive  parton 
densities                         :

 
  

2
Im   −  Re

22
Im  + Re                                         

2

HH

j j

p     p        p      p

γ∗ γ∗HH
γ∗ γ∗

j j

Α Α

PPP P

Hard diffraction 

off parton  "j"

Leading twist contribution

structure function  fj (x,Q2)

to the nuclear shadowing for

N1
N2

A−2

f Dj (
x
xIP

,Q2,xIP, t)
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  Numerical studies impose antishadowing to satisfy the sum rules for 
baryon charge and momentum (LF + MS + Liuti 90) - sensitivity to 
model of fluctuations (interaction with N>2 nucleons) is rather weak.  
At the moment uncertainty from HERA measurements is 
comparable.

NLO pdfs - as diffractive 
pdfs are NLO

21
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Fig. 31. Predictions for nuclear shadowing at the input scale Q 2
0 = 4 GeV2. The ratios Rj (ū and c quarks and gluons) and RF2 as functions of Bjorken x at

Q 2 = 4. The four upper panels are for 40Ca; the four lower panels are for 208Pb. Two sets of curves correspond to models FGS10_H and FGS10_L (see the
text).

Another important quantity related to the longitudinal structure function is the ratio of the virtual photon-target cross
sections for the longitudinal and transverse polarizations of the virtual photon,

R ⌘
�L

�T
=

FL(x,Q 2)

F2(x,Q 2) � FL(x,Q 2)
. (123)

Below we present our predictions for the super-ratio RA/RN , which is the ratio of the nuclear to the nucleon ratios R:

RA

RN
⌘

FA
L (x,Q 2)

F2A(x,Q 2) � FA
L (x,Q 2)

F2N(x,Q 2) � FN
L (x,Q 2)

FN
L (x,Q 2)

=
FA
L (x,Q 2)

AFN
L (x,Q 2)

AF2N(x,Q 2)

F2A(x,Q 2)

1 � FN
L (x,Q 2)/F2N(x,Q 2)

1 � FA
L (x,Q 2)/F2A(x,Q 2)

. (124)

The advantage of considering the super-ratio RA/RN is that this quantity is essentially insensitive to the value of the
elementary ratio RN .

Fig. 36 presents our predictions for RA/RN of Eq. (124) for 40Ca and 208Pb for four different values of Q 2 as a function of
Bjorken x. Both models FGS10_H and FGS10_L give numerically indistinguishable predictions for RA/RN . Also, as one can see

Predictions for nuclear shadowing at the input scale Q2 = 4 GeV2. and = 100 
GeV2. The ratios Rj (u  ̄and c quarks and gluons) and RF2 as functions of 
Bjorken x.   Two sets of curves correspond to models FGS10_H and FGS10_L.

Author's personal copy
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Fig. 32. The same as in Fig. 31, but the ratios are evaluated at Q 2 = 100 GeV2.

from Fig. 36, the predicted A dependence of RA/RN is rather weak, but still non-negligible. (This also naturally applies to the
ratio RA.)

The trend of the x behavior of RA/RN can be understood as follows. For small x, x  10�3, and not too large Q 2,
Q 2  10 GeV2, the suppression of FA

L /(AFN
L ) due to nuclear shadowing is larger than that of F2A/(AF2N) (the nuclear gluon

PDF is shadowed more that the quark nuclear PDFs), which makes RA/RN < 1. As one increases x, antishadowing begins to
play a role, which makes FA

L /(AFN
L ) > 1, see Fig. 35. As a result, RA/RN > 1 for approximately 5 ⇥ 10�3  x  0.2.

One has to note that as an input for our calculation of the R factor, we use the nucleon longitudinal structure function
FN
L (x,Q 2) that we calculate using the CTEQ5M parton distributions. A comparison of our predictions for FN

L (x,Q 2) to the
ZEUS [174] and H1 [175] data on FN

L (x,Q 2) shows that our predictions somewhat overestimate the data. At the same
time, NLO and NNLO predictions made with contemporary parton distributions describe the data reasonably well [175].
An inspection shows that the CTEQ5M gluon distribution at small x is significantly larger than, e.g., the CT10 gluon
distribution [176] which explains our overestimate of the HERA data on FN

L (x,Q 2).

5.3. Energy and Q 2 dependence of nuclear shadowing

It is also important to study the energy dependence (the dependence on Bjorken x) and Q 2 dependence of nuclear
shadowing. In the following, we consider the shadowing corrections to the structure function F2A(x,Q 2) and to the gluon

Q2 = 4 GeV2 Q2 = 100 GeV2

Sum rules require pretty large gluon antishadowing
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Figure 4. The same as in figure 3, but with the LO pQCD predictions evaluated at µ2 = 3 GeV2.

Figures 3 and 4 present the suppression factor S(Wγp) for Lead as a function of x =

M2
J/ψ/W

2
γp. The two ALICE data points (see the discussion above) are compared with the

LO pQCD predictions given by eq. (2.11) at µ2 = 2.4 GeV2 (figure 3) and at µ2 = 3 GeV2

(figure 4). In the two upper panels and in the lower left one, the factors of R(x, µ2) and

κA/N are calculated in the framework of the leading twist approximation (LTA) consisting

in the combination of the leading twist theory of nuclear shadowing [30] with the given

(MNRT07, CTEQ6L1, CTEQ6L, MRST04 and NNPDF) gluon distributions of the free

nucleon. In each case, we show the band of predictions which corresponds to the intrinsic

uncertainty of the leading twist theory of nuclear shadowing1. Note also that since the

predictions with the CTEQ6L1 and CTEQ6L and with the MRST04 and NNPDF gluon

distributions are rather close, we show only the representative examples of CTEQ6L1 and

NNPDF.

In the lower right panels, S(Wγp) is calculated using the leading order EPS09 param-

eterization of nuclear PDFs [31] extracted from the global QCD fit to available data; at

the leading order, EPS09 should be coupled with the CTEQ6L1 gluon distribution of the

free proton. Note that we use EPS09 as a typical representative example—predictions for

1The bands shown in figures 3 and 4 represent the theoretical uncertainty of the leading twist theory

of nuclear shadowing [30] associated with the ambiguity in the magnitude of the contribution describing

the interaction of the virtual photon with three and more nucleons of the nucleus. The upper and lower

boundaries of the bands correspond to the lower and higher limits on shadowing.

– 10 –

Points - experimental values of S extracted by Guzey et al 
(arXiv:1305.1724) from the ALICE  data;   Curves - analysis with 
determination of  Q -scale by Guzey and Zhalov arXiv:1307.6689; JHEP 
1402 (2014) 046.

Gluon shadowing  from J/ψ photoproduction 

SPb =


�(�A ! J/ +A)

�imp.approx.(�A ! J/ +A)

�1/2
=

gA(x,Q2)

gN (x,Q2)

http://arXiv.org/abs/arXiv:1305.1724
http://arXiv.org/abs/arXiv:1307.6689
http://arXiv.org/abs/arXiv:1307.6689
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χ=10-3 GOOD AGREEMENT WITH PREDICTIONS OF LTA.

DOWN TO X~ 10-5

LARGE REDUCTION OF GLUON DENSITY
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LTA predictions for nPDFs   
•HERA analysis: perturbative Pomeron is made mostly of gluons → LTA 
model naturally predicts large gluon nuclear shadowing, Frankfurt, Guzey, Strikman, 
Phys. Rept. 512 (2012) 255

8
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•Electron-Ion Collider has potential to discriminate models of NS due to: 
- wide x-Q2 coverage 
- measurements of the longitudinal structure function FLA(x,Q2) sensitive to gluons 
- measurements of diffraction in eA DIS

l Alternative, complementary point of view: shadowing is mixture of leading and 
higher twist (HT) effects in dipole picture with saturation, Kowalski, Lappi, Venugopalan, PRL 
100 (2008) 022303, or a purely HT effect, Qiu, Vitev, PRL 93 (2004) 262301.

Plenary talks on EIC, 23.06.

DGLAP 
evolution

Antishadowing  
from momentum 
sum rule

Antishadowing in LTA not in dipole models.
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Nuclear shadowing in UPC at LHC  
• Before EIC, models of NS can be tested in 
ultraperipheral collisions (UPCs) of heavy ions at LHC 
and RHIC, Plenary talks on UPCs, 21.06; Nystrand, 20.06 

<latexit sha1_base64="CWU653SkO+D0917eukLWH1YMkmc="></latexit>

SPb(W ) =

"
��A!J/ A(W )

��A!J/ A
IA (W )

#1/2

=
gA(x, µ2)

Agp(x, µ2)Rep. Prog. Phys. 0 (2022) 000000 Review

Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/ψ photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

√
σγA→J/ψA(Wγp)
σIA
γA→J/ψA(Wγp)

= κA/N
xgA(x, µ2)

AxgN(x, µ2)

≡ κA/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| ≈ 0,
the dσAA→AAJ/ψ(y)/dy cross section is unambiguously related
to the σγA→J/ψA(Wγp) photoproduction cross section at the
de!nite value of Wγp =

√
2ENMJ/ψ , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/ψ/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/ψ photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of NS
and global QCD !ts of nPDFs. Note that following the analysis
of reference [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the Wγp

dependence of the cross section of exclusive J/ψ photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 × 10−4 − 10−3, µ2 = 3 GeV2) ≈ 0.6. (183)

Note that the analysis of reference [317] extracted the
nuclear suppression factor of SPb(x) in a wide range of x,
10−5 ! x ! 0.04 using all available run 1 and 2 data on
coherent J/ψ photoproduction in Pb–Pb UPCs. However, due

Figure 43. The dσγA→J/ψA(Wγp, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). The !gure is from [316],
https://doi.org/10.1103/PhysRevC.95.025204.

to the ambiguity of the two terms in equation (175), such a
procedure is in general model dependent and leads to signif-
icant uncertainties in SPb(x) for x < 6 × 10−4 and x > 0.01.
In this respect one should also mention the analysis of [318],
where SPb(x) was extracted from measurements of coherent
J/ψ photoproduction in ultraperipheral and peripheral Pb–Pb
collisions at the LHC at 2.76 TeV. The results of that anal-
ysis broadly agree with the trend of the nuclear suppression
presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/ψ photoproduction on nuclei,

dσγA→J/ψA(Wγp, t)
dt

= κ2
A/N

dσγp→J/ψp(Wγp, t = 0)
dt

×
[

xgA(x, t, µ2)
AxgN(x, µ2)

]2

. (184)

Figure 43 shows the dσγA→J/ψA(Wγp, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

√
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
dσγA→J/ψA(Wγp, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].

50

• Direct evidence of large gluon 
shadowing, Rg(x=6×10-4 - 0.001) ≈ 0.6 in  
agreement with LTA model and EPS09/
EPPS16 nPDFs, Guzey, Kryshen, Strikman, Zhalov, 
PLB 726 (2013) 290, Guzey, Zhalov, JHEP 1310 (2013) 207

06/12/2022CERN LPCC SeminarCMS

Final state kinematics directly map to:
● Photon energy:
● Bjorken-x of gluons:

Ultra-peripheral nuclear collisions: photon-nuclear interactions

5

Coherent production:
● Photon (ℏ/kL > 2R) couples coherently to whole nucleus.
● Vector Meson (VM) <pT> ~ 50 MeV.
● Target nucleus usually remains intact.

Incoherent production:
● Photon couples to part of nucleus.
● VM <pT> ~ 500 MeV.
● Target nucleus usually breaks.

Vector meson (e.g., J/Ψ) photoproduction directly probes gluonic structure 
of nucleus and nucleon.

5

At LO in pQCD, cross section ~ photon flux ⨂ [xG(x)]2 (gluon PDFs)

A. Stahl, LPCC CERN Seminar, 
6.12.2022

b≫RA+RB

• Measured cross section converted nuclear suppression 
factor SPb, Abelev et al. [ALICE], PLB718 (2013) 1273; Abbas et al. [ALICE], EPJ C 
73 (2013) 2617; [CMS] PLB 772 (2017) 489; Acharya et al [ALICE], EPJC 81 (2021) 8, 712

• NLO pQCD challenges this 
interpretation due strong cancellation 
between LO and NLO gluon terms, Eskola, 
plenary talk on 21.06.
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Dynamical model of antishadowing Guzey et al 16

4

P1 = 1

N
N

N
N

+

P1 = 1� P2

+

P2

N
N

FIG. 3: Merging of two ladders coupled to two di↵erent nucleons in the 2IP ! IP process in the nucleus infinite momentum

frame. This process corresponds both to nuclear shadowing and antishadowing.

2.2. Dynamical approach to the antishadowing phenomenon

Nuclear shadowing in DIS at not too small x is described by an exchange of two ladders. This is illustrated by
graph b of Fig. 1 in the target rest frame (each zigzag line represents a ladder).

In the triple Pomeron limit approximation, which is consistent with the HERA data on hard inclusive di↵raction
in ep DIS [27, 28], this contribution can be considered as a result of emission of two ladders at di↵erent impact
parameters [32]. Partons of these two ladders may come close together in the impact parameter plane due to di↵usion
and merge into one ladder. In the infinite momentum frame (IMF), this corresponds to a reduction of the probability
for a fast nucleus (deuteron) to be in the configuration, where its small x component is described as a system of two
independent ladders originating from two nucleons, and an additional contribution to the wave function, where the
system is described by two ladders for the values of the rapidity below the rapidity, where the merger occurred, see
Fig. 3. As a result, at given small x, the probability to have two independent ladders is given by the probability of
di↵raction in a given channel; we denote this probability P1. The probability that merging occurs above given x is
P2 = 1 � P1. Obviously, for large x this model corresponds to nPDFs being equal to the sum of individual nucleon
PDFs, while for small x, the relative reduction of nPDFs is given by the factor of P2. Note that the process illustrated
in Fig. 3 is analogous but not identical to the familiar triple Pomeron processes in hadronic collisions. (Note that the
third ladder may be rather short and not be described by a Pomeron exchange.)

In the nucleus IMF, the merging shown in the right graph in Fig. 3 means that a fraction of the nucleus momentum
carried by the third ladder is a sum of the momentum fractions taken from the two ladders. Therefore, after the merging
of the ladders, the fractions of target momentum are larger than within a single ladder. Hence, the contribution of
the diagrams presented at Fig. 3 to nPDFs is positive at larger x. For su�ciently small x, these diagrams produce a
negative contribution to nPDFs, i.e., they lead to nuclear shadowing. It is essential to point out that since the graphs
in Fig. 3 conserve energy–momentum, they represent a sum of the nuclear shadowing and antishadowing contributions
and allow us to formulate a dynamical approach to the antishadowing phenomenon.

The next important observation is that the QCD analysis of the HERA di↵ractive data [27, 28] indicates that
di↵raction in DIS is dominated by soft Pomeron-like interactions, which follows from the observation that ↵IP (0)
in DIS is practically the same as for soft interactions. Since in soft interactions the correlation length in rapidity
�y ⇠ 1, modifications of parton densities related to the merging of the two ladders should be rather local in the
rapidity and located close to the rapidity position of the vertex describing the 2IP ! IP [(nIP ) ! IP ] transition.
Therefore, for a given light-cone momentum xIP carried by the lower ladder in Fig. 3, the merging of ladders should
predominantly correspond to ln(x/xIP )  1. This means that for a given xIP , nuclear shadowing and antishadowing
should compensate each other in the momentum sum rule for nPDFs on the interval ln(x/xIP )  1.

While the lack of the detailed knowledge of the parton structure of the 2IP ! IP vertex does not allow us to built a
microscopic theory of antishadowing, the realization of the observation that the momentum sum rule is valid locally
on the ln(x/xIP )  1 interval enables us to model antishadowing with only modest uncertainty in the final results.

Above we discussed the dynamical model of shadowing and antishadowing originating from an exchange of two
ladders belonging to two di↵erent nucleons of the nucleus, which exhausts the answer in the cases of low nuclear
density and the deuteron. In a general case, one needs to take into account the interaction with N � 3 nucleons of the
nucleus, which can be done using the quasi-eikonal approximation with the e↵ective cross section �j

soft, see Eq. (1).
These additional elastic interactions do not involve the “first” and the “last” nucleons, which couple to the merging

Merging of two ladders coupled to two different nucleons in the 2IP → IP process in the nucleus infinite 
momentum frame. This process corresponds both to 

At a soft scale one can consider small x infinite momentum frame nucleon wave function as a 
soft ladder - consistent with HERA observation of αIP(diff) =1.12 -soft. In the diffusion ladders 
belonging to two nucleons can overlap and merge into one ladder.

x1

x2

} x1 + x2

:   fewer partons at small x by factor 2- P2  nuclear shadowing:

antishadowing:  more partons at x~x1 + x2

⦿

⦿

Total light cone momentum carried in the merged configuration is the same as for two 
free nucleons, hence the momentum sum rule is automatically concerned
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The parameter B0 determines how local in x/xIP the antishadowing contribution is. The ln(x/xIP )  1 condition
corresponds to B0  3xIP ; in our analysis, we used B0 = 3xIP (B0  0.2) corresponding the rapidity merging range
of �y = 1. We also found that our results very weakly depend on the explicit value of B0 in the B0 = 3xIP � 5xIP

interval. The parameter Nanti(xIP ) is determined from Eq. (10).
Following our analysis in Ref. [20], for the gluon distribution of the free nucleon, we used the NLO CTEQ5M

parameterization [36]. The sensitivity of gA(x,Q2
0)/[AxgN (x,Q2

0)] to the used underlying free nucleon PDFs was
studied in [20] and it was found that, for instance, the di↵erence between the CTEQ5M and CTEQ66 parametrizations
a↵ects gA(x,Q2

0)/[AxgN (x,Q2
0)] only for x < 10�3 leading to at most a 25% di↵erence at x = 10�4, see Fig. 49 of [20].

As we already mentioned in Sect. 2.1, uncertainties of this magnitude in the gluon nPDF at very small x do not
noticeably a↵ect our modeling of the gluon antishadowing as well as the momentum sum rule, see our results in
Sect. 3.

The sketch of the assumed pattern of the x and xIP dependence of �xgantiA (x, xIP , Q2
0) is shown in Fig. 4.

x

shadowing

antishadowing

B0xIP 0.2

FIG. 4: Pattern of x and xIP dependence of the gluon shadowing and antishadowing.

Figure 5 (left) presents our results for �xgantiA (x,Q2
0)/[AxgN (x,Q2

0)] as a function of x for 208Pb at Q2
0 = 4 GeV2.

The solid and dot-dashed curves labeled “High shad.” and “Low shad.” correspond to the scenarios with the higher
and lower nuclear gluon shadowing [20], respectively. One can see from the figure that in all cases, the antishadowing
enhancement does not exceed 15% and peaks around x ⇡ 0.05 � 0.1. Note also that the e↵ect of antishadowing is
rather small for x  10�4. This is a consequence of the fact that for these values of x, the shadowing correction—
and, hence, the compensating antishadowing contribution—receives the dominant contribution from the intermediate
di↵ractive masses corresponding to xIP � 10�4.
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See text for details.

Figure 5 (right) presents our predictions for xgA(x,Q2
0)/[AxgN (x,Q2

0)] as a function of x for 208Pb at Q2
0 = 4 GeV2.

The shaded band spans the range of our predictions for the gluon nuclear shadowing [20] and antishadowing. Note
that in this work we present our results for xgA(x,Q2

0)/[AxgN (x,Q2
0)] for x > 10�4, where the data on di↵raction in

ep scattering are available from HERA. Extrapolation of the HERA fits to smaller x allows one to make estimates for
nuclear shadowing for even smaller smaller x, see Fig. 31 in Ref. [20].

In Fig. 6, we compare our predictions for xgA(x,Q2
0)/[AxgN (x,Q2

0)], when antishadowing is modeled as described
in this work using Eqs. (10) and (11) with B0 = 3xIP (the upper shaded band) with the case when it is modeled

Soft process ⇒ for a merger leading to shadowing at given x the compensating 

antishadowing should occur at nearby rapidities: Δy ≤1 ! B0/xIP ⇠ 3

I do not have time to discuss details of modeling which includes accurate 
definition of x for the nucleus and account for a small fraction of the momentum 
carried by coherent photons (0.8% for Pb)
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FIG. 8: Comparison of the prediction of the leading twist nuclear shadowing and the dynamical model of antishadowing for

xgA(x,Q
2
0)/[AxgN (x,Q2

0)] (same as in Fig. 6) with results of the EPPS16 (left panel) and nCTEQ15 (right panel) fits. The

shaded error bands around the EPPS16 and nCTEQ15 curves give their uncertainties.
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FIG. 9: Impact parameter dependent gluon nuclear shadowing and antishadowing. Comparison of

xgA(x, b,Q
2
0)/[ATA(b)xgN (x,Q2

0)] predicted in the leading twist model of nuclear shadowing and the dynamical model

of antishadowing (same as in Fig. 7) to the EPS09s result. The shaded areas show uncertainties of the respective predictions.

fraction xIP carried by the di↵ractive exchange, nuclear shadowing and antishadowing should compensate each other
in the momentum sum rule for nPDFs locally on the interval ln(x/xIP )  1. This allows us to construct a model of
nuclear gluon antishadowing, where it naturally has a wide support in x, 10�4 < x < 0.2, peaks at x = 0.05� 0.1 and
rather insignificantly depends on details of the model. In the studied example of the xgA(x,Q2

0)/[AxgN (x,Q2
0)] ratio

for 208Pb at Q2
0 = 4 GeV2, our dynamical approach to antishadowing leads to ⇡ 15% enhancement of this ratio at

x = 0.05 � 0.1. We also studied the impact parameter dependence of antishadowing and found it to be significantly
slower that the b-dependence of the nuclear shadowing correction to nPDFs. While our predictions for the magnitude
of nuclear shadowing and antishadowing of the gluon nPDF agree in general to the EPPS16, EPS09s and nCTEQ15
results within their currently large uncertainties, the predicted shapes of the x dependence are rather di↵erent.
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0)] predicted in the leading twist model of nuclear shadowing and the dynamical model

of antishadowing (same as in Fig. 7) to the EPS09s result. The shaded areas show uncertainties of the respective predictions.

fraction xIP carried by the di↵ractive exchange, nuclear shadowing and antishadowing should compensate each other
in the momentum sum rule for nPDFs locally on the interval ln(x/xIP )  1. This allows us to construct a model of
nuclear gluon antishadowing, where it naturally has a wide support in x, 10�4 < x < 0.2, peaks at x = 0.05� 0.1 and
rather insignificantly depends on details of the model. In the studied example of the xgA(x,Q2

0)/[AxgN (x,Q2
0)] ratio

for 208Pb at Q2
0 = 4 GeV2, our dynamical approach to antishadowing leads to ⇡ 15% enhancement of this ratio at

x = 0.05 � 0.1. We also studied the impact parameter dependence of antishadowing and found it to be significantly
slower that the b-dependence of the nuclear shadowing correction to nPDFs. While our predictions for the magnitude
of nuclear shadowing and antishadowing of the gluon nPDF agree in general to the EPPS16, EPS09s and nCTEQ15
results within their currently large uncertainties, the predicted shapes of the x dependence are rather di↵erent.



Gluon nuclear pdf - goof chances to discover EMC effect for gluons, 

  
antishadowing,what are best tools at EIC? 

 
Scaling violation for R(x), charm 

Ss

1) The “latest” results from our project were reported in Yulia’s talk at INT 2018 and are described in the proceedings (page 289):
https://inspirehep.net/literature/1782665

This proceedings article was quoted in the EIC Yellow Report: https://inspirehep.net/literature/1851258

2) Charm impact study by the Berkley group: https://inspirehep.net/literature/1882506
(they refer to our project)

2) Earlier study of nuclear PDFs by the BNL group, including impact of charm:
https://inspirehep.net/literature/1616727
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https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Finspirehep.net%2Fliterature%2F1782665&data=05%7C01%7Cmxs43%40psu.edu%7C6eb58771fe6a484763aa08db7bdfbbb1%7C7cf48d453ddb4389a9c1c115526eb52e%7C0%7C0%7C638239973090968559%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=YUan4Jn6VzMjgzl%2BW8%2Ff8C9Gw3MMHcX3OwmTyd858eU%3D&reserved=0
https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Finspirehep.net%2Fliterature%2F1851258&data=05%7C01%7Cmxs43%40psu.edu%7C6eb58771fe6a484763aa08db7bdfbbb1%7C7cf48d453ddb4389a9c1c115526eb52e%7C0%7C0%7C638239973090968559%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=5YS2siCe3n4aYewjXy6G1Y%2BORl3Tr6ltCQIYpD4ncq4%3D&reserved=0
https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Finspirehep.net%2Fliterature%2F1882506&data=05%7C01%7Cmxs43%40psu.edu%7C6eb58771fe6a484763aa08db7bdfbbb1%7C7cf48d453ddb4389a9c1c115526eb52e%7C0%7C0%7C638239973090968559%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=hQf9hnfzc67IZ2uE599rlcYusBYRG3LN8HKyiabC8GQ%3D&reserved=0
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