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EMC effect  and  Color fluctuations in nucleons

Mark Strikman, Penn State University

Introduction: what we see depends on how we look

EMC effect [ the only case so far of quarks in nuclei]
- from 100 models to one class of models

x-dependent color fluctuations in nucleons - evidence from LHC and 
RHIC (a start of global 3D studies of protons) -   a link to the 
origin of the EMC effect
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Experience of quantum field theory - interactions at different resolutions 
(momentum transfer) resolve different  degrees of freedom - 
renormalization,.... No simple relation between relevant degrees of freedom at 
different scales. 

➟ Complexity of the problem

① To resolve nucleons with k < kF , one needs Q2≥ 0.8 GeV2.

related effect: Q2  dependence of quenching 

Three important scales
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Hard nuclear reactions I:  energy transfer > 1 GeV and momentum transfer q > 1 GeV. 

 Sufficient to resolve short-range correlations (SRCs) = direct observation of SRCs but  
not sensitive to quark-gluon structure of the constituents 

Hard nuclear reactions II:  energy transfer ≫ 1 GeV and momentum transfer q ≫ 1 
GeV.  May involve nucleons in special (for example small size  configurations).    
Allow to resolve quark-gluon structure of SRC: difference between bound and free 
nucleon wave function, exotic configurations

③

②
q0 � 1GeV ⇥ |V SR

NN |,  q � 1GeV/c⇥ 2 kF

Principle of resolution scales was ignored in 70’s, leading to believe SRC could not  
be unambiguously observed.  Hence very limited data 



 QCD -  medium and short distance forces are at distances where internal 
nucleon structure may play a role - nucleon polarization/ deformation  (same 
or larger densities in the cores of neutron stars)

rN ~0.6 fm for valence quarks

N N
rNN

M For rNN< 1.5 fm difficult 
to exchange a meson; 
valence quarks of two 
nucleons start to overlap
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The nucleon-nucleon (NN) potential VNN(r) is studied by the lattice QCD simulations in the
quenched approximation, using the plaquette gauge action and the Wilson quark action on a 324 (≃
(4.4 fm)4) lattice. From the equal-time Bethe-Salpeter wave function, we extract the central part of
the NN potentials in the 1S0 and 3S1 channels. The extracted potential has a strong repulsive core
of a few hundred MeV at short distances (r ! 0.5 fm) surrounded by a relatively weak attraction
at medium and long distances. These features are consistent with the empirical structure of the
nuclear force.

PACS numbers: 12.38.Gc, 13.75.Cs, 21.30-Cb

More than 70 years ago, Yukawa introduced the pion to
account for the strong interaction between the nucleons
(the nuclear force) [1]. Since then, enormous efforts have
been devoted to understand the nucleon-nucleon (NN)
potential at low energies both from theoretical and ex-
perimental points of view.

As shown in Fig.1, the NN potential is thought to be
characterized by three distinct regions; the long range,
the medium range and the short range parts [2, 3]. The
long range part (r " 2 fm) is well understood and is
known to be dominated by the pion exchange. The
medium range part (1 fm ! r ! 2 fm) receives signif-
icant contributions from the exchange of multi-pions and
heavy mesons (ρ, ω, and σ). The short range part (r ! 1
fm) is empirically known to have strong repulsive core [6],
which is essential for describing the NN scattering data,
for the stability and saturation of atomic nuclei, for de-
termining the maximum mass of neutron stars, and for
igniting the Type II supernova explosions [7]. The origin
of the repulsive core must be intimately related to the

FIG. 1: Two examples of the modern NN potential in the
1S0 (spin singlet and s-wave) channel. AV18 is from [4] and
Reid93 is from [5].

quark-gluon structure of the nucleon. However, it is not
yet understood from QCD and remains as one of the most
fundamental problems in nuclear and hadron physics [8].

In this Letter, we report our first successful attempt
to attack the nuclear force using lattice QCD simula-
tions [9]. The essential idea is to derive the NN potential
from the equal-time Bethe-Salpeter (BS) wave function,
which satisfies the effective Schrödinger equation in the
non-relativistic regime. This is a generalization of the
approach recently proposed by CP-PACS collaboration
to study the ππ scattering on the lattice [10, 11]. As we
shall see below, we have indeed found a strong repulsive
core of about a few hundred MeV at short distances sur-
rounded by a relatively weak attraction at medium and
long distances in the s-wave channel of the NN potential.

Let us start with the effective Schrödinger equation
obtained from the BS equation for two nucleons after
non-relativistic reduction [2, 12]:

−
1

2µ
∇2φ(r⃗) +

!

d3r′ U(r⃗, r⃗′)φ(r⃗′) = Eφ(r⃗), (1)

where µ ≡ mN/2 and E is the reduced mass of the nu-
cleon and the non-relativistic energy, respectively. In
general, the non-local kernel U depends on E.

For the two nucleons at low energies, U can be
represented by the the local potentials as U(r⃗, r⃗′) =
VNN(r⃗,∇)δ(r⃗ − r⃗′) [2]. Also the most general NN po-
tential VNN(r⃗,∇) is severely constrained by various sym-
metries and is known to have the form;

VNN = VC(r) + VT(r)S12 + VLS(r)L⃗ · S⃗ + O(∇2). (2)

Here S12 = 3(σ⃗1 · r̂)(σ⃗2 · r̂)− σ⃗1 · σ⃗2 is the tensor operator
with r̂ ≡ |r⃗|/r, S⃗ the total spin operator, and L⃗ ≡ −ir⃗×∇⃗
the relative angular momentum operator. For the gen-
eral spin-isospin combination, the central NN potential
VC(r), the tensor potential VT(r) and the spin-orbit po-
tential VLS(r) can be further decomposed as Vi(r) =
V 1

i (r)+V σ
i (r)σ⃗1 ·σ⃗2+V τ

i (r)τ⃗1 · τ⃗2+V στ
i (r)(σ⃗1 ·σ⃗2)(τ⃗1 · τ⃗2)

quark, gluon 
interchanges?

At average nuclear density, ρ0 
each nucleon has a neighbor 

at rNN< 1.2 fm!!
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Natural expectations:

SRCs in different nuclei have approximately the same  structure 
on nucleonic and quark level which should depend on isospin of 
SRC (I=0 & I=1).

deviations from many nucleon approximation are largest in SRC☛

☛
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EMC 1983

RA(x,Q2) =2F2A(x,Q2)/AF2D(x,Q2) from one

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

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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straight line fit  - suggested 
universal mechanism. Fermi 
motion very small effect with 
R(x>0.5) >1

 1987 -  effect is significantly smaller and 
has more complicated x -dependence

Volume 18 9, number  4 PHYSICS LETTERS B 14 May 19 8 7 
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• BCDMS (This experiment) 
O BCDMS (Ref. 4)  
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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 

0.8 

eo 

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

1 J J J 

1.2 j- (b) • BCDMS (combined) 
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 
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EMC effect CANNOT BE explained without introducing non-
nucleonic degrees of freedom - just due to Fermi motion.

F2A(x,Q
2) =

Z
F2N (x/↵, Q2)⇢NA (↵)

d↵

↵
d2pt

↵ = APN/PA (A times fraction of momentum of the nucleus  carried by 
interacting nucleon in fast reference frame)

ρΑ(α) is the probability to find such nucleon

Fermi motion

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

for large Q and x.0.5 deviation from many nucleon approximation is 20%



Generic models of the EMC effect 

extra pions: carry larger fraction of momentum: 
 λπ ~ 5%  in nucleithan in free nucleon 

+ result inenhancement from scattering off pion field with  απ~  0.15

6 quark configurations in nuclei with P6q~ 20-30%

◉

◉
◉

Mini delocalization (color screening model) - small swelling - 
enhancement of  deformation at large x due to suppression of 
small size configurations in bound nucleons with effect
 roughly ∝	knucl2		➜	dominate contribution of SRCs

Nucleon swelling - radius of the nucleus is  20--15% larger in nuclei. 
Color is significantly delocalized in nuclei

Larger size →fewer fast quarks - possible mechanism: gluon radiation  
starting at lower Q2

◉
(1/A)F2A(x,Q

2) = F2D(x,Q2⇠A(Q
2))/2
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Drell-Yan experiments:   

Q2 = 15 GeV2

A-dependence of antiquark 
distribution, data are from FNAL 
nuclear Drell-Yan experiment, 
curves - pQCD analysis of 
Frankfurt, Liuti, MS 90. Similar 
conclusions by  Eskola et al 93-07 
data analyses

vs Prediction of pion model

x

VOLUME 65, NUMBER 14 PHYSICAL REVIEW LETTERS 1 OCTOBER 1990

we find that the difference Rs(x, Q ) —I=S~(x,Q )/
AS~(x, Q )—1, evaluated at x =0.05, increases by a
factor of 2 as Q varies between Q =3 and 25 GeV . In
particular, if we use the QCD aligned-jet model
(QAJM) of Refs. 4 and 5 (which is a QCD extension of
the well-known parton logic of Bjorken) to calculate
Rs(x, Q ), we find, in the case of Ca, Rg(x=0.04,
Q =3 GeV ) =0.9 and Rs(x=0.04, Q =25 GeV )
=0.97. The last number is in good agreement with
Drell-Yan data (see Fig. 2). Thus, we conclude that
the small shadowing for S~ observed in Ref. 3 for
x=0.04 and Q & 16 GeV2 corresponds to a much
larger shadowing for Q =Qo.
Shadowing in the sea-quark distribution at x =0.04
[Rs(x=0.04, Q =3 GeV ) =0.9), combined with the
experimental data for F2 (x,Q )/AF2 (x,Q ) at the
same value of x [F2 (x,Q )/AFi (x,Q ) & I], unambi-
guously implies an enhancement of the valence quarks,
i.e., Rv(x, Q ):—V~(x, Q )/AV~(x, Q ) & 1. For Ca,
Rv(x =0.04-0.1, Q 3 GeV ) = 1.1, whereas for
infinite nuclear matter, we find Rv(x =0.04-0.1, Q =3
GeV ) ~ 1.2. By applying the baryon-charge sum rule
[Eq. (2)], we conclude that experimental data require
the presence of shadowing for valence quarks at small
values of x [i.e., Rv(x, Q ) & 1 for x,h &0.01-0.03].
Moreover, the amount of shadowing for Rv(x, Q ) is
about the same (somewhat larger) as the shadowing for
the sea-quark channel (see Fig. 3). The overall change
of the momentum carried by valence and sea quarks at
Q'= I GeV' is

yv(Qo) =1.3%, )s(Qo) =—4.6%.
To summarize, the present data are consistent with the

parton-fusion scenario 6rst suggested in Ref. 7: All par-
ton distributions are shadowed at small x, while at larger
x, only valence-quark and gluon distributions are en-
hanced. At the same time, other scenarios inspired by
the now popular (see, e.g. , Ref. 8) idea of parton fusion,

which assume that the momentum fraction carried by
sea quarks in a nucleus remains the same as in a free nu-
cleon, are hardly consistent with deep-inelastic and
Drell- Yan data.
Let us brieAy consider dynamical ideas that may be

consistent with the emerging picture of the small-x
(x ~ 0.1) parton structure of nuclei. In the nucleus rest
frame the x =0.1 region corresponds to a possibility for
the virtual photon to interact with two nucleons which
are at distances of about I fm [cf. Eq. (I)]. But at these
distances quark and gluon distributions of different nu-
cleons may overlap. So, in analogy with the pion model
of the European Muon Collaboration effect, the natural
interpretation of the observed enhancement of gluon and
valence-quark distributions is that intermediate-range in-
ternucleon forces are a result of interchange of quarks
and gluons. Within such a model, screening of the color
charge of quarks and gluons would prevent any sig-
nificant enhancement of the meson field in nuclei. Such
a picture of internucleon forces does not necessarily con-
tradict the experience of nuclear physics. Really, in the
low-energy processes where quark and gluon degrees of
freedom cannot be excited, the exchange of quarks
(gluons) between nucleons is equivalent, within the
dispersion representation over the momentum transfer,
to the exchange of a group of a few mesons. Another

1. 10I—

. 00
CL

0. 90

0, 80

1.30
1.20 Ca/D

FIG. 2. Ratio R =(2/A)ug(x, g')/uD(x, g') plotted vs x,
for diff'erent values of Q . Notations as in Fig. 1. Experimen-
tal data from Ref. 3.

1 0

FIG. 3. Ratios R(x,gj) (2/3)F" (x,gf)/FP(x, g$)
(dashed line), R=Rv(x, gS) -(2/A) Vq(x, gf)/Vo(x, QS)
(solid line), and R—=Rs(x, g/) =(2/A)S~(x, g/)/SD(x, g/)
(dot-dashed line) in Ca. All curves have been obtained at
Q) =2 GeV . The Iow-x behavior (x ~ x,h) corresponds to the
predictions of the QA3M of Refs. 4 and 5; the antishadowing
pattern (i.e., a 10/o enhancement in the valence channel
whereas no enhancement in the sea, leading to a less than 5%
increase of F~q at x =0.1-0.2) has been evaluated within the
present approach by requiring that sum rules (2) and (3) are
satisfied. Experimental data are from Ref. 1 (diamonds) and
Ref. 3 (squares), the latter representing the sea-quark ratio Rg
(cf. Fig. 2). The theoretical curves are located below the data
at small x, due to the high experimental values of g~: (g )
=14.5 GeV~ in Ref. 1 and (Q ) =16 GeV2 in Ref. 3, respec-
tively.

1727

meson model 
expectation

Q2 = 2 GeV2

q̄Ca/q̄N ⇡ 0.97

q̄ C
a
/q̄

N

q̄Ca(x)/q̄N = 1.1÷ 1.2|x=0.05÷0.1
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 Don’t introduce a noticeable  number dynamic pions into nuclei

Remember baryon conservation law

Honour momentum  conservation law

Don’t  introduce large deformations of low momentum nucleons

Current Rules of the game  for building models of the EMC effect
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◉
◉
◉
◉

Analysis  of (e,e’) SLAC data at x=1 -- tests Q2 dependence of the 
nucleon form factor  for nucleon momenta kN < 150 MeV/c and Q2 
> 1 GeV2 : 

rboundN /rfreeN < 1.036

Analysis of elastic pA scattering

L. Frankfurt and M. Strikman, Hard nuclear processes and microscopic nuclear structure 243

satisfied for the sea at all Q2 (see fig. 3.8). This leads [in the case of a small contribution of the ‘rr~
component to the SU(2) sea] to the restriction AN >3 GeV2 (cf. ref. [7]).

(iii) 1TTNN(t) extracted from the reactions e + p(n)—*e + N(z~)(see ref. [8] and section 8.6) corre-
sponds to

AN=(6±1)GeV2.

(iv) From the reaction p + p-~N + ~ [9]AN 2.5 GeV2.
The derived lower limit on AN  3 GeV2 is much larger than the number used in the OBEP models

(eq. 2.2). Thus the question of the consistency of these models with the restrictions from high-energy
processes requires further investigations. Such an investigation would help to clarify whether short-
range nuclear forces are due to meson exchanges or due to exchanges by constituent quarks and gluons.

2.1.2. Properties of bound nucleons
(a) Nonrelativistic theory reasonably describes the main deuteron characteristics: the magnetic

moment ~d (with 1% accuracy), the electromagnetic form factors up to Q2 1 GeV2 [10], etc. (It is
worth emphasizing that in the momentum space representation realistic deuteron wave functions — Reid
wave function, Paris potential wave function, and Hamada—Johnston wave function — differ consider-
ably for k ~ 0.6—0.8 GeV/c only.) Accounting for the relativistic motion of nucleons in a deuteron, in
terms of light-cone quantum mechanics, improves the description of js~(accuracy 0.5%) [111and
enables us to describe a number of hard nuclear reactions. (For a review see ref. [12]and sections 6—8.)

(b) The data on elastic proton—nucleus scattering at T~ 1 GeV agree with the standard Glauber
model (which uses as input free NN amplitudes) with an accuracy of the order of 2% [13]. Thus the
radii of bound and free nucleons are quite close (cf. the analysis of p4He data [14]):

— 1~~ 0.04. (2.3)

This inequality is relevant for the properties of nucleons at average nuclear densities (not only near the
nuclear surface).

(c) The recent analysis [15] of the SLAC data for the Q2 dependence of the inelastic electron—3He
cross section in the region of the quasinelastic peak indicates that the radius of a nucleon bound in 3He
with momentum ~0.2 GeV/c is close to that of the free nucleon:*)

r~0~!r~~ 1.036. (2.4)

Similar conclusions were reported very recently from the analysis [16] of preliminary SLAC data for
inclusive electron—Al, Fe scattering:

r~°°~/r~~< 1.05. (2.5)

Note that all these data mainly probe the magnetic nucleon form factor of a bound nucleon (see
discussion in section 8.6).

2.1.3. Indications for a signijicant high-momentum component in the wave function of the nucleus
(d) Analysis of high-energy reactions: elastic pD scattering (see, e.g., ref. [17]), kinematically

forbidden proton and pion production, elastic and inelastic electromagnetic form factors of the
*) For k  0.2 the analyses of refs. [15,16] are more uncertain since they neglect the final state interaction effect and the excitation of the

residual system. A more model independent analysis briefly presented in section 8.6 somewhat improves the limit (2.5) for small k.

Similar conclusions from combined analysis of  (e,e’p)  and (e,e’)  JLab data 

☛

Problem for the nucleon swelling models of the EMC effect with 20% swelling

✺

http://en.wikipedia.org/wiki/You_shall_not_commit_adultery
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A large admixture of nonnucleonic degrees of freedom (20-- 
30 %) is strange but was not initially  ruled out experimentally.

Qualitative change of the rules in the last decade due to direct observation of  
short-range NN correlations  at JLab and BNL (Piasetzky talk)

Honour  existence of large predominantly nucleonic short-range correlations◉

◉

✺
Structure of 2N correlations - probability ~ 20% for A>12  
→ dominant  but not the only term in kinetic energy

90% pn + 10% pp < 10% exotics⇒ overall probability of exotics < 2%

Combined analysis of (e,e’) and knockout data

Don’t introduce large exotic component in  nuclei - 20 % 6q, Δ’s

Two extra rules of the game
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It appears that essentially one generic scenario survives strong deformation 
of rare configurations in bound nucleons increasing with nucleon 
momentum  and with most (though not all) of the effect due to the  SRCs .

Models have to address the paradox:  evidence that  EMC 
effect  is predominantly due to SRCs while SRC are at least 

90% nucleonic, while the EMC effect for x=0.5 is ≥15%

Natural expectation: non-nucleonic configurations originate  from two nucleons 
coming close together - the same configurations which generate SRCs. 
Supported by similar A-dependence of SRCs and the EMC effect

(Theoretical expectation FS85, observation  Hen et al  2014 - 2018) 
(Eli Piasetzky  talk))



Dynamical model - color screening model of the EMC effect 

(a) QCD: Quark configurations in a nucleon of a size << average size  
should interact weaker than in average. Application of the variational 
principle indicates that  probability of such configurations in bound nucleons 
should be  suppressed.

Combination of two ideas: 

(b)  Quarks in nucleon with x>0.5 --0.6 belong to small size 
configurations with  strongly suppressed pion field - while pion field is 
critical for SRC especially D-wave.

In  83 we proposed a test of (b)  in hard  pA collisions. Finally became 
possible to do such a test  in pA LHC run in March 2013 - will discuss in 
the second part of the talk  13

small admixture of nonnucleonic  degrees of freedom () due to small probability 
of configurations with x>0.5 ( ~0.02)  - hence no contradictions with soft 
physics)

(FS 83-85)



Estimating the effect of suppression of small configurations. Introducing in 
the wave function of the nucleus explicit dependence  of the internal 
variables we find that probability of small size configuration is smaller by 
factor 

δ(p,Eexc) =
✓
1� p2int�m2

2ΔE

◆�2

effect ∝ virtuality

 14

pint = MA �Mrecoil,A�1

�E = mN⇤ �mN



For small virtualities: 1-c(p2int-m2)

 

seems to be very general for the modification of the nucleon properties.  Indeed, 
consider analytic continuation of the scattering amplitude to  p2int-m2=0. In  this 
point modification should vanish.

 15

Our dynamical model for dependence of bound nucleon pdf on virtuality - explains 
why effect is large for large x and practically absent for  x~ 0.2 (average 
configurations V(conf) ~ <V>)
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(b) EMC ratio for 208Pb

FIG. 5: (Color online.) EMC ratios with and without the color screening model of medium
modifications. Q2 = 10 GeV2, and data and nucleonic structure function parametrizations

are as in Fig. 3.

The nucelon, after all, has an overall neutral color charge, so any color interaction between
nucleons owes to higher moments (dipole, quadrupole, etc.), which decrease with distance
between the color-charged constituents. Moreover, it can be shown by the renormalizability
of QCD that meson exchange between nucleons, one of which is in a PLC, is suppressed[49].

Since nucleons in an average-sized configuration (ASC) and a PLC will interact differently,
the probability that the nucleon can be found in either configuration should be modified by
the immresion of a nucleon in the nuclear medium. In particular, PLCs are expected to
be suppressed compared to ASCs since the bound nucleon will assume a configuration that
maximizes the binding energy and brings the nucleus to a lower-energy ground state. The
change in probability can be estimated using non-relativistic perturbation theory, as has
been done in Refs. [1, 49]. What is found is that the light cone density matrix should be
modified by a factor δA(k2), which depends on the nucleon momentum (or virtuality) as

δA(k
2) =

1

(1 + z)2
(34)

z =
k2

mp
+ 2ϵA

∆EA
. (35)

In analogy with electric charge screening, this is called the color screening model of the
EMC effect. We shall use it as an example of accounting for medium modifications when
calculating dijet cross sections.

Since the suppression factor depends on the total nucleon momentum rather than just
the light cone momentum fraction α, it is necessary to use the three-dimensional light cone
density ρ(α,pT ) when applying the color screening model. Moreover, since the suppression
of PLCs depends on inter-nucleon dynamics, it is expected not just that the parameters of
δA(k2) should vary with the nucleus considered, but with whether the nucleons are moving
in the mean field or are in an SRC. For a nucleon in the mean field of a heavy nucleus,
we expect the excitation energy ∆EA to be in the range 300 − 500 MeV, namely between
the excitation energies of a ∆ and an N∗ resonance. The best bit to data appears to be
with the N∗ excitation energy ∆EA ≈ 500 MeV. However, for the deuteron, as well as for a

16

Simple parametrization of suppression:  
no suppression x≤ 0.45,  by factor δA(k) 
for x ≥0.65,  and linear interpolation in 
between

Fe , Q2=10 GeV2

Freese, Sargsian, MS 14
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Test of the arguments  that configurations with large x 
partons are smaller than average (FS83-85). 

Consider pA scattering with a hard trigger involving scattering off large x 
quarks and study whether in this case soft activity is suppressed as compared 
to the geometric model (Glauber - type) expectations. 

Analysis is based on a more general idea - in high energy collisions 
projectile is frozen in various configurations which may have different color 
localization and interact with nucleus with different cross sections = color 
fluctuations (CF)

Color fluctuation effects in nucleon and nuclei



Convenient quantity - P(σ)  -probability that hadron/photon interacts with 
cross section σ with the target.  Satisfies normalization constrains, dispersion from  

diffraction at t=0 & quark counting rules for small σ. Build and use model

GEOMETRICAL COLOR OPTICS 529

sponds to ((o- - (~r)) 3 ~- 0, as would occur for a distribution nearly
symmetric: of approximately (~r) (88).

For small values of o-, further information can be obtained from QCD,
which implies (19)

P(o’) - "Nq-2 4.4

for ~r << ((r), where Nq is the number of valence quarks. Thus, 
nucleon distribution Pu((r) is --O" for small (~, while for the pion P~(o-)
is approxiimately constant. The results of reconstructing PN(o-) and
P~(o’) from the first few moments of P(o-) and from Equation 4.4 
shown in ].~igure 6. They indicate a broad distribution for proton projec-
tiles and an even broader one for pion projectiles. One expects even
further broadening for K-meson projectiles.

4.3 Sm’all-Sized Configurations in Pions
One can test this approach by using QCD to compute P,(~r = 0) 
high energies. Indeed, the physics at small (r is dominated by small

0.030 I I I I

--.pOCDrongefor P~ (0)

0.025 ~ ~7~~)

v._. o.ozo
d~

~ (or)0.015 -
/~.~-

/- \\O.OIO

0.C~3~

o zo 40 60 ~o too
o" (mb)

Figure 6 C, ross-section probability for pions P~(cr) and nucleons P~v(~) as extracted
from experimental data. P,,(cr = 0) is compared with the perturbative QCD prediction.
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FIG. 1: The cross section distribution P (σ, s) at different energies: the solid curve corresponds to
√

s = 9 TeV (LHC); the dashed curve corresponds to
√

s = 1.8 TeV (Tevatron); the dot-dashed

curve corresponds to
√

s = 200 GeV (RHIC).

IV. RESULTS AND DISCUSSION

Using Eqs. (15) and (18), we calculate the total, elastic and diffractive dissociation cross

sections for proton-208Pb scattering as a function of
√

s. The result is given in Fig. 2.

In our numerical analysis, we used the following parameterization of the nucleon distri-

bution ρA(r⃗)

ρA(r⃗) =
ρ0

1 + exp ((r − c)/a)
, (22)

where c = RA − (π a)2/(3 RA) with RA = 1.145 A1/3 fm and a = 0.545 fm; the constant ρ0

is chosen to provide the normalization of ρA(r⃗) to unity.

One sees from Fig. 2 that cross section fluctuations decrease the total and elastic cross
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p
s = 30GeV

PN(σ) extracted from pp,pd 
diffraction  Baym et al 93. Pπ(σ) is 
also shown

PN(σ)

Guzey  & MS (2005) before the 
LHC data using energy dependent 
fits to lower energy pp data

2

energy (for a review of this phenomenon in HERA data,
see Ref. [13]). Arguments based on the quark counting
rules [14, 15] reach a similar conclusion.

In p+A collisions, the shrinking of the proton configu-
ration in large-xp scattering events should lead to a de-
crease in the average number of nucleon–nucleon (NN)
interactions between the projectile and target nucleus, ⌫,
relative to that for collisions with a more typical proton
configuration. In the p+A case, ⌫ also coincides with
the number of wounded nucleons in the target nucleus.
This feature should also be present in d+A collisions, al-
though the magnitude of the e↵ect is diminished due to
the una↵ected nucleon in the deuteron contributing with
an average over its configurations.

Measurements which can test these properties of QCD
were recently performed in proton–lead (p+Pb) collisions
at the LHC [16, 17] and deuteron–gold (d+Au) collisions
at RHIC [18] at center of mass energies of 5.02 TeV
and 200 GeV, respectively. In these data, the produc-
tion of large transverse momentum (pt) jets was stud-
ied in the large-xp kinematic region as a function of
hadronic activity in the downstream nucleus-going direc-
tion (⌘ < �3). Hadron production rates in this rapidity
range are correlated with ⌫, and have been experimen-
tally shown to be insensitive to energy-momentum con-
servation e↵ects related to jet production at mid- and
forward (proton-going) rapidities [19] (though such cor-
relations were expected in some models [20]). Each ex-
periment observed a qualitatively consistent picture: for
events with jets originating from a large-xp scattering,
the geometric (eikonal) model strongly underestimates
the number of events with low hadronic activity (geomet-
rically “peripheral” events in the classical picture) and
overestimates those with a large hadronic activity (“cen-
tral” events). However, inclusive jet production rates
were unmodified, �p+A = A�p+p, as expected from QCD
factorization and the small modification of the nuclear
parton densities in this region [21].

In our previous analysis [2] we demonstrated that color
fluctuation e↵ects which led to a more weakly interacting
large-xp configuration could quantitatively describe the
ATLAS data for jet production at xp ⇡ 0.6. In this
Letter, we present a unified analysis of ATLAS [16] and
PHENIX [18] data to study the collision energy and xp-
dependence of this e↵ect in detail.

To model the e↵ects of color fluctuations in p+A col-
lisions, we use the Monte Carlo algorithm developed in
Refs. [1, 22], of which we summarize the main features
here. In our procedure, the probability distribution,
PN (�), for a projectile nucleon configuration to have a
total cross-section for an interaction with another nu-
cleon in the target, �, is given by

PN (�) = C
�

� + �0
exp

⇢
� (�/�0 � 1)2

⌦2

�
. (1)

The parameters of PN are determined from analyses of
data on di↵ractive processes in hadronic collisions, which
are sensitive to the size of the fluctuations, as discussed in
Ref. [23]. This form consistently accounts for several ex-
pected properties of the projectile hadron wavefunctions:
(1) as follows from the quark counting rules, PN ! 0 as
� ! 0; (2) PN is approximately Gaussian for � ⇠ �0; (3)
the first two moments of the distribution give the conser-
vation of probability (

R
PNd� = 1) and define the aver-

age total cross-section (
R
PN�d� = �tot); (4) it smoothly

interpolates between the expected behavior at small and
large values of �. However, a di↵erent parameterization
of PN at RHIC energies may be found in Ref. [24].
In a simulated p+A collision, the spatial configuration

of nucleons in the nucleus are generated according to a
Woods-Saxon distribution but taking into account short-
range NN spatial correlations which a↵ect the nuclear
two-body density [25]. The probability that the projectile
nucleon interacts with a target nucleon varies with their
transverse displacement according to the profile function
of the interaction. In addition, the probability of a hard
interaction takes into account the spatial localization of
hard partons in the center of the nucleon [26]. One of
the struck nucleons in the target is randomly chosen to
contain the hard scattering, while the remaining nucle-
ons undergo soft interactions with the inelastic fraction
of the fluctuating cross-section (⇡ 0.75�tot). For d+A
collisions, the configuration of the deuteron is sampled
according to the projection of its wavefunction into the
transverse plane. In this way, the model provides the
distribution over the number of NN interactions, ⌫, for
p/d+A collisions.
To explore how hard scattering rates are correlated

with ⌫, we define the ratio

R(⌫) =
�
�hard
⌫ /�MB

⌫

�
/
�
⌫ · �hard

NN /�MB
NN

�

=
�
�hard
⌫ /�hard

NN

�
/
�
⌫ · �MB

⌫ /�MB
NN

�
, (2)

where �hard
⌫ and �hard

NN are the hard process cross-section
in p+A collisions with ⌫ NN interactions and just in one
NN collision, respectively, and �MB

⌫ and �MB
NN are the

analogues of these but for minimum bias (inelastic) colli-
sions. R(⌫) is the ratio of the observed hard process rate
to the rate expected given the number of (soft) inelas-
tic NN interactions. Hence, the experiments observed
R > 1 for small ⌫, R < 1 for large ⌫, and R = 1 for
⌫-integrated collisions.
We define the xp-dependent shrinking of the average

interaction strength at a given collision energy
p
s as

�(xp) =
⌦
�MB
NN (xp)

↵
/�MB

NN . (3)

In principle, this parameter has a small sensitivity to
the size of the fluctuations of �NN (xp), so we assume that
the dispersion of � at fixed xp is similar to the average
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Classical low energy picture 
of inelastic h A collisions 
implemented in Glauber 

model  based Monte Carlos 

wounded nucleons

spectator nucleons

High energy picture of 
inelastic h A collisions 

consistent with the Gribov 
- Glauber model - 

interaction of frozen 
configurations 

CF in NN interactions ⇒ additional mechanism of fluctuations of number of 

wounded nucleons in  in NA  collisions (others are centrality ,fluctuations in 
nucleon positions) 

h
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2

FIG. 1. Schematic representation of a proton–nucleus col-
lision with fixed target nucleon-level geometry, with a more
weakly (more strongly) interacting projectile proton on the
left (right). The red tube shows the projection of the pro-
jectile proton’s transverse size through the nucleus, with im-
pacted nucleons in red. Typical observables have contribu-
tions from both types of events, while large-xp configurations
may preferentially select weakly interacting cases (left).

Hadrons are composite, quantum mechanical systems12

with a varying spatial and momentum configuration of13

their internal quark and gluon constituents. During the14

short time of a high energy hadronic collision this config-15

uration remains approximatley fixed. Thus certain phys-16

ical properties of the hadron system, such as its total17

transverse size, may change collision by collision, a phe-18

nomenon we refer to as color fluctuations [1, 2]. These19

variations in the internal structure of hadrons have a20

wide range of observable consequences, such as inelastic21

di↵raction [3–5]. In quantum chromodynamics (QCD),22

the configurations in which a large (> 10%) fraction of23

the hadron’s momentum is carried by a single quark or24

gluon are spatially compact. For these cases, in a wide25

range of energies where non-linear (saturation) e↵ects26

are expected to be small [6], the interaction strength of27

the entire configuration decreases along with its overall28

size [7]. Furthermore, while the interaction strength for29

such small configurations is reduced, it rises rapidly with30

collision energy. In this Letter, we quantitatively investi-31

gate these properties of QCD systems in proton– and32

deuteron–nucleus (p/d+A) collision data at the Large33

Hadron Collider (LHC) and the Relativistic Heavy Ion34

Collider (RHIC), respectively.35

Fig. 1 symbolically illustrates how proton configura-36

tions of two di↵erent sizes contribute to p+A interactions.37

For many processes, a large number of projectile config-38

urations contribute to a studied observable, resulting in39

a lack of sensitivity to color fluctuation e↵ects. However,40

in processes to which only a restricted set of projectile41

configurations contribute, these e↵ects are important for42

understanding the experimental data. Some historical43

examples are their role in interpreting multiplicity dis-44

tributions in nuclear collisions [8] and in describing the45

coherent di↵ractive production of dijets [9–11].46

Experimentally, collisions with a restricted set of pro-47

jectile configurations may be selected with a special trig-48

ger such as a hard QCD or electroweak process involving49

a large-xp (>⇠ 0.1) parton in the proton [12]. In this case,50

color charge screening within the dominant Feynman di-51

agrams suppresses the gluon field and density of qq̄ pairs52

in these large-xp configurations, leading to an interaction53

cross-section which is smaller but grows rapidly with en-54

ergy (for a review of this phenomenon in HERA data,55

see Ref. [13]). Arguments based on the quark counting56

rules [14, 15] reach a similar conclusion.57

In p+A collisions, the shrinking of the proton configu-58

ration in large-xp events should lead to a decrease in the59

average number of wounded nucleons struck by the pro-60

ton, ⌫, relative to that for collisions with a more typical61

proton configuration. This feature should also be present62

in d+A collisions, although the magnitude of the e↵ect is63

diminished due to the una↵ected nucleon in the deuteron64

contributing with an average over its configurations.65

Measurements which can test these properties of QCD66

were recently performed in proton–lead (p+Pb) collisions67

at the LHC [16, 17] and deuteron–gold (d+Au) collisions68

at RHIC [18] at center of mass energies of 5.02 TeV69

and 200 GeV, respectively. In these experiments, the70

production of large transverse momentum (pt) jets was71

studied in the large-xp kinematic region as a function of72

hadronic activity in the downstream nucleus-going direc-73

tion (⌘ < �3). Hadron production rates in this rapidity74

range are correlated with the number of wounded nucle-75

ons ⌫, and have been experimentally shown to be insensi-76

tive to energy-momentum conservation e↵ects related to77

jet production at mid- and forward (proton-going) rapidi-78

ties [19] (however, others models disagree [20]). Each ex-79

periment observed a qualitatively consistent picture: for80

events with jets originating from a large-xp scattering,81

the geometric (eikonal) model strongly underestimates82

the number of events with low hadronic activity (geo-83

metrically “peripheral” events in the classical picture)84

and overestimates those with a large hadronic activity85

(“central” events). However, the total inclusive jet pro-86

duction cross-section was unmodified, �p+A = A�p+p, as87

expected from QCD factorization and the small modifi-88

cation of the nuclear parton densities [21].89

In our previous analysis [2] we demonstrated that color90

fluctuation e↵ects which led to a more weakly interacting91

large-xp configuration could quantitatively describe the92

ATLAS data for jet production at xp ⇡ 0.6. In this93

Letter, we present a unified analysis of ATLAS [16] and94

PHENIX [18] data to study the collision energy and xp-95

dependence of this e↵ect in detail.96

To model the e↵ects of color fluctuations in p+A col-97

lisions, we use the Monte Carlo algorithm developed98

in Refs. [1, 22], of which we summarize the main fea-99

tures here. In our procedure, the probability distribu-100

tion, PN (�), for a projectile nucleon configuration to have101

cross-section � for an inelastic interaction with another102

nucleon in the target is given by103
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Test (FS83-85): Consider pA scattering with a hard trigger involving 
scattering of large x quarks and study whether is a 
suppression of soft activity as compared to the 
geometric model (Glauber - type) expectations. 

Experiments at the LHC (ATLAS and CMS) - - study of the leading jet/ dijet 
in association with activity far away from dijet trigger.  Reported strong 
deviations (factors up to four) from naive picture: observe many more 
peripheral events and fewer central events.

Naturally explained (Alvioli, Cole, FS, Perepelitsa 2015-2007) if 

<σeff(x)>/σin  drops with increase of x



We analyzed in 2014-2015 large xp pA data (Alvioli, Cole Frankfurt, 
Perepelitsa , MS) 2015. Recently we completed a global analyses of pPb 
ATLAS data and  dAu PHENIX data (Alvioli, Frankfurt, Perepelitsa , MS 
Phys.Rev. D 2018

Ingredients: a) MC with realistic  NN correlations,  correct profile 
functions for inelastic NN interaction and for hard interactions, 
b) Model for soft interactions (ET distribution at negative rapidities for 
ATLAS,  BBC charge PHENIX),  c) one free parameter: ratio of cross 
section of interaction in MB xp configuration and MB configuration

�(xp) =
⌦
�MB
NN (xp)

↵
/�MB

NN

We calculate conditional (fixed xp)  RCP normalizing to the most 
peripheral bin.

Since inclusive RCP =1 we don’t loose this way any 
information and reduce the experimental errors

 20
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FIG. 3: (Color online) Rhard
⌫ (RpPb) for pPb collisions at LHC energy, with the values of x and � available to us. Centrality bins

were extracted from the ATLAS data [9] using ⌫ distributions given by the CF model [4, 21]. Experimental errors are combined
statistical and systematic errors, while the shaded bands represent theoretical uncertainties obtained by a minimum-�2 fit
procedure to data.

Deviations from Glauber model for 
production of dijets,  described in 
the color fluctuation model as due 
to decrease of <σeff(x)>/σin   

Data from pA ATLAS
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Similar analysis with DAu 
RHIC jet production data at 

zero rapidity and high pT.
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FIG. 4: (Color online) Rhard
⌫ (RCP ) for dAu collisions at RHIC energy, with the values of x and � available to us. Centrality

bins were extracted from the PHENIX data [27] using ⌫ distributions given by the CF model [4, 21]. Experimental errors are
combined statistical and systematic errors, while the shaded bands represent theoretical uncertainties obtained by a minimum-
�2 fit procedure to data.
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cleon at resolution scales Q2 / 1/⇢ and xp ⇠ Q2/s. At
large Q2, g grows quickly with decreasing xp, resulting
in an increase of the cross-section (and of �(xp) at fixed
xp) for these small configurations with increasing colli-
sion energy. However, this increase is slower than what
is observed for perturbative processes, such as J/ pho-
toproduction [13]. Thus the interaction at high energies
may be thought of as lying between the perturbative and
non-perturbative domains, suggesting that chiral sym-
metry is restored for the probed components of the light
cone proton wave function. Finally, the fast growth of
the cross section for small configurations is consistent
with the expected narrowing of the PN (�) distribution
at increasing collision energies [30].

A consistency check of our results can be performed
under the assumption that the probability to find a con-
figuration with some large xp is the same at two collision
energies

p
s1 and

p
s2. If the fluctuations in �(xp) are

small such that, at fixed xp, there is a one-to-one corre-
spondence between �(xp) at two di↵erent energies, one
may express this as the probability to find a configuration
with cross section smaller than �(xp)�tot,

Z �(xp;
p
s1)�tot(

p
s1)

0
d� PN (�;

p
s1) =

Z �(xp;
p
s2)�tot(

p
s2)

0
d� PN (�;

p
s2),

(4)
which along with Eq. (1) is an implicit equation for the
energy dependence of �(xp) at fixed xp.

Starting with the LHC results for �(xp), we use Eq. 4
to systematically predict �(xp) at RHIC energies at the
same values of xp, and vice versa. Fig. 3 shows the re-
sults of this check. For xp

>⇠ 0.15, the relationship be-
tween the extracted �(xp) values at RHIC and LHC ener-
gies is consistent with that predicted by Eq. 4. At lower
xp, this method predicts a larger di↵erence in �(xp) at
the two energies than is extracted in data, suggesting
that our model does not provide a complete description
of color fluctuation phenomena in this xp range (for ex-
ample, since it ignores a possible parton flavor depen-
dence). Using the parameterization for PN (�) at the
lower, fixed–target energies given in Ref. [23], one finds
that �(xp ⇠ 0.5) ⇡ 0.38 at

p
s = 30 GeV.

Recently, data on 200 GeV proton–gold collisions were
recorded at RHIC, allowing for a further test of our
model. Using the same parameters which relate ⌫ to the
hadronic activity as in the d+Au data, we calculate the
distributions of ⌫ in example centrality bins and the RCP

values for hard triggers with di↵erent ranges of xp. These
predictions are summarized in Fig. 2. As also argued in
Ref. [29], the magnitude of the observable e↵ect should
be larger than in the d+Au data, where it is expected to
be washed out by the additional projectile nucleon.

The global analysis presented in this Letter quanti-
tatively extends our initial interpretation of the LHC
data on forward jet production in p+A collisions as aris-
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FIG. 3. Extracted values of �(xp) as a function of xp at
RHIC and LHC energies (solid points), with exponential fits
shown as dashed lines to guide the eye. The shaded bands
are a prediction for �(xp) at each energy using the results at
the other energy as input (see text).

ing from an xp-dependent decrease in the interaction
strength of proton configurations [2], and demonstrates
that the same picture successfully describes RHIC data
on large-xp jet production. Our analysis finds that the
suppression of the interaction strength is stronger at
lower energies, consistent with expectations from QCD
that cross-sections for small configurations grow faster
with energy than do those for average configurations.
Measurements of other processes arising from a di↵erent
mixture of large-xp quarks and gluons (e.g. Drell-Yan or
electroweak processes) would allow for a comparison of
quark- vs. gluon-dominated configurations. Analogous
studies in ultraperipheral collision data [31] may probe
color fluctuations in the photon wavefunction.

Our conclusions also have implications for understand-
ing features in the quark–gluon structure of nuclei such
as the observed suppression of the nuclear structure func-
tion at large-x, commonly known as the EMC e↵ect [32].
Since nucleons in a configuration with a large-x parton
are weakly interacting and the strength of the interaction
at fixed x falls at lower energies, it is natural to expect
that such configurations interact very weakly with other
nucleons at the energy ranges relevant for nuclei. In the
bound nucleon wavefunction, such weakly interacting nu-
cleon configurations are strongly suppressed [12]. Thus,
this picture suggests a natural explanation for the ob-
served suppression of partons in the EMC e↵ect region.

We thank B. Muller for the suggestion to add predic-
tions for p+A running at RHIC within our framework,
A. Mueller for discussion of proton squeezing at large xp,
and J. Nagle for suggestions on the manuscript. L.F.’s
and M.S.’s research was supported by the US Department
of Energy O�ce of Science, O�ce of Nuclear Physics un-
der Award No. DE-FG02-93ER40771.

Highly nontrivial consistency check of interpretation of data at 
different energies and in different kinematics

suggests  λ(xp=0.5, low energy) ~1/4 ). Such a strong suppression 
results in the EMC effect of reasonable magnitude  due to 
suppression of small size configurations in bound nucleons 
(Frankfurt & MS83)  23



Future directions of experimental studies 

Tests of universality - different hard  probes for same flavor 
and x - the same pattern of dependence on centrality (ET) 

Measurement  of  λ separately for gluons and quarks

looking for λ>1 for small x 

Promising channels:  photon + jet,  Z-boson: centrality 
change of jet shape (broader for gluon jets)

◉

◉

◉

◉
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Ultimate aim is to go beyond study of single parton 
(generalized) distribution. study transverse size of the nucleon  
variation as a function of x - global 3D structure of nucleon   



Complementary studies at the LHC may allow to move to  the studies 
of the role gluons  in nuclear structure. For example: is there there 
EMC effect for gluons? In parallel study of x dependence of proton 
interaction strength - - global 3D properties of nucleon.

Conclusions

Experiments at JLab  achieved important progress in the quest for 
understanding quark aspects  structure of nuclei by bringing 
together studies of the EMC effect and SRCs

Big questions for SRCs :    3N SRCs,   
Non-nucleonic components (Δ’s...)
Relativistic effects

would require parallel studies using electron and hadron beams.
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Supplementary slides



Estimating the effect of suppression of small configurations. Introducing in 
the wave function of the nucleus explicit dependence  of the internal 
variables 

In the first order perturbation theory for V << U using closure we find 

19

As above, ⟨UA⟩ is the average potential energy per nucleon (⟨UA⟩A≫1 ≈ − 40 MeV). ∆EA ≈ MN∗ − MN = (0.3 −
0.5) GeV is the energy typical for nucleon excitations within the nucleus. (∆ED ! 2(m∆ − mN) ∼ 0.6 GeV) since due
to the zero isospin of the deuteron, the ∆N component in the deuteron wave function is forbidden.)

To estimate the deformation of the bound nucleon wave function let us consider the model where the interaction
between nucleons is described by a Schrödinger equation with potential V (Rij , yi, yj) which depends both on the
internucleon distances (spin and isospin of nucleons) and the inner variables yi and yj , where yi characterizes the
quark-gluon configuration in the ith nucleon [cf. eqs. (2.36) and (2.37)],

⎡

⎣− 1
2mN

∑

j

∇2
i +

∑

i,j

′
V (Rij , yi, yj) +

∑

i

H0(yi)

⎤

⎦ψ(yi, Rij) = Eψ(yi, Rij). (2.39)

Here H0(yi) is the Hamiltonian of a free nucleon. In the nonrelativistic theory of the nucleus the internucleon
interaction is averaged over all yi,j . Thus the nonrelativistic potential U(Rij) is related to V as

U(Rij) =
∑

yi,yj ,ỹi,ỹj

⟨ϕN(yi)ϕN(yj)|V (Rij , yi, yj , ỹi, ỹj)|ϕN(ỹi)ϕN(ỹj)⟩, (2.40)

where ϕN(y) is a free nucleon wave function. We have written explicitly the internal variables for the nucleon before
(yi) and after (ỹi) the interaction. In the following we will suppress tilda’s. Due to the existence of a small parameter
(eq. 2.38) we estimate the deformation of the wave function of the ith nucleon in the nucleus in lowest order in the
potential

∑′
j [V (Rij , yi, yj) − U(Rij)] and neglect the deformation of the other nucleons (effect ∼ κ2). (The prime on∑

indicates that the term with j = i should be omitted.) The unperturbed wave function is the solution of eq. (2.39)
with the potential V replaced by U . The correction to the ground state wave function of a nucleus when nucleon i is
in a plc is as follows:

δψ0|ri≪rN =
∑

n̸=0

|ψn⟩⟨ψn|
∑

j

′ (V − U)
E0 − En

|ψ0⟩ ≈ − 1
∆EA

∑

n̸=0

|ψn⟩⟨ψn|
∑

j

′
(V − U)|ψ0⟩

≃
∑

j

′ U(Rij)
∆EA

|ψ0⟩. (2.41)

In the calculation we take out of the sum the factor En − E0 in the mean point, use the definition of the potential U
(eq. 2.40), and apply the closure for the functions |ψn⟩ and the inequality |U | ≫ |V | for a plc in a nucleon [cf. eqs.
(2.36), (2.37)]. It follows from eq. (2.41) that the probability of finding a plc in a bound nucleon i is suppressed by a
factor

δ =
∣∣∣∣
ψ0 + δψ0

ψ0

∣∣∣∣
2

≃ 1 + 2
∑

j

′
U(Rij)/∆EA. (2.42)

We can estimate the average value of the suppression factor δ:

⟨δA⟩ = 1 +
2
A
⟨ψA|

A∑

i,j=1

′U(Rij)
∆EA

|ψA⟩ ≈ 1 +
4⟨UA⟩
∆E

= 1 − 4(⟨k2⟩/2m + εA)
∆EA

, (2.43)

where ⟨k2/2m⟩ is the average kinetic energy of a nucleon in a nucleus, and εA is the average binding energy per
nucleon (εA|A≫1 ≃ 8 MeV). The extra factor 2 in the third of eqs. (2.43) is due to the fact that each term Uij

appears twice in eq. (2.43) but not in the relation (1/A)(T + U) = − εA. Thus we find a considerable numerical
enhancement of ⟨δA⟩ − 1 as compared to the naive estimate ⟨δA⟩ − 1 ∼ κ.

Comment. For heavy nuclei the contribution of one-pion exchange to ⟨0|U |0⟩ is largely cancelled due to its tensor
nature. Therefore we expect that for large A, ⟨0|V (ri, R)|0⟩ decreases with ri faster than r2

i for a large range of
ri < rN (cf. eq. 2.37).

For applications one needs δA(k), i.e. the suppression of plc in a bound nucleon with momentum k. It follows from
the Schrödinger equation for ψ0 that

δA(k2) ≈ 1 − 4(k2/2m + εA)/∆EA. (2.44)
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enhancement of ⟨δA⟩ − 1 as compared to the naive estimate ⟨δA⟩ − 1 ∼ κ.

Comment. For heavy nuclei the contribution of one-pion exchange to ⟨0|U |0⟩ is largely cancelled due to its tensor
nature. Therefore we expect that for large A, ⟨0|V (ri, R)|0⟩ decreases with ri faster than r2
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For average configurations in nucleon (V ≝ U) no deformations 
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�EA = mN⇤ �mN

modification of average properties of bound nucleons  is < 2- 3 %➠

pint = MA �Mrecoil,A�1
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x> 1 at the LHC in dijet production - one jet > 100 GeV forward, one 
balancing in the central region. Definitely LT measurement.

Another possible study at the LHC  (Freese, Sargsian, MS)

A p

pjet
|| /pN > 1

 expect ~ 2,000 events with  x> 1 from the last pA run + 
plenty of events for x >0.65 not explored in large Q2 region

jet1

jet2


