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Outline

Introduction - nucleus wave function depends on resolution / momentum transfer scale

High resolution —> High energy - dominance of light cone  component of the wave function 

Expectations for non-nucleonic degrees of freedom

Color screening and suppression of compact configurations in bound nucleons

Challenges for explaining  EMC effect as due to short-range correlations 

Critical experiments - tagging, etc

Hunting for Δ - isobar like configurations in nuclei

why having polarized deuterons is very important
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Experience of quantum field theory - interactions at different resolution 
(momentum transfer) scales resolve different  degrees of freedom - 
renormalization,.... No simple relation between relevant degrees of 
freedom at different scales. 

QCD: at large Q2 DGLAP evolution of the nucleon wave function 

at  Q2 < 0.5 GeV2(?)  spontaneously broken chiral symmetry regime

Transitional regime between these two regimes (e.g. set in of the 
gluon degrees of freedom) is still a challenge 

Nuclei - even more resolution scales   ➟ Complexity of the problem
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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 that  SRC could 
not  be unambiguously observed.  Hence very limited data 

Major (chancy) discovery - the EMC effect - substantial difference of 
quark Bjorken x distributions at x > 0.25  

Three important scales

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

related effect: Q2  dependence of quenching 

①



Interaction picture also depends Q, and energy of the probe: at low scale 
instantaneous effective interaction, at high Q scale non-static interaction:   
interaction time >> 1/Q ( part of the nucleus wave function)

Meson exchange forces:  pions in the intermediate states,  Δ-isobars
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Meson Exchange                                    Quark interchange
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qq

may correspond to a tower of meson exchanges with 
coherent phases - high energy example is Reggeon; 
pion exchange for low t  special - due to small mass

A new quantity to provide even cleaner test of the structure of SRCs- nuclear decay function (FS 77-88) - probability to emit a nucleon with momentum k2  after removal of a fast nucleon with momentum k1, leading to a state with excitation energy Er nonrelativistic definition

Studies of the spectral and decay function of 3He reveal both two nucleon and three nucleon correlations - Sargsian et al 2004

For 2N SRC  can model decay function as decay of a NN pair moving in mean field (like for spectral function  PA)                 Piasetzky et al 06

 Instantaneous removal of one nucleon of 2N SRC leads to release of the second nucleon of SRC with initial momentum (more precisely light cone  fraction and transverse momentum) due to a large difference between the scale of local NN potential and interaction with the rest of the nucleons

☝
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Use 3He(e,e’ppn)

reactions to 
study pn, pp and 
ppn correlations.

Remember:
structure (though not 

probability) of 2N and 
3N correlations is very 

similar in A=3 and 
heavy nuclei

Spectator 
is released

Emission of FB 
nucleon is strongly 
suppressed due to 
FSI
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Intermediate state 
could be ΔN rather

than  = pn,
but say ΔN.  

Two gluon interchange? Much larger mass 
scale in t -channel - very short distances
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High frequency probe one can resolve N Δ,  hence in this case 
intermediate Δ’s cannot be included  in  NN potential



Relativistic 
projectile

t1, z1 t2, z2

t1 − z1 = t2 − z2

⇒
HE processes develops along the light cone. 

Similar to the perturbative QCD the amplitudes of the processes are 
expressed through the wave functions on the light cone. Naturally satisfy 
baryon, energy sum rules,…  
Note: in general no benefit for using LC for low energy processes.  
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Price to pay for using high energy processes:



Hard nuclear reactions:  energy transfer ≫ 1 GeV and momentum transfer q ≫ 1 GeV. 

Objectives: direct observation of nonnucleonic degrees of freedom in nuclei
 (hadronic  & quark-gluon)

Geometric reasoning - internucleon distance in 2N SRC < 2 rN suggests 2N 
SRC is actually quark soup or has many non-nucleonic hadronic components.
FS76-81: geometric reasoning is  misleading and nucleon degrees of freedom make 
sense for momenta well above Fermi momentum due to presence in QCD of  

a hidden parameter (FS 75-81) : in NN interactions: direct pion production is 
suppressed for a wide range of energies due to chiral properties of the NN 
interactions: ⇥(NN ⇥ NN�)

⇥(NN ⇥ NN)
� k2

�

16�2F 2
�

, F�=94MeV

⇒ Main inelasticity for NN scattering for Tp ≤ 1 GeV is single  Δ-isobar

Correspondence argument: wave function - continuum ⇒ Small 

parameter for inelastic effects in the deuteron/nucleus  WF, while 
relativistic effects are already significant since pN/mN ≤ 1

in the deuteron channel only 2 Δ’s allowed 

Nucleons can come pretty close together without been excited/ strongly 
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Nucleons can come pretty close together without been excited / strongly deformed -  
dynamical parameter is  nucleon momentum not the  internucleon distance 

Explains why  data on scattering off 2N correlations indicate that  2N SRCs  
consists predominantly (> 90%) from nucleons  

                                                                                  (Or Hen’s talk) 



Many nucleon light cone (LC) approximation

 A(↵i, pt,i)

AX

i=1

↵i = A,
AX

i=1

pt,i) = 0 First of these conditions cannot be  
implemented in virtual nucleon formalism

 D(↵, pt)Deuteron:

For two nucleon approximation we have in addition an angular condition that Lippman-
Schwinger type equation for NN interaction

=

T TV V

+

i i if f fn

 should lead to rotationally invariant scattering amplitudes (pretty lengthy proof) results in

α/A -light cone momentum fraction 
α=1 corresponds to a nucleon at rest 

 D(↵, pt) !  D(M2
NN ),M2

NN = 4

✓
m2 + p2t
↵(2� ↵)

◆



Z
Ψ2
NN

✓
m2+ k2t
α(2�α)

◆
dαd2kt
α(2�α)

= 1

Spin zero /unpolarized case

Relation between LC and NR wf.∫
φ2(k)d3k = 1

Ψ2

NN

(

m2 + k2
t

α(2 − α)

)

=
φ2(k)

√

(m2 + k2)

Similarly for the spin 1 case we have two invariant vertices as in NR theory:

 hence there is a simple connection to the S- and D- wave NR WF of D

 D
µ ✏

D
µ = ū(p1)

�
�µG1(M

2
NN ) + (p1 � p2)µG2(M

2
NN )

�
u(�p2)✏

D
µ
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✓
m2 + p2t
↵(2� ↵)

◆
= m2 + k2 ! ↵ = 1 +

k3p
m2 + k2

For two body system in two nucleon approximation 
the biggest difference between NR and virtual nucleon 
approximation LC is in the relation of the wave function and 
the scattering amplitude

due to implicit presence of NN pairs in virtual nucleon approximation 

_

_

Nonlinear connection between momentum 
k in wave function and pN - momentum of 

spectator in the deuteron rest frame 

↵ =

✓q
m2 + p2N + p3,N

◆
/mD

256 L.L. Frankfurt andMI. Strikman, High-energy phenomena, short-range nuclear structure and (lCD

3.3. Deep inelastic ~ + D -~ ~‘ + p + X reaction with unpolarized and polarized deuteron

3.3.1. Unpolarized case
Reaction ~‘+ D -~ ~‘ +p + X, where a slow proton in the deuteron rest frame is selected can provide

an independent information about the deuteron WF and about the ratio F2,,(x)/F2~(x)at x —~ 1. In this
subsection we present the necessary equations for this reaction and give an estimate of background
contribution arising from misidentification of the spectator.
As the data on ~(i)D scattering will be available soon, we shall mainly consider this case. There are

two essential contributions for this process (a) the spectator mechanism (fig. 3.6), where W* scatters off
the neutron and releases the proton, (b) the direct mechanism (fig. 3.7), where the proton is produced in
the elementary interaction.
The spectator contribution has the form

,~ .~(i~)+D—.s~+p+X ,—.2

__________ ‘—‘F N
‘spec — dx dy (da/a)d

2p±= IT MNE~(2— a) pD(a, p± )

x [F~°~’(~_~__,q2)(1 — y~+ ~~-~-— ~ q2) ~ y (i —~.)~—~--— F°~)”(~ q2)]

(3.17)

Here a/2 is the light cone fraction of deuteron momentum carried by the spectator proton. In the
deuteron rest frame a = 2{Vm~+ p2 — (pq)/~q~}/mDand p~(a,k~)is given by eq. (2.49).
To obtain expression for the case_of e,~D reaction one should omit the F

3 term and substitute
(4ITa)

2/(4mNE~x2y2)instead of (GF/\/2)2rnNE~.The contribution of the direct mechanism is a particular
case of eq. (2.7)

2

d ~(iI)±D-~i+p±X d
Idir = dxdy (da/a)d2p±= N=p,n ~— J d2k±~(J3, k± )

do~’~ I x a/$ a \
X dx dy (dz/z) d2t

1 ~f3E~,~‘ ~‘ 1— x/13’ ~ — ~ k± )- (3.18)

Here {d ~~/dx dy (dz/z) d
2t±}(Er, x, y, z, t

1) is the inclusive cross section of the elementary
process, which is estimated in Appendix B, z (E~+ p~2)/{(EN+ PNz)(l — x)}, and k.~is the transverse
momentum of the proton.
The results of calculation of Idjr/Ispect are presented in fig. 3.8 for eD scattering as a function of x, a.

At x <0.5 this ratio for vD(1D) scattering differs by the factor —0.6(1.2). It is evident from fig. 3.8 that
the contribution of the direct mechanism is negligible over a large range of a. With increase of x the

D~

Fig. 3.6. The spectatormechanism for the t + D —v ~‘ + p + Xreaction. Fig. 3.7. The direct mechanism for the ~ + D —v I” + p + X.

pN
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FIG. 7.6: (cont.)

and the corresponding wave functions is rather rigid. However, once this relationship is changed, e.g., by introducing
the transitions of two nucleons into a quark compound bag (QCB), the prediction for R(ps) changes significantly at
ps > 0.3 GeV/c, see, e.g., fig. 7.5b.96

It is worthwhile to emphasize that eqs. (7.3) and (7.4) predict a different momentum dependence at fixed angle
and at fixed nucleon momentum (fig. 7.6), It can be seen from fig. 7.6 that the calculation based on eq. (7.4) leads
to R ∼ ( 1

2 cos2 θ − sin2 θ), although a rather complicated angular dependence follows from eq. (7.3) (θ is the angle
between ps and the 3-axis). To our knowledge the discussed angular dependence of R(ps) is the clearest relativistic
effect suggested so far in the literature. Actually this is the only effect where the relativistic relation between k and
ps becomes important at momenta as low as 0.3 GeV/c.

Equation (7.3) predicts Q2 independence of R(ps). Besides, the same R(ps) is expected for different final states
like Nsp + N, Nsp + ∆, Nsp + N∗, . . .. Such a universality of R(ps) at fixed ps is a general feature of the two-
nucleon approximation (valid in all approaches, nonrelativistic, covariant, and light-cone). Thus, the independence
of w(k)/u(k) extracted from different measurements for the same spectator momentum would provide an important
check of the extraction procedure and of the role of the final state interaction.

At the same time one can expect that at large spectator momenta R(ps) would depend on Q2 in the transitional Q2

range 2− 4 GeV2, where scattering off the compressed nucleon configuration becomes important. This is because the
deformation of the bound nucleon wave function should be somewhat different for S- and D-waves due to the different
relative roles of the one- and two-pion exchange potentials. Indeed, the contribution of the two-pion exchange potential,
which leads to a larger deformation of the bound nucleon wave function (cf. the discussion in section 2 2.5 2.5.2), is
more important for the S-wave.

In the impulse approximation eq. (7.1) is also valid for the deep inelastic reaction e+D → e+p+X. The final state
interaction between the struck nucleon and the spectator is a correction because a large amount of energy (∼ 1 GeV)
is transferred to the interacting nucleon in an average process. Moreover, the contribution to the nucleon yield due to
the production of nucleons in γ∗N interaction (the direct mechanism) constitutes a small correction to the production
of spectator nucleons in a wide kinematical region, α = (

√
m2 + p2

s − ps3)/m > 1 − x. This region includes (for
sufficiently large x) emission of spectators in the forward direction.

Equation (7.1) may be modified due to suppression of the spectator nucleon yield (with α > 1 − x) as a result
of the final state interaction between hadrons produced in ℓN interaction and would-be spectators. However, the
suppression of the nucleon yield in different spin states should be rather close, at least at small pt, because secondary
hadron rescatterings mostly suppress the contribution of configurations in the deuteron wave function where p, n are

96 We are indebted to I. M. Narodetski for supplying numerical results for the QCB deuteron wave functions [405].
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Factorization test:  T20 should be 
universal - the same for various hard 
inclusive  and exclusive processes 

Mechanisms of violation of factorization: 
nonnucleonic degrees of freedom in D /EMC 
effect, fsi

105

FIG. 7.6: Angular dependence of (σ±−σ0)/⟨σ⟩ for the spectator distribution in the reaction e+D⃗ → N+X at different nucleon
momenta. Solid and dashed lines are predictions of relativistic theory and nonrelativistic quantum mechanics, respectively.

FIG. 7.6: (cont.)

for nucleon momenta ps ! 0.1 GeV/c (fig. 7.5a),95 although no significant effect is expected for ps ! 0.4 GeV/c in the
6q model (see the above discussion in section 7 7.1). The use of different realistic potentials with nuclear core leads
to quite similar expressions for R(ps), probably because in this framework the relationship between the phase shifts

95 Indeed, the qualitative picture of the ps dependence of R at not too large nucleon momenta within the deuteron (k/m ≪ 1) is quite
simple. It is well known that in corrdinate space, due to the presence of the D-wave, the charge distribution in the deuteron with spin
pointing in the direction of the 3-axis is “cigar-shaped”. Evidently due to the properties of the Fourier transform in momentum space
the deuteron with helicity ±1 has the form of a ball flattened in the direction of the 3-axis. As a result the yield of the backward
spectators is minimal for deuteron helicity ±1.
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FIG. 7.6: Angular dependence of (σ±−σ0)/⟨σ⟩ for the spectator distribution in the reaction e+D⃗ → N+X at different nucleon
momenta. Solid and dashed lines are predictions of relativistic theory and nonrelativistic quantum mechanics, respectively.

FIG. 7.6: (cont.)

for nucleon momenta ps ! 0.1 GeV/c (fig. 7.5a),95 although no significant effect is expected for ps ! 0.4 GeV/c in the
6q model (see the above discussion in section 7 7.1). The use of different realistic potentials with nuclear core leads
to quite similar expressions for R(ps), probably because in this framework the relationship between the phase shifts

95 Indeed, the qualitative picture of the ps dependence of R at not too large nucleon momenta within the deuteron (k/m ≪ 1) is quite
simple. It is well known that in corrdinate space, due to the presence of the D-wave, the charge distribution in the deuteron with spin
pointing in the direction of the 3-axis is “cigar-shaped”. Evidently due to the properties of the Fourier transform in momentum space
the deuteron with helicity ±1 has the form of a ball flattened in the direction of the 3-axis. As a result the yield of the backward
spectators is minimal for deuteron helicity ±1.

�± � �0
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e+ ~D ! N +X, pN = .3GeV/c

Light -cone 
Virtual /nonrelativistic  

Light -cone 
Virtual /nonrelativistic  



What are expectations for non-nucleonic degrees of freedom? 

Deformation of the bound nucleon wave function like for 
electrons in a molecule as compared to two independent atoms.

Hadronic degrees of freedom - Δ-isobar  - small 
probability but maybe important. Pions - very small effect. 

Let us first consider deformation effect

In QCD interaction depends on the size of hadron or configuration in the hadron
Quarks in nucleon with x>0.5 --0.6 belong to small size configurations with  
strongly suppressed pion & gluon fields (while pion exchange is critical for 
SRC especially D-wave.).  Test we suggested in 83 is to measure number of 
wounded nucleons, ν,  in pA collisions  for hard trigger with large x.
Prediction: . drop of ν, with increase of x. Observed at LHC and RHIC.

✺

✺
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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



 15

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,
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p
s1)�tot(

p
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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
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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)  16



 Nucleon in quark configurations of a size << average size  
should interact much weaker than in average.  Application of the 
variational principle indicates that  probability of such 
configurations in bound nucleons should be  suppressed
(as it leads to stronger overall attraction)

We estimated the effect in the perturbation theory over the 
difference  of the configuration dependent and average potentials 



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 
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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)

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
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�EA = mN⇤ �mN

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

pint = MA � pA�1



Dependence of the modification of bound nucleon pdf on virtuality is a generic 
effect — the discussed mechanism - explains why effect is large for large x and 
practically absent for  x~ 0.2 (average configurations V(conf) ~ <V>)

 (Or’s talk)

leads to universal shape and A-dependence of  deviation of the EMC ratio from one 

�eA(x,Q
2)/�eD(x,Q2)� 1 = a2(A)f(x,Q2)

universality extend to x=0.8 where Fermi motion is important - another  indication of 
dominance of SRCs as Fermi motion is dominated by SRC 3
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FIG. 2: | Universality of SRC pair quark distributions. The EMC e↵ect for di↵erent nuclei, as observed in (left) ratios of
FA
2 /F d

2 as a function of xB and (right) the modification of SRC pairs, as described by the right-hand side of Eq. 2. Di↵erent
colors correspond to di↵erent mass-number nuclei, as indicated by the color scale on the right. The open circles are the SLAC
data of [9] and the open squares are the Je↵erson Lab data of [10]. The nucleus-independent (universal) behavior of the SRC
modification, as predicted by the np-SRC dominance model, is clearly observed. The gray bands in both figures show the
median normalization uncertainty. See methods for details on the analysis of previous data from Refs. [9, 10].

FIG. 3: | EMC and universal modification function slopes.
The slopes of the EMC e↵ect for di↵erent nuclei from Fig. 2a
(blue) and of the universal function from Fig. 2b (red).

tion corrections for unequal numbers of protons and neu-
trons), in contrast to much published data. We do this
for two reasons, (1) to focus on asymmetric nuclei and
(2) because the isoscalar corrections are model-dependent
and di↵er between experiments [9, 10] (see Methods and
Extended Data Fig. 1). The per-nucleon nuclear struc-
ture function ratios [FA

2 (xB)/A]/[F d
2 (xB)/2] is assumed

to equal the per-nucleon cross section ratios (see Meth-
ods) [2, 7]. The ratio of structure functions F

A
2 /F

d
2 is

related to the ratio of the quark momentum distribu-
tions in nucleus A and deuterium [2, 7]. The magni-
tude of the EMC e↵ect is defined by the slope of ei-
ther the cross section or the structure function ratios for
0.3  xB  0.7. The typical normalization uncertainty
of 1–2% introduces a negligible slope uncertainty.

We determined the relative probability for a nucleon to
belong to an SRC pair, a2, from the average value of the
inclusive QE electron-scattering per-nucleon cross section
ratios of nucleus A compared to deuterium at momentum

transfer Q2
> 1.5 GeV2 and 1.5  xB  2 (the red lines

in Fig. 1(right), see Methods for details).
Motivated by the correlation between the size of the

EMC E↵ect and the SRC pair density (a2), we model
the modification of the nuclear structure function, FA

2 ,
as due entirely to the modification of np-SRC pairs.
F

A
2 is therefore decomposed into contributions from un-

modified mean-field protons and neutrons (the first and
second terms in Eq. 1), and np-SRC pairs with modified
structure functions (third term):

F
A
2 = (Z � n

A
SRC)F

p
2 + (N � n

A
SRC)F

n
2 + n

A
SRC(F

p⇤
2 + F

n⇤
2 )

= ZF
p
2 +NF

n
2 + n

A
SRC(�F

p
2 +�F

n
2 ),

(1)

where nA
SRC is the number of np-SRC pairs in nucleus A,

F
p
2 (xB , Q

2) and F
n
2 (xB , Q

2) are the free proton and neu-
tron structure functions, F p⇤

2 (xB , Q
2) and F

n⇤
2 (xB , Q

2)
are the average modified structure functions for protons
and neutrons in SRC pairs, and �F

n
2 = F

n⇤
2 � F

n
2 (and

the same for �F
p
2 ). F

p⇤
2 and F

n⇤
2 are assumed to be the

same for all nuclei. In this simple model, nucleon motion
e↵ects [1–3], which are also dominated by SRC pairs due
to their high relative momentum, are folded into �F

p
2

and �F
n
2 .

This model resembles that used in [26]. However, that
work focused on light nuclei and did not determine the
shape of the modification function. Similar ideas us-
ing factorization were discussed in [1], for example [27]
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FIG. 2: | Universality of SRC pair quark distributions. The EMC e↵ect for di↵erent nuclei, as observed in (left) ratios of
FA
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2 as a function of xB and (right) the modification of SRC pairs, as described by the right-hand side of Eq. 2. Di↵erent
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FIG. 3: | EMC and universal modification function slopes.
The slopes of the EMC e↵ect for di↵erent nuclei from Fig. 2a
(blue) and of the universal function from Fig. 2b (red).
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EMC ratio shows no Q2 dependence: this indicates  the presence of the 
EMC effect  for high twist contribution to the EMC ratio

Model with modification of rare configurations in bound nucleons addresses the paradox:  
evidence that  EMC effect  is due to SRCs while SRC are at least 90% nucleonic, while 
the EMC effect for x=0.5 is ≥15% and there is no evidence for significant changes of the 
nucleon form factor for small nucleon momenta.

Very few models of the EMC effect survive  when constraints due to the observations 
of the SRC, no enhancement of antiquarks, etc  are included - essentially one generic 
scenario - strong deformation of rare configurations in bound nucleons increasing 
with nucleon momentum  and with most of the effect due to the  SRCs 



Assuming that suppression is small for x≤ 0.45, grow linearly between x=0.45 
and 0.65 and equal to δA(k) at larger x gives a reasonable description of the 
data
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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

Fe , Q2=10 GeV2
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Open questions to be studied at EIC

Direct measurement of the valence quark enhancement  and antiquark  
suppression  at x~ 0.1 (via semiinclusive processes  - DIS with leading pions)

EMC effect for gluons: may expect squeezing  of configurations with large x gluons 
 and hence EMC effect

EMC effect for large Q where HT effects are negligible. 

superfast quarks (x > 1)



interesting to measure  tagged structure functions where modification is 
expected to increase quadratically with tagged nucleon momentum. It is 
applicable for searches of the form factor modification in (e,e’N). If  an effect is 
observed  for say 200 MeV/c - go to 400 MeV/c and see whether the effect 
would increase by a factor of ~3-4.

1� F bound
2N (x/↵, Q2)/F2N (x/↵, Q2) = f(x/↵, Q2)(m2 � p2int)

Here α is the light cone fraction of interacting nucleon

Tagging  of  proton and neutron in  e+D→e+ backward 
N +X (lab frame).

↵spect = (2� ↵) = (EN � p3N )/(mD/2)

 23

γ

D
p

Collider kinematics -- nucleons with pN>pD/2 - C.Weiss talk, 
Jlab experiments -L. Weinstein’s talk 

“Gold plated test”  FS 83



Interesting  possibility - EMC effect maybe missing some significant 
deformations which average out when integrated over the angles 

A priori the deformation of a bound nucleon can also depend on the  angle 
φ between the momentum of the struck nucleon and the reaction axis as 

Here <σ> is cross section averaged over φ and  dΩ is  the phase volume 
and the factor  c characterizes non-spherical deformation. 

d�/d⌦/ < d�/d⌦ >= 1 + c(p, q).

Optimistic possibility - EMC effect maybe missing some significant 
deformations  

A priori the deformation of a bound nucleon can also depend on the  angle φ 
between the momentum of the struck nucleon and the reaction axis as 

Here <σ> is cross section averaged over φ and  dΩ is  the phase volume and the 
factor  c characterizes non-spherical deformation. 

Such non-spherical polarization  is well known in atomic physics (discussion with 
H.Bethe). Contrary to  QED detailed calculations of this effect  are not possible 
in QCD.    However, a qualitatively similar deformation of the bound nucleons 
should arise  in QCD. One may expect that the  deformation of bound nucleon 
should be maximal in the  direction of radius vector between two nucleons of 
SRC.

d�/d⌦/ < d�/d⌦ >= 1 + c(p, q).

Such non-spherical polarization  is well known in 
atomic physics (discussion with H.Bethe). In 
difference from QED detailed calculations of this 
effect  are not possible in QCD.    However, a 
qualitatively similar deformation of the bound 
nucleons should arise  in QCD. One may expect 
that the  deformation of bound nucleon should be 
maximal in the  direction of radius vector between 
two nucleons of SRC.  24



Tagging combined with detection of forward pions for flavor separation 

⟹ Separate EMC effect for u and d quarks in the proton/neutron.  
Maybe rather different  as d/u strongly changes with x

11
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Extended Data Fig. 1: Fn
2 /F p

2 Models. The ratio of neutron to proton structure functions, Fn
2 /F p

2 , derived from the
np-dominance SRC model (blue band), assumed in the isoscalar corrections of Refs. [9] (red line) and [10] (green line), and
derived in the CT14 global fit [36], shown here for Q2 = 10 GeV2 (grey band). The large spread among the various models
shows the uncertainty in Fn

2 , a key ingredient in the isoscalar corrections previously applied to the EMC e↵ect data.
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Extended Data Fig. 2: E↵ects of Isoscalar Corrections. The per-neutron and per-proton EMC-slope predictions
of Eq. 12 for the various nuclei shown in Fig. 4 of the main text, without (red squares) and with (blue circles) applying
self-consistent isoscalar corrections.

correcting for the EMC effect 
based on pn src dominance



is the EMC effect the same for S and D waves?  Different interactions in S and 
D wave —> different sensitivity to the size of configurations. 

Tagging with polarized deuteron: 

is the EMC effect  the same for parallel and antiparallel helicities 
 of quark and nucleon ?

Topic for further exploration: pattern of f.s.i. - change of spectator rate, momentum 
distortions. Needs further studies (C.Weiss  talk)

tagging for A>2 — can produce backward nucleon 
 in a final state scattering off NN SRC.

example: neutrino experiment off Ne and D

Different EMC effect for                     
�u = �D/2

�u = ��D/2 �d = ��D/2

�d = �D/2



Z. Phys. C Particles AND FIELDS, 44, 
79 (1989) BEBC WA59

v=xy

v(α)=<v>(2-α)

vN=v/ <v>

It is necessary to suppress cascades to observe SRC effect
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Possible explanations are very much constrained by 

bound nucleon at k< 200 MeV/c ≈ free nucleon

q̄A/q̄N  1

presence of 20% universal 2N SRC build predominantly of nucleons 

evidence that  SRCs give dominant contribution to the EMC effect

Need to explain why effect is small at x≤ 0.4 and rapidly grows at larger x

explanation via mechanism of suppression of small size configurations in bound 
nucleons so far survives,  with experimental indications of squeezing size at large x.

Other possible mechanism of suppression of rare large x components 
in far off shell nucleons? 

Summary  on the EMC effect

EMC - many interesting directions for study/ Need to explore rates for x> 0.2 physics

☛

☛

☛

☛

☛



γ*

D Δ

Looking for Δ ‘s, 6q…. in DIS
spectator mechanism

�eD!e�+X = �e�!X(x/(2� ↵), Q2)
 2
�,�(↵, pt)

2� ↵

p is target rest frame momentum of Δ isobar

α=1, pt=0 corresponds to p3 ~ 300 MeV/c forward - for good acceptance in 
Jlab kinematics necessary to detect slow protons and pions. forward nucleon 
and pion (in the deuteron fragmentation) at EIC (Easy (?)).

Competing mechanism  - Δ’s from nucleon fragmentation

↵� =

p
m2

� + p2 � p3
md/2

Advantage σ(e Δ) can be estimated with a reasonable accuracy in difference 
from                                  e+2H! e+ f orward Δ++ + slow Δ�

=direct mechanism



For scattering of stationary nucleon

↵� < 1� x

xF =
↵�

1� x

Also there is strong suppression for production of slow  Δ’s - larger x stronger 
suppression

�eN!e+�+X / (1� xF )
n, n � 1

Numerical estimate for PΔΔ  =0.4%

Tests possible to exclude rescattering mechanism: πN→Δ FS90

For the deuteron one can reach sensitivity better than 0.1 % for  ΔΔ especially with quark 
tagging  (FS 80-90)
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Δ-isobars are natural candidate for most important nonnucl. degrees of freedom 

Large energy denominator for NN →NΔ transition ➡ Δ’s predominantly in SRCs

Expectations during the EMC effect rush

Δ ‘s in 3He on 1% level from Bjorken sum rule for A=3 - Guzey &F&S 96

VOLUME 51, NUMBER 9 PHYSICAL REVIEW LETTERS 29 AUcUsT 1983

Realistic nuclear Hamiltonians can be written in the form

H =P [-(k'/2ni;)V;'+&n; -mn]+ Q (V,, + V, , "), (10)

where V, , represents the rest of the interaction
(primarily short-range repulsion) between nu-
cleons, and m, =m„(m~} when i is in a nucleon
(6) state. In practice the &(k') and V,.„"are
fitted to the two-nucleon data. In the present
work the realistic Argonne National Laboratory
v„model' of the Hamiltonian (10) is used. The
tensor part of V, , " in this model is consistent
with the form factor (9) for A = 7 fm '.
The ground-state wave function is calculated

exactly for the deuteron, and by the variational
method' for nuclear matter. The variational
wave functions include 4 components generated
by correlation operators" containing transition
spins and isospins S and T. Techniques for cal-
culating expectation values of two-body opera-
tors such as 6e,-, ' are discussed in Refs. 9 and
10.
The (6n") calculated in SPA with the full Ham-

iltonian (10) is 0.18/nucleon in nuclear matter at
k F =1.33 fm '. This value is much less than the
perturbative estimates obtained for the model
Hamiltonian in which V;,. is neglected (Table I,
A. =7 fm ' values). The short-range correlations
induced by V, , reduce (6n") by a large amount,
much greater than the uncertainty introduced by
using the SPA. The main advantages of the SPA
are that (i) models of V;, and A(k') consistent
with the two-nucleon data are available, and (ii)
the many-body calculations can be done nonper-
turbatively. The SPA is more accurate for cal-
culating energies than pion excess; the diagrams
included in Table I give 31.8 MeV (97.2 Me V) in
field theory and 33.0 MeV (113.6 MeV) in SPA
for A. =4.8 fm ' (7.0 fm '). It is also a reasonable

approximation for calculating the scattering of
slow nucleons. "
Our results for the pion excess and the momen-

tum distribution of the excess pions (&n'(k)) are
given in Table II and Fig. 2, respectively. The
A fraction, i.e., the expectation value (n )/A
is also given in Table II. We note that (5n "(k))
is negative at small k, because of the Pauli block-
ing of self-energy processes, and has a large
peak at k -2 fm ', which is mostly due to tensor
contributions through the 1V = 4 diagrams. The
nN~ coupling gives the dominant contribution in
nuclear matter. When 4 states are neglected,
(ht")/& at k„=1.33 fm ' is only 0.04, because
of a cancellation between the N = 2 Pauli blocking
term of -0.05 and higher-order terms that give
+0.09. By contrast, in the deuteron the 4 states
give only & of the calculated (5n').
The results reported in Table II for Al, ' Fe,

and 'O'Pb nuclei are obtained in the local density
approximation using nuclear matter results from
k, =0.93 to 1.43 fm '. The fact that these nuclei
have unequal numbers of neutrons and protons is
ignored. The neutron-proton asymmetry effects
are proportional to [(N —Z}/A J', and are thus
negligible in the present context.
For 'He and 4He we have used the three- and

four-body wave functions calculated' '' with a
Hamiltonian containing the Argonne National Lab-
oratory v„ two-nucleon potential' and the Uni-

0.12

TABLE II. Pion excess and ~ fraction in nuclear
matter (NM) and nuclei.

(Bn )/A

0.08

I

E 00~-

NM, Q F
——0.93

NjVI Q F —1.13
NM, $F—1.33

H
He
"He
7Al
56' e
~OBpb

0.08
p.l2
0.18
0.024
0.05
0.09
0.11
p.l2
0.14

0.03
0.04
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0.005
0.02
0.04
0.04
0.04
0.05

-0.04 I a I

2 -13
K( frn ')

FIG. 2. The calculated values of k (pn~(k))/2~ A are
shown for various systems. (pn")/A is the integral
over p of this quantity.

765

Friman, Pandharipande, WIringa 
1983

ruled out by Drell - Yan data

P (�)

PSRC(N)
⇠ 0.04

0.2

Too large ?

~ 0.2
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for x> 0.1 very strong suppression of two step mechanisms  (FS80)

is confirmed by neutrino study of  Δ-isobar production off D 

Best limit on the probability  of Δ++Δ-  component 
in the deuteron  < 0.2%. (however details of procedure are not available )

 32

Side remark: Polarized deuteron extra bonus:  Δ++Δ- mostly in D-
wave -- hence large spin effects
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As a quasi-free particle, it is supposed to absorb a mo- 

mentum of about 300 MeV/c from the neutrino inter- 

action. The plr + effective mass distributions are shown 

in fig. 1 for two intervals of the combined prr + mo- 
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Fig. 1. Effective mass  distr ibutions o f  wr + combinat ions  for 

u (top) and 5 (bo t tom)  interactions.  The distr ibutions are pre- 

sented for two intervals of  the  combined per ÷ m o m e n t u m :  0 -  

400 and 4 0 0 - 8 0 0  MeV/c. The chosen bin size is 30 MeV]c :2 

= _r(1235)/4. The solid lines show the calculated background 

of  combinat ions  of  a pion with a spectator proton.  The 

do t ted  lines show p rompt  p~r + product ion as obtained from 

v/~-hydrogen data. 

mentum, 0 -400  MeV/c and 400-800 MeV/c. The 

delta spectators should appear only in the first inter- 

val. 

3. Background. Three sources of background to 

the possible delta spectator signal should be taken in- 

to account: 

(1) A++(1236) resonances produced in u/9-proton 

interactions. 

(2) Accidental combinations of positive pions pro- 

duced in u/P-neutron interactions and spectator pro- 

tons. 

(3) Combinations of positive pions and protons, 

where at least one of the particles emerges from a re- 

scattering reaction (secondary vertex) inside the deu- 

teron. 

All sources of background specifically occur in the 

odd-prong event sample. The background evaluation 

which is discussed in more detail in ref. [6], proceeds 

as follows: 

(1) Effective mass values of prr + combinations 

were obtained from the proton events of the ABCMO 

u/P-hydrogen experiment [7] which uses a neutrino 

beam with similar characteristics. The events were 

transformed to account for the Fermi motion of the 

target particle and normalized to the number of pro- 

ton events in deuterium. A weight factor was applied 

to account for the different flux and beam energy as 

experienced by the moving target particle in its rest 

frame. The calculated background is shown as dashed 

curves in fig. 1. It is very small and has little structure 

in the momentum intervals under investigation. Copi- 

ous production of delta resonances in neutrino-pro- 

ton interactions proceeds at higher p~r + momenta. 

(2) The combinatorial background was estimated 

by combining spectators with positive pions produced 

in spectatofless neutron events (even prongs). Since 

spectators emitted in the forward direction of the in- 

teraction cannot be distinguished from protons of 

other sources, a special method was applied to con- 

struct a spectator sample. The sample contained all 

measured backward spectators. Moreover, it con- 

tained a forward spectator derived from each back- 

ward one. The forward spectators were weighted in 

order to account for the difference in beam flux and 

energy as observed by forward and backward moving 

targets. The result of the calculation is automatically 

normalized to the number of events, it is shown as 

solid curves in fig. 1. 
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tons. 
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ton events in deuterium. A weight factor was applied 
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experienced by the moving target particle in its rest 

frame. The calculated background is shown as dashed 
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ous production of delta resonances in neutrino-pro- 

ton interactions proceeds at higher p~r + momenta. 

(2) The combinatorial background was estimated 

by combining spectators with positive pions produced 
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spectators emitted in the forward direction of the in- 

teraction cannot be distinguished from protons of 

other sources, a special method was applied to con- 

struct a spectator sample. The sample contained all 

measured backward spectators. Moreover, it con- 

tained a forward spectator derived from each back- 

ward one. The forward spectators were weighted in 

order to account for the difference in beam flux and 

energy as observed by forward and backward moving 

targets. The result of the calculation is automatically 

normalized to the number of events, it is shown as 

solid curves in fig. 1. 
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An analysis has been made of 15 400 v-d interactions in order to find a A++(1236)--A-(1236) structure of the deuteron. 
An upper limit of 0.2% at 90% CL is set to the probability of finding the deuteron in such a state. 

1. I n t r o d u c t i o n .  It has been suggested that the 

deuteron, part of  its time, exists in a state of  two 

A(1236) resonances [1]. If the probability for this 

state is G, the deuteron should be found with equal 

probabilities G/ 2  in the states A++--A- and A+--A 0 

due to isospin symmetry. The first state can be easily 

detected in a bubble chamber, since it would yield a 

A++(1236) spectator particle in high-energy particle- 

induced reactions on the A - .  A slow proton and a 

slow positive pion would result as decay particles. In- 

vestigations have been performed in various experi- 

ments, yielding generally values of  G below 1% [2,3] 

which is in agreement with a theoretical estimate [4]. 

In all these experiments hadrons were used as incident 

particles. In this letter we use data from a u and 9 ex- 

periment. Neutrinos would interact with a valence 

quark o f  the A -  in a A--A deuteron, leaving a A ++ 

spectator. Antineutrinos would interact with the val- 

ence quarks of  the A++, leaving a A -  spectator that 

cannot be detected in our experiment. The antineu- 

1 Present address: Dipartimento di Fisica, Universith di 
Padova, 1-35131 Padua, Italy. 
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trino data mainly serve as a cross check in the present 

analysis. All A ++ spectators are expected to be found 

in the odd-prong sample of  the experiment. 

2. E x p e r i m e n t a l  analysis.  The experiment was per- 

formed with the bubble chamber BEBC exposed to 

neutrino and antineutrino beams from the CERN SPS 

accelerator. The primary proton energy was 400 GeV. 

Details of the experiment have been given elsewhere 

[5]. For the present study 15 400 neutrino and 11 300 

antineutrino charged-current events were selected by 

requiring a detection of  the secondary muon in both 

layers of  the external muon identifier (EMI). Only 

events with a muon momentum above 4 GeV/c were 

accepted; no other cuts were applied on the sample. 

All protons and pions selected from the final states 

were identified on the scanning table by means of  

bubble density and endpoint characteristics. 

Effective mass distributions of  prr + combinations 

were obtained from the odd-prong neutrino and anti- 

neutrino subsamples, consisting of  8570 and 8500 

events respectively. The A++ spectator must reach its 

mass shell, before becoming visible in the chamber. 

0370-2693/86/$ 03.50 © Elsevier Science Publishers B.V. 

(North-Holland Physics Publishing Division) 
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Is there a positive  evidence for Δ’s in nuclei?

�(e + A⇥ �0 + X)
�(e + A⇥ �++ + X)

= 0.93± 0.2± 0.3

�(e + A⇤ �++ + X)
�(e + A⇤ p + X)

= (4.5 ± 0.6 ± 1.5) · 10�2

 34

Indications from DESY AGRUS  data (1990) on 
electron - air scattering at Ee=5 GeV 
(Degtyarenko et al). 

Measured Δ++/p, Δ0/p  for the same light cone 
fraction alpha.

Bjorken sum rule for A=3 

One needs to include Δ’s in the A=3 system on the level of 1% to remove
 the discrepancy with 3N model  (Guzey, FS 94) 

❆

❆

Perfect  kinematics for EIC studies - Δ’s along nucleus 



Conclusions
Studying quark - gluon structure of SRCs is doable at EIC

prime kinematics is  x> 0.1 — 0.2

Issues: acceptance in the forward direction 

counting rates, optimal energies, resolution

Complications/distortions  due to the f.s.i.

Use of complementary reactions (Jlab, EIC) -   
tests of factorization are very important

polarized deuteron beam 

at small x < 0.1  longitudinal distances become large ~ 1/ 2mN x  
 and much larger than  Rcor  ~ 1.2 fm and contribution of SRCs 
 is usually suppressed.





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)
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Fig. 1. The momentum dependence of the S- and D-wave deuteron wave functions. 

investigated so far’ although it is expected to be rather specific (see discussion 
below and fig. 1). 

The aim of this paper is to find feasible ways of measuring the short-range spin 
structure of the deuteron WF in high-energy processes off the polarized deuteron. 
We shall concentrate on the inclusive reactions p(e) + 6 + N + X, where a proton 
(neutron) is registered in the deuteron fragmentation region, and on the reaction 
e + b + e -6 X at x = -42/2q~m~ > 1. An experimental study of such processes is now 
possible due to the development of polarized deuterium targets ‘) and the acceler- 
ation of 9 GeV/c polarized deuterons in Dubna 4). As a by-product of our investiga- 
tion we analyse the problem of extracting the polarized neutron structure function 
from an 66 experiment which is under way in SLAC 3), We calculate also total 
and differential cross sections of the e + 6 + e + N + N reaction at large momentum 
transfer since a detailed investigation of this reaction could be expected soon using 
the polarized deuterium gas jet target technique in the electron storage rings 
developed in Novosibirsk 5). We discuss also high-energy processes with polarized 
6Li which seem necessary for an accurate analysis of experiments with the polarised 
D”Li targets planned for the FNAL tevatron 6). In addition, we show in the appendix 
that study of the reaction I) -+- N + 3 +X gives a possibility of measuring the full spin 
matrix density of the deuteron. We discuss briefly predictions of perturbative QCD 
for spin effects in the leading hadron production in fragmentation processes. 

’ The only exception is the measurement of elastic p6 scattering *). These data are sensitive to the 
guadrupole form factor and indicate (in agreement with the convekional theory of the deuteron) that 
the D-wave in the deuteron V?F dominates at k = 0.2 GeV/c. 

The ratio of S and D - waves is much more 
sensitive to relativistic effects than ψ2D(κ) 
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We demonstrate that S, D deuteron wave functions and therefore the nuclear core hypothesis can be investigated directly 
by studying the backward proton production in the hadronic reaction h + D ~ p + X with a polarized deuteron. 

The nuclear core hypothesis is of  fundamental im- 
portance for nuclear physics. However a direct experi- 
mental verification of  the idea is lacking yet.  Existing 
evidence, coming mostly from NN phase-shift data, is 
rather indirect. 

To verify the core hypothesis one should check that 
the deuteron wave function has a sharp edge at r c 

0.4 fm and consequently it oscillates in momentum 
space. In particular the S-wave should have a node at 
k N ~ 300 MeV/c and S, D-waves should be compar- 
able at large nucleon momenta  (k N ~ 250 MeV/c). 

Generally it was proposed (see e.g. ref. [2] ) to 
study elastic eD scattering off  a polarized deuteron. 
This experiment is technically very difficult. More- 
over one cannot measure here the D wave functions 
themselves but only their convolutions. At the same 
time the spectator distribution in high energy hD scat- 
tering (backward produced nucleons in the D lab. 
frame) is proport ional  to the square of  the D wave 
functions. Therefore this reaction can be used for a 
straightforward check of  the nuclear core hypothesis.  
Qualitatively it predicts that, for spectator momenta  

3 0 0 - 4 0 0  MeV/c where the S-wave has its node, the 
cross section is determined by the D-wave and there- 
fore strongly depends on D polarization. The ex- 
pected magnitude of  the effect is large ( >  30%) for a 
spectator with p ~ 200 MeV/c * 1 

,1 Evidently the same reasoning is valid for the deep inelastic 
Q + D ~ 12' + N + X reaction, where corrections to the im- 
pulse approximation are much smaller. 

N 

(b) (a) 

Fig. 1. Mechanisms of nucleon production in the impulse ap- 
proximation. 

The quantitative quantum mechanical description 
of the high energy inclusive reaction h + D ~ p + X is 
faced with certain difficulties due to the inadequate ac- 
count of  the relativistic space- t ime  development of  
the process [3].  Similar difficulties are present in the 
relativistic description based on the consideration of  
a concrete Feynman diagram with the interacting nu- 
cleon off-mass-shell [4] (see discussion in refs. [5,3] ). 
Moreover there exists the ambiguity due to the D spin 
as the D -* NN vertex depends on 4 invariant functions 
[6] and not  on two as in quantum mechanics. How- 
ever if the relativistic space- t ime  picture of  high ener- 
gy scattering [7,8] is taken into account in a consis- 
tent way [9,3] all these difficulties are absent. Indeed, 
the scattering amplitude is on the energy shell (if  the 
incident energy is sufficiently large), the D is described 
by two wave functions which are in straightforward 
correspondence with quantum mechanical S- and D- 
wave functions. Therefore we shall follow the ap- 
proach of  ref. [9].  In the impulse approximation nu- 
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S-wave is much more sensitive of the presence 
of the nuclear core than ψ2D(κ) 

❖

❖
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Fast variation of w(k)/u(k) with k ⟹
The best way to look for the difference between LC and NR/Virtual 
nucleon seems to be scattering off the polarized deuteron


