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Nuclear structure from large 
to small distance scales 

 Mark Strikman, PSU 

Polarized light ion physics with EIC
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Open questions in microscopic nuclear structure

Why high energies are necessary to probe short-range structure of nuclei

Next ten years:  JLAB, EIC, FAIR (PANDA, CBM,...),  J-PARC, Dubna...

Δ-isobars in nuclei - towards direct observations

Four resolution scales in resolving structure of nuclei

EMC effect: unambiguous evidence of non-nucleonic degrees of freedom 
in A; constrains on the mechanism, message from LHC pA collisions



Four energy momentum  transfer scales in structure (interactions with) nuclei with different role of low 
momentum nucleons (k< kF -naive estimate of the highest momenta in nuclei for non-interacting gas)  
and high momentum nucleons due to local NN interactions (slow decrease with k  distribution).

Nuclear observables at low energy scale:  treat nucleus as a Landau-Migdal Fermi liquid with nucleons as quasiparticles 
(close connection to mean field approaches) - should work for processes with energy transfer ≲ EF and momentum 
transfer q ≲ kF.  Nucleon effective masses ~0.7 mN, effective interactions - SRC are hidden in effective parameters. 
Similar logic in the chiral perturbation theory / effective field theory approaches - very careful treatment at 
large distances ~ 1/mπ,  exponential cutoff of high momentum tail of the NN potential 

Nuclear observables at intermediate energy scale: energy transfer < 1 GeV and momentum transfer q < 1 GeV.   
Transition from quasiparticles to bare nucleons - very difficult region - observation of the momentum dependence 
of quenching (suppression)  factor Q for A(e,e’p) (Lapikas, MS, LF,  Van Steenhoven, Zhalov 2000)

Hard nuclear reactions I:  energy transfer > 1 GeV and momentum transfer q > 1 GeV.  Resolve SRCs = direct 
observation of SRCs but  not sensitive to quark-gluon structure of the bound states 

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

①

②

④

③
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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

Q(q2 = 0.2GeV2) ⇡ 0.5 ) Q(q2 = 1.0GeV2) > 0.85
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Removal of a quasiparticle

Long range interactions

Short−range interactions After q

Knockout of a nucleon
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L. Lapikas, G. van der Steenhoven,\\
L. Frankfurt, M.~Strikman,
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 12C(e,ep) reaction at Q2=1.8 GeV2

10
-8

10
-7

10
-6

-300 -200 -100 0 100 200 300
bound proton momentum k, MeV/c

S(
k)

, (
M

eV
/c

)-3

 197Au(e,ep) reaction at Q2=1.8 GeV2

Eikonal  approximation usually neglects change of the 
transverse nucleon momentum in the final state 

rescatterings. We checked that account of this effect leads 
to a small correction for k<200 MeV/c 

FSZ2000; data from D. Dutta et.al.



High Q2 scale II Quark removal  in the  DIS kinematics

Removal of a quark of a nucleon

N

N N

N

Removal of  interchanged quark
Possibility of decay of the residual system with production of slow 
(for example backward in the nucleus rest frame) baryons like N*, 
Δ-isobar if color is not localized in one nucleon.
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New effects if one would remove a valence gluon  (EIC) ?



Interaction picture also depends on resolution: low scale instantaneous effective 
resolution, high Q scale non-static interaction:   interaction time >> 1/Q

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

d

u

u

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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Two gluon interchange? Much higher mass scale 
in t -channel - very short distances
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High frequency probe can resolve N Δ 



 QCD -  medium and short distance forces are at distances where internal 
nucleon structure may play a role - nucleon polarization/ deformation 

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 Nuclear Force from Lattice QCD

N. Ishii1,2 S. Aoki3 and T. Hatsuda2

1 Center for Computational Sciences, University of Tsukuba, Tsukuba 305–8577, Ibaraki, JAPAN,
2 Department of Physics, University of Tokyo, Tokyo 113–0033, JAPAN, and

3 Graduate School of Pure and Applied Sciences,
University of Tsukuba, Tsukuba 305–8571, Ibaraki, JAPAN

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!!

Very different situation than for cold Fermi gasses where rat << rat-at

9

Natural expectation - deviations from many nucleon approximation are highest in SRC
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 Could nucleus be  a quark soup?

u
u
u

d
d

d

quark kneading  (FS75)

became popular under name six quark bags

In the cores of neutron stars  --ρcore ≫ 2ρ0

high sensitivity to microscopic dynamics of SRC

for density 2ρ0 : protons 
surrounded by neutrons 
with density 4ρ0

suppressed - dynamical reasons discussed below

No reasons to expect 3N SRC << 2N SRC

Sargsian’s talk



Q2 � 2 GeV 2

Multi prong approach to the study of SRC and their internal structure
Large Q, x>1

 A(e,e’) processes:
superfast quarks,

fast nucleons

Short-range 
 few nucleon 

correlations in nuclei: 
quark-gluon &

hadronic  
structure 

(e,e0N),(e,e0NN)
Short-range nucleon corr.

bound N form fact.

DIS processes
eA→e+backward N,Δ +X

⇒
Closure: can use all 

nuclei

⇒

⇒

Final state 
interactions: best 

to use A=2,3

bound    nucleon q(x), 
non-nucleonic baryon 
 components

Package deal - cannot cherry pick some of the processes 
- would result in  a gross loss of information

Important to have complementary studies of large angle hadron/photon induced 
exclusive reactions: γ A→ π N (A-1) with A-1 decay; (anti) proton beams, GSI, J-PARC

⇒
Tensor polarized 

Deuteron

⇒

DIS , x< 1

EMC effect,  other npdfs

11



Relativistic 
projectile

t1, z1 t2, z2

t1 − z1 = t2 − z2

⇒ All listed high energy processes develop along the light cone (LC)  
-- trivial for QCD community. 

the amplitudes of the processes are expressed through LC objects and in particular one actually probes LC 
wave functions, spectral functions,... of nuclei

However for low momentum component in nuclei and for 2N SRC correspondence with nonrelativistic 
wave functions is unambiguous and  rather simple due to angular condition           FS76

 Hence there  is a price to  pay for use of high energy processes:  

Many features of NR QM hold - number of degrees of freedom, etc (but nonlinear relations with amplitudes). 
At the same time logic of quantum mechanics does not map easily  to the language of virtual particles - 
transformational vacuum pairs → extra degrees of freedom.

12

☝ - Correspondence between NR and LC descriptions of nuclei  is not applicable for the cases when the probe 

interacts with rare configurations in the bound nucleons e.g. EMC effect) due to the presence of an additional scale.



Consider example of  high Q2 (e,e’) process at fixed large x >1 in the many nucleon 
approximation for the nucleus

The on-shell condition for the struck nucleon

γ* q

Important example - onset of LC dominance in high  Q2A (e,e’) processes

(Vertex function)2 is the spectral function of the nucleus

116

FIG. 8.4:

8.3.1. “y”-scaling

In the impulse approximation (corrections to this approximation due to the final state interaction will be briefly
discussed below) the process is described by the diagram in fig. 8.4, where the virtual photon is absorbed by a nucleon
with momentum k. In the kinematic region described in eq. (8.3) the difference between the invariant mass of the
produced system, W , and MA is small as compared to Q2 and |q|. To produce such a state the momentum k of
the struck nucleon in the wave function of the nucleus should be large (in the rest frame of the nucleus), roughly
k ∼ −q/2 (for γ∗ scattering of the two-nucleon correlation), cf. eq. (8.29) below.

Another characteristic feature of the reaction discussed is that the intrinsic energy E of the residual system X is
comparable with W −MA. (By definition E = MX −MA− 1, where MX and MA− 1 are the invariant masses of X and
of a nucleus consisting of A − 1 nucleons.) For example, in the two-nucleon correlation approximation E ≃ q2/8m.
As a result the closure approximation is inapplicable here and therefore the cross section of reaction (8.1) could not
be expressed through the ground state wave function of nucleus A. One should use instead the spectral function of
the nucleus, PA(k,E), which accounts for the probability of removing a nucleon with momentum k from the target
nucleus A, leaving the final nuclear system X with excitation energy E. By definition102 (see, e.g., ref. [458])

PA(k,E) = ⟨ψA|a+
N(k)δ(E + ER − EfX)aN(k)|ψA⟩, (8.25)

where ER ≃ k2/2m2
X is the recoil energy of the residual system X. a+

N(k) and aN(k) are the creation and annihilation
operators of a nucleon with momentum k. It follows from the definition (8.25) that PA(k,E) and the single-nucleon
momentum distribution nA(k) are related as

nA(k) =
∞∫

0

PA(k,E)dE. (8.26)

In the plane wave impulse approximation the cross section of the (e, e′) reaction is given by

σA(ν, q) ≡ dσ

dE′
e′ dΩe′

=
∫

d3k dE σeNPA(k,E)

× δ(ν + (mA − mA− 1 − mN) − E(kN) − E(k) − ER(k))δ(kN − k − q). (8.27)

Here ν = q0 = Ee−E′
e′ is the photon energy and σeN = 1

2(σep +σen) denotes the cross section for the scattering of the
electron from a nucleon with momentum k times the flux factor (1 + k3/mN) [458]. To avoid difficulties with gauge
invariance (due to off-energy-shell effects) the component j3 of the electromagnetic current is usually reconstructed
from the j0 component using the gauge invariance of the whole amplitude. (The 3-axis is chosen in the direction of
the photon momentum.)

Digression. This approach enables us to illustrate many of the basic qualitative features of the process, avoiding
a more cumbersome light-cone quantum mechanical formulation. However, to obtain quantitative results in the
kinematic region considered in this section (Q2 ≥ 1 GeV2, k > 0.3 GeV/c) it is necessary to take into account
relativistic effects resulting from the relativistic space-time development of the scattering process characteristic for
a quantum field theory, QCD. This requirement is naturally fulfilled in light-cone quantum mechanics but not in
approaches which use the Schrödinger wave functions of nuclei and therefore arbitrarily neglect the production of NN̄
pairs from the vacuum by γ∗. This is not a small effect even at q2= 0 [459, 460] and this is more true for processes
due to the high-momentum nucleon component in the wave function of the nucleus.

102 To simplify the discussion spin and isospin labels are omitted here.

QCD analog - fully unintegrated parton density -
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⇒ 0    ∝ 1/q+

In high energy limit σ depends only on  the spectral function integrated over all 
variables but α - LC dominance, in particular no dependence on the mass of the recoil 
system. Relevant quantity is LC nucleon density matrix - 

⇒

Use the nucleus rest frame light-cone fraction 
scaled to A

� � A
pint
�

PA
�

Q2 �⇥, x = const

⇥N
A (�)

⇢NA (↵) =

Z i=AY

i=1

d↵i

↵i
d2pt i 

2
A(↵i, pt i)�(↵1 � ↵)

LC nuclear many 
nucleon wave function 14
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No correspondence between asymptotic of  the momentum distribution n(k) for k →∞ and  

Some resemblance between structure of diagrams for high momentum dependence of various 
contributions to the spectral function PA(k,E) and ρA(α,pt).

Correspondence between LC density matrix and nA(k) nonrel. momentum distribution?

✸  Mean field:   α=1 +k3/mN   for k3/mN  << 1

✸  Deuteron:  ↵ = 1 + k3/
q

m2
N + k2

Correspondence between ρA(α,pt) and  LC projection of nonrelativistic spectral function PA(k,E)?

 2
D(↵, kt) =

q
m2

N + k2 2 (n.r.)
D (k) FS76

ρA(α→A,pt)

However n.r. PA(k,E)  has wrong normalization (violates baryon & electric charge 
conservation) and when applied to DIS eA scattering ---  violates the momentum sum rule.  
Final state overlapping integral satisfies closure in Erec not in LC variable conjugated to  α.



⇢NA (↵, kt) ⇡ a2(A)⇢ND(↵, kt) for1.3  ↵  1.6Expectation:

For larger α three nucleon correlations  decreases slower with increase of α. Effects of 3N correlations can 
be seen in  PA(k,E)  but no simple relation is known (exists?) with ρA(α > 1.6, pt) (Sargsian’s talk) 

where q� = q0 � q3, W 2 = 4m2
N + 4q0mN �Q2

�tn = 2� q� + 2m

2mN

�
1 +

⇤
W 2 � 4m2

N

W

⇥

Determine  α(x,Q) based on dominance of two nucleon correlations in the recoil :

16

At large momentum transfer answer is expressed through LC density matrix, while in nonrel. 
approach  even in this limit — spectral function. No smooth matching with high energy limit.
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A=Cu

From N.Fomin thesis

Universality of 2N SRC is confirmed by Jlab experiments!

2

3

4

5

6

●

● ●
●

● ●
●E2-019  -2011

●

●Frankfurt et al 1993

●

● ● ●a 2
(A

)

Probability of the high momentum component in nuclei per nucleon, 
normalized to the deuteron wave function

3

at large x, where scattering from nucleons below the
Fermi momentum is forbidden. If these high-momentum
components are related to two-nucleon correlations (2N-
SRCs), then they should yield the same high-momentum
tail whether in a heavy nucleus or a deuteron.
The first detailed study of SRCs in inclusive scattering

combined data from several measurements at SLAC [12],
so the cross sections had to be interpolated to identical
kinematics to form the ratios. A plateau was seen in the
ratio (σA/A)/(σD/2) that was roughly A-independent for
A ≥ 12, but smaller for 3He and 4He. Ratios from Hall B
at JLab showed similar plateaus [13, 14] and mapped out
the Q2 dependence at lowQ2, seeing a clear breakdown of
the picture for Q2 < 1.4 GeV2. However, these measure-
ments did not include deuterium; only A/3He ratios were
available. Finally, JLab Hall C data at 4 GeV [15, 16]
measured scattering from nuclei and deuterium at larger
Q2 values than the previous measurements, but the deu-
terium cross sections had limited x coverage. Thus, while
there is significant evidence for the presence of SRCs
in inclusive scattering, clean and precise ratio measure-
ments for a range of nuclei are lacking.

 0

 3

 6 3He

 0

 3

 6 4He

(!
A/

A)
/(!

D
/2

)

 0

 3

 6

 0.8  1  1.2  1.4  1.6  1.8
x

9Be

12C

63Cu

 1  1.2  1.4  1.6  1.8  2
x

197Au

FIG. 2: Per-nucleon cross section ratios vs x at θ=18◦.

Figure 2 shows the A/D cross section ratios for the
E02-019 data at a scattering angle of 18◦. For x > 1.5,
the data show the expected near-constant behavior, al-
though the point at x = 1.95 is always high because the
2H cross section approaches zero as x → MD/Mp ≈ 2.
This was not observed before, as the previous SLAC ra-
tios had much wider x bins and larger statistical uncer-
tainties, while the CLAS took ratios to 3He.
Table I shows the ratio in the plateau region for a range

of nuclei at all Q2 values where there was sufficient large-
x data. We apply a cut in x to isolate the plateau region,
although the onset of scaling in x varies somewhat with
Q2. The start of the plateau corresponds to a fixed value
of the light-cone momentum fraction of the struck nu-
cleon, αi [1, 12]. However, αi requires knowledge of the

initial energy and momentum of the struck nucleon, and
so is not directly measured in inclusive scattering. Thus,
the plateau region is typically examined as a function of
x or α2n, which corresponds to αi under the approxi-
mation that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [12]. We
take the A/D ratio for xmin < x < 1.9, such that xmin

corresponds to a fixed value of α2n. The upper limit is
included to avoid the deuteron kinematic threshold.

TABLE I: r(A,D) = (2/A)σA/σD in the 2N correlation re-
gion (xmin < x < 1.9). We choose a conservative value of
xmin = 1.5 at 18◦, which corresponds to α2n = 1.275. We use
this value to determine the xmin cuts for the other angles.
The last column is the ratio at 18◦ after the subtraction of
the estimated inelastic contribution (with a systematic uncer-
tainty of 100% of the subtraction).

A θ=18◦ θ=22◦ θ=26◦ Inel.sub
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10
Be 4.00±0.08 4.21±0.09 4.28±0.14 3.91±0.12
C 4.88±0.10 5.28±0.12 5.14±0.17 4.75±0.16
Cu 5.37±0.11 5.79±0.13 5.71±0.19 5.21±0.20
Au 5.34±0.11 5.70±0.14 5.76±0.20 5.16±0.22
⟨Q2⟩ 2.7 GeV2 3.8 GeV2 4.8 GeV2

xmin 1.5 1.45 1.4

At these high Q2 values, there is some inelastic contri-
bution to the cross section, even at these large x values.
Our cross section models predicts that this is approxi-
mately a 1–3% contribution at 18◦, but can be 5–10% at
the larger angles. This provides a qualitative explanation
for the systematic 5–7% difference between the lowest Q2

data set and the higher Q2 values. Thus, we use only the
18◦ data, corrected for our estimated inelastic contribu-
tion, in extracting the contribution of SRCs.
The typical assumption for this kinematic regime is

that the FSIs in the high-x region come only from rescat-
tering between the nucleons in the initial-state correla-
tion, and so the FSIs cancel out in taking the ratios [1–
3, 12]. However, it has been argued that while the ratios
are a signature of SRCs, they cannot be used to provide
a quantitative measurement since different targets may
have different FSIs [17]. With the higher Q2 reach of
these data, we see little Q2 dependence, which appears
to be consistent with inelastic contributions, supporting
the assumption of cancellation of FSIs in the ratios. Up-
dated calculations for both deuterium and heavier nuclei
are underway to further examine the question of FSI con-
tributions to the ratios [18].
Assuming the high-momentum contribution comes en-

tirely from quasielastic scattering from a nucleon in an
n–p SRC at rest, the cross section ratio σA/σD yields
the number of nucleons in high-relative momentum pairs
relative to the deuteron and r(A,D) represents the rela-
tive probability for a nucleon in nucleus A to be in such
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at large x, where scattering from nucleons below the
Fermi momentum is forbidden. If these high-momentum
components are related to two-nucleon correlations (2N-
SRCs), then they should yield the same high-momentum
tail whether in a heavy nucleus or a deuteron.
The first detailed study of SRCs in inclusive scattering

combined data from several measurements at SLAC [12],
so the cross sections had to be interpolated to identical
kinematics to form the ratios. A plateau was seen in the
ratio (σA/A)/(σD/2) that was roughly A-independent for
A ≥ 12, but smaller for 3He and 4He. Ratios from Hall B
at JLab showed similar plateaus [13, 14] and mapped out
the Q2 dependence at lowQ2, seeing a clear breakdown of
the picture for Q2 < 1.4 GeV2. However, these measure-
ments did not include deuterium; only A/3He ratios were
available. Finally, JLab Hall C data at 4 GeV [15, 16]
measured scattering from nuclei and deuterium at larger
Q2 values than the previous measurements, but the deu-
terium cross sections had limited x coverage. Thus, while
there is significant evidence for the presence of SRCs
in inclusive scattering, clean and precise ratio measure-
ments for a range of nuclei are lacking.
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Our cross section models predicts that this is approxi-
mately a 1–3% contribution at 18◦, but can be 5–10% at
the larger angles. This provides a qualitative explanation
for the systematic 5–7% difference between the lowest Q2

data set and the higher Q2 values. Thus, we use only the
18◦ data, corrected for our estimated inelastic contribu-
tion, in extracting the contribution of SRCs.
The typical assumption for this kinematic regime is

that the FSIs in the high-x region come only from rescat-
tering between the nucleons in the initial-state correla-
tion, and so the FSIs cancel out in taking the ratios [1–
3, 12]. However, it has been argued that while the ratios
are a signature of SRCs, they cannot be used to provide
a quantitative measurement since different targets may
have different FSIs [17]. With the higher Q2 reach of
these data, we see little Q2 dependence, which appears
to be consistent with inelastic contributions, supporting
the assumption of cancellation of FSIs in the ratios. Up-
dated calculations for both deuterium and heavier nuclei
are underway to further examine the question of FSI con-
tributions to the ratios [18].
Assuming the high-momentum contribution comes en-
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n–p SRC at rest, the cross section ratio σA/σD yields
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relative to the deuteron and r(A,D) represents the rela-
tive probability for a nucleon in nucleus A to be in such

Universality of 2N SRC for .35 < k < .6 GeV/c is confirmed by Jlab experiments✺
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Present already in the case of 2N system.  So can focus on the 
LC dynamics for two body case  - more technical discussion

18

One of the consequences of LC dynamics - nonlinear relation 
between momenta of knocked out nucleon and spectator in 

DA(k2, k1, Er) = |⇥⇥A�1(k2, ...) |�(HA�1 � Er)a(k1)| ⇤A⇤|2

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 formulation)



Light-cone Quantum mechanics of two nucleon system

Due to the presence of a small parameter (inelasticity of NN interactions) it 
makes sense to consider two nucleon approximation for the LC wave 
function of the deuteron.  

Key point is presence of the unique matching between nonrelativistic and LC 
wave functions in this approximation. Proof is rather involved.

First step: include interactions which do not have two nucleon 
intermediate states into kernel  V (like in nonrel. QM) to build a 
Lippman-Schwinger type (Weinberg type) equation.

=

T TV V

+

i i if f fn
19

Angular condition allows to reduce eqn to the form close to NR and results in 
theseteron wave function shown in previous slides
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FIG. 7.4: The meson exchange current diagram for the reaction γ∗ + D → N + N.

description of w(r) for r > 2 fm (k ! 0.15 GeV/c) and the prediction of conventional models for the total probability
of the D-wave, PD = (6 ± 1)%, is consistent with the analysis of µd; cf. the discussion in ref. [420]. The recent
measurements [413, 414, 421] of elastic eD → eD⃗ scattering for q ∼ 2 fm−1 probe w(k) for k ∼ 0.2 GeV/c, while
elastic high-energy pD scattering is sensitive to GQ(Q2) at Q2 ∼0.3 GeV2/c (see, e.g., ref. [422]).

It has been suggested in the literature that the nuclear core hypothesis may be checked by measuring Gc(Q2)
and GQ at −q2 > 0.5 GeV2 inelastic eD⃗ scattering or by measuring the tensor polarization of the recoil deuteron
(see, e.g., ref. [423], where the experimental problems involved in such measurements are also discussed). Incoherent
phenomena, discussed below, have a number of obvious advantages for performing a critical test of the nuclear core
hypothesis (this was first explained in ref. [424]):

(i) In incoherent processes at high energy one can measure the deuteron wave function directly in momentum space
instead of a convolution of wave functions as in the case of elastic deuteron form factors.

(ii) The nucleon yields in incoherent fragmentation of a two-nucleon correlation and of a 6q bag are qualitatively
different (see the discussion in sections 2 and 8 8.6), while in elastic scattering processes the separation of 6q and
2N contributions is hardly possible.

(iii) The absolute values of the cross sections are much larger than for elastic eD scattering.
(iv) In the kinematical region where the contribution of the high-momentum component of the deuteron wave

function dominates (k > 0.2 GeV/c) the cross section of these reactions should strongly depend on the deuteron
polarization.

7.2. High-Q2 e + D⃗ → e + p + n, e + N + X, e + X reactions

Evidently, detailed information about the structure of the deuteron wave function can be obtained only if the
distribution of spectator nucleons is measured. The high-Q2 exclusive reactions e + D → e + p + n(∆,N∗) seem to
be the simplest for a theoretical analysis, since a large energy-momentum (q) is transferred to the struck nucleon in
a controlled way. At sufficiently high Q2 and W −md " 100 MeV the interference diagram (fig. 8.12 below) is small
(a few percent) in the essential kinematic region. The difference between the final state momenta of the nucleons is
large, so the correction due to misidentification of a spectator and the “active”nucleon is also small even for forward
moving spectators. Besides, the final state interaction estimated within the nonrelativistic approach (sec, e.g., ref.
[425, 426]) is expected to be rather small, ! (10 −30)%, in the kinematic region discussed. In fact it is even smaller
because at Q2 " 2 GeV2 nucleons are produced in compressed configurations, which have a small interaction cross
section (section 6 6.3). Moreover, in the ratio of the cross sections for γ∗ scattering from polarized and unpolarized
deuterons uncertainties due to the off-energy-shell effects in γ∗N interaction, discussed in section 8 8.3, are cancelled
to a large extent. Note also that in order to suppress two-step processes like e + D → e + ∆ + N → e + p + n one
should choose W far enough from W = m∆ + mN.

Since the total cross section of unpolarized electron scattering off a polarized nucleon does not depend on the
nucleon polarization, the ratio of the cross sections of scattering off a polarized and an unpolarized deuteron has a
rather simple form if the polarization of the produced nucleon is not measured [427]:

dσ(e + DΩ → e + N + X)
(dα/α) d2pt

/
dσ(e + D → e + N + X)

(dα/α) d2pt

= 1 +
(

3kikj

k2
Ωij −1

) 1
2w2(k) +

√
2u(k)w(k)

u2(k) + w2(k)
≡ P (Ω, k), (7.1)

where Ω is the spin density matrix of the deuteron, SpΩ = 1 [the expression for the case of unpolarized deuterons is
given in ref. [410]. eq. (3.17)].93 The relationship between the spectator nucleon momentum, p, in the deuteron lab.

93 In line with the convention of ref. [428] w(k) is defined so that w(k) > 0 at small k.

103

FIG. 7.4: The meson exchange current diagram for the reaction γ∗ + D → N + N.

description of w(r) for r > 2 fm (k ! 0.15 GeV/c) and the prediction of conventional models for the total probability
of the D-wave, PD = (6 ± 1)%, is consistent with the analysis of µd; cf. the discussion in ref. [420]. The recent
measurements [413, 414, 421] of elastic eD → eD⃗ scattering for q ∼ 2 fm−1 probe w(k) for k ∼ 0.2 GeV/c, while
elastic high-energy pD scattering is sensitive to GQ(Q2) at Q2 ∼0.3 GeV2/c (see, e.g., ref. [422]).

It has been suggested in the literature that the nuclear core hypothesis may be checked by measuring Gc(Q2)
and GQ at −q2 > 0.5 GeV2 inelastic eD⃗ scattering or by measuring the tensor polarization of the recoil deuteron
(see, e.g., ref. [423], where the experimental problems involved in such measurements are also discussed). Incoherent
phenomena, discussed below, have a number of obvious advantages for performing a critical test of the nuclear core
hypothesis (this was first explained in ref. [424]):

(i) In incoherent processes at high energy one can measure the deuteron wave function directly in momentum space
instead of a convolution of wave functions as in the case of elastic deuteron form factors.

(ii) The nucleon yields in incoherent fragmentation of a two-nucleon correlation and of a 6q bag are qualitatively
different (see the discussion in sections 2 and 8 8.6), while in elastic scattering processes the separation of 6q and
2N contributions is hardly possible.

(iii) The absolute values of the cross sections are much larger than for elastic eD scattering.
(iv) In the kinematical region where the contribution of the high-momentum component of the deuteron wave

function dominates (k > 0.2 GeV/c) the cross section of these reactions should strongly depend on the deuteron
polarization.

7.2. High-Q2 e + D⃗ → e + p + n, e + N + X, e + X reactions

Evidently, detailed information about the structure of the deuteron wave function can be obtained only if the
distribution of spectator nucleons is measured. The high-Q2 exclusive reactions e + D → e + p + n(∆,N∗) seem to
be the simplest for a theoretical analysis, since a large energy-momentum (q) is transferred to the struck nucleon in
a controlled way. At sufficiently high Q2 and W −md " 100 MeV the interference diagram (fig. 8.12 below) is small
(a few percent) in the essential kinematic region. The difference between the final state momenta of the nucleons is
large, so the correction due to misidentification of a spectator and the “active”nucleon is also small even for forward
moving spectators. Besides, the final state interaction estimated within the nonrelativistic approach (sec, e.g., ref.
[425, 426]) is expected to be rather small, ! (10 −30)%, in the kinematic region discussed. In fact it is even smaller
because at Q2 " 2 GeV2 nucleons are produced in compressed configurations, which have a small interaction cross
section (section 6 6.3). Moreover, in the ratio of the cross sections for γ∗ scattering from polarized and unpolarized
deuterons uncertainties due to the off-energy-shell effects in γ∗N interaction, discussed in section 8 8.3, are cancelled
to a large extent. Note also that in order to suppress two-step processes like e + D → e + ∆ + N → e + p + n one
should choose W far enough from W = m∆ + mN.

Since the total cross section of unpolarized electron scattering off a polarized nucleon does not depend on the
nucleon polarization, the ratio of the cross sections of scattering off a polarized and an unpolarized deuteron has a
rather simple form if the polarization of the produced nucleon is not measured [427]:

dσ(e + DΩ → e + N + X)
(dα/α) d2pt

/
dσ(e + D → e + N + X)

(dα/α) d2pt

= 1 +
(

3kikj

k2
Ωij −1

) 1
2w2(k) +

√
2u(k)w(k)

u2(k) + w2(k)
≡ P (Ω, k), (7.1)

where Ω is the spin density matrix of the deuteron, SpΩ = 1 [the expression for the case of unpolarized deuterons is
given in ref. [410]. eq. (3.17)].93 The relationship between the spectator nucleon momentum, p, in the deuteron lab.

93 In line with the convention of ref. [428] w(k) is defined so that w(k) > 0 at small k.

104

FIG. 7.5: (σ± − σ0)/⟨σ⟩ for backward nucleon production, (a) in high-energy eD⃗ and pD⃗ scattering for the Reid soft core

wave function, (b) in high-energy eD⃗ scattering for the Pans potential wave function and for the QCB model with bag radius
b = 1 .2 fm and 1 .4 fm.

frame and the inner momentum, k, is given by eq. (5.31); the 3-axis is chosen in the direction of the γ∗ momentum.94
It follows from eq. (7.1) that by studying the dependence of the nucleon yield on the deuteron tensor polarization

one can directly measure the ratio w(k)/u(k). An independent check of the nuclear core hypothesis can be obtained
from the measurement of the dependence of the nucleon polarization on the deuteron vector polarization, see ref.
[427], pp. 578, 579. (For the parametrization of Ω in terms of tensor and vector polarizations, see, e.g., ref. [429].)

It is convenient to represent the magnitude of spin effects in the form of the tensor asymmetry

R = T20=
[
1
2
(σ+ − σ− ) − σ0

]/
⟨σ⟩, (7.2)

where ⟨σ⟩ = 1
3(σ++σ− +σ0). The indices (+,−, 0) denote deuteron helicities. In the deuteron rest frame the deuteron

spin is quantized in the direction of the γ∗ momentum. Note that in the unpolarized electron case σ+ = σ− due to
space parity conservation. Evidently in the physical region R can vary from −3 to 1.5. Using eq. (7.1) we obtain for
R a rather simple expression:

R(ps) =
3(k2

t /2 − k2
z)

k2

u(k)w(k)
√

2 + 1
2w2(k)

u2(k) + w2(k)
. (7.3)

In nonrelativistic quantum mechanics (ps/m ≪ 1) ps and ks coincide. In this case R has the form

Rnonrel(ps) =
3(p2

t/2 − p2
z)

p2

u(p)w(p)
√

2 + 1
2w2(p)

u2(p) + w2(p)
. (7.4)

Eq. (7.3) with a conventional nuclear core wave function like the Reid soft core predicts a large variation of R(ps)

94 The difference between k and p is due to the fact that in eq. (7.1) the space-time picture characteristic for high-energy processes in
relativistic theory [409, 410] is taken into account.

Consider
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The best way to look for the difference between LC and NR/Virtual nucleon 
seems to be scattering off the polarized deuteron
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dependence for 
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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.
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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.
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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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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: geometry 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 deformed -  
dynamical parameter is  nucleon momentum not the  internucleon distance 
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LC vs NR for A> 2 - two of key differences 

For large momentum transfer processes like DIS

LC - answer expires through LC density matrix solution of LC Hamiltonian eqn

Very different characterization of 3N SRC - Misak’s talk

✺

✺

NR - answer expressed through spectral function - seems hopeless to calculate for A>3



Discovering nonnucleonic degrees of freedom in nuclei

Expectations 

pionic component is small due to chiral symmetry 

closest inelastic intermediate state is Δ- isobar - due to strong attraction
 potential enhancement as compared to a naive estimate

non-nucleonic degrees of freedom are predominantly in SRC

< 10- 15 % of SRC

⬇
< 2 - 3 %  per nucleon

❖

❖

❖

24

Will discuss later

Experimental evidence that there are fewer pions in nuclei than in free 
nucleons -  a challenge for effective chiral models? willl discuss data later



Intermediate states with Δ -isobars.

Often hidden in the potential.  Probably OK for calculation of the  energy binding,  energy 
levels.  However wrong for  high Q2 probes.

Explicit calculations of B.Wiringa -  ~1/2 high momentum component  is due to
   ΔN correlations, significant also ΔΔ . Tricky part - match with observables - 
momentum of   Δ in the wf and initial state

Large Δ admixture in high momentum component  

⇐
Suppression of NN correlations in kinematics of BNL experiment☛

☛ Presence of large ER tail (~ 300 MeV) in the spectral function  

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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I do not discuss N*’s but they 
may contribute as well



Generic feature: distribution of  ΔΔ over relative momenta in the deuteron 
wave function  is broad  similar trend  for  ΔN 

1

2E� �md
=

1

2
p
m2

� + k2 �md

Reason: the energy denominator in difference from NN state  is practically constant  up to k ~ mΔ/2


m2

� + k2t
↵(2� ↵)

�m2
d

��1

The same in the light cone formalism

α/2 is the light-cone fraction carried by isobar

Since difference is large  small sensitivity to change of  α:  change of 
α from 0.7 to 1.3:  α(2-α) --- 1  to 0.91   

26



Δ-isobars are natural candidate for most important nonnucl. degrees of freedom 
Large energy denominator for NN →NΔ transition 

Expectations during EMC effect rush

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
0.06
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.
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Friman, Pandharipande, WIringa 1983

ruled out by Drell - Yan data

P (�)

PSRC(N)
⇠ 0.04

0.2

Too much ?

~ 0.2
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➡ Δ’s predominantly in SRCs 
➡ Δ’s much more important  in I=1 (pp,nn)  SRCs 
➡ Δ’s much broader distribution in  momenta ( α,kt)
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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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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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PD(��)

PD(SRC)
< 0.1

Based on the analysis of 15499 νD interactions
probability to find deuteron in Δ++Δ- state < 0.2% on 90% CL 



  Possible  evidence for Δ’s in nuclei

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 α.

�(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

New data are necessary:  many options in Jlab kinematics ? New Jlab experiments ? 
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P (�)

PSRC(N)
⇠ 0.1

⇓

Perfect  kinematics for EIC in particular ~e+ ~D ! e+�++ +X(or forward⇡±)

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

suppression at α~1 

expect R=1 for 
isosinglet nucleus

◉
◉
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☛ proton beams: look for channels forbidden for scattering off single 
nucleons but allowed for scattering off exotics: Δ’s 6q... at large c.m. angles

p + A → ∆++ + p + (A − 1)

Important tool for the analysis:  αΔ < 1 cut as the αΔ distribution is broader than 
αN   distribution. Measuring the strength of charge exchange using αΔ = 1range

Background: two step process with charge exchange at the second step (drops with pinc)

p

p

p

p

p
n

Δ++

A-2
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The highest resolution possible for probing  the distribution of constituents in hadrons is 
deep inelastic scattering (DIS) (and other hard inclusive processes)

Reference point: nucleus is a collection of quasifree nucleons.

A hard probe incoherently interacts with individual nucleons

RA(x,Q
2) ⌘ �A(x,Q2)

Z�p(x,Q2) +N�n(x,Q2)
EMC ratio
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x
C

~Z. • BCDMS Fe/D
—- 1 2 -

- 0 Arnold et al. Fe/D

0 Stein et al. Cu/D

Ii -

+ 4 +

0.8 -

0.7 - (b)

I I I I I I I I
0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Bjorken x
Fig. 3.14. (b) Comparison of high-Q2 BCDMS data [34] with SLAC data [28, 44].

ref. [28]) that the A-dependence of RA(x, Q2) — 1 is practically the same for all x (fig. 3.18). As a
result, RA (x, Q2) — 1 can be fitted to a factorized form:

RA(x, Q2) — 1 f(A)q(x, Q2). (3.22)

At x ~ 0.3 the essential longitudinal distances z involved in the deep inelastic scattering off nuclei are
much smaller than the average internucleon distance in nuclei, z — (0.5—1) Im~x~ 0.7 fm (cf. the

=1
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the nonrelativistic constituent quark model with parameters fitted to reproduce the nucleon form
factor). An observation of a much larger value of p would signal the presence of large short-range
parton—parton correlations in the nucleon wave function.

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

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

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

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

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

3.7. Nuclear effects. Introduction

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

I I I I I

1.3 -

4+

_ II

::~ ~‘~‘

Fig. 3.11. Ratio ofnucleon structure functionsF~for iron and deuterium as measured by the EM Collaboration in 1983 125]. The solid curve is the
expectation of the Fermi motion models.

Theoretical expectation under 
assumption that nucleus 
consists only of nucleons FS 81

One should be surprised not  by presence of 
the effect but by its smallness for  x<0.35 
where bulk of quarks are since distances 
between nucleons are comparable to the radii 
of nucleons. 



Why the  effect  cannot be described in the approximation: nucleus = A nucleons?
consider a fast nucleus with momentum PA as a collection of nucleons with 
momenta PA/A

In this case probability to find a quark with momentum xPA/A in 
nucleon with momentum  αPA/A is fN(x/α)

=
PA α1PA/A

α2PA/A
α3PA/A

α1 +α2 +α3=3

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

Fermi motion: αi=1/

F2A(x,Q
2) =

Z
⇢NA (↵, pt)F2N (x/↵)

d↵

↵
d2pt

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

≣probability to find a nucleon 
with longitudinal momentum αPA



Can account of Fermi motion describe the EMC effect?
YES

If one violates baryon charge conservation 
or momentum conservation or both

Many nucleon approximation:

Z
⇥NA (�, pt)

d�

�
d2pt = A baryon charge sum rule

fraction of nucleus momentum 
NOT carried by nucleons

1

A

Z
�⇤NA (�, pt)

d�

�
d2pt = 1� ⇥A

33

=0 in many nucl. approx.
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+
xF 0

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

F2N (x,Q2)
· 2(TA � T2H)

3mN

Fermi motion

+
xn [x(n+ 1)� 2]

(1� x)2
· (TA � T2H)

3mN

RA  for x <(n+1)/2 slightly below  and rapidly growing for 
x > (n+1)/2

RA(x,Q
2) = 1� �AxF 0

N (x,Q2)

FN (x,Q2)

RA(x,Q
2) = 1� �Anx

1� x

Since spread in  α due to Fermi motion is modest ⇒ do Taylor series expansion in convolution formula 

in (1- α):   α= 1+ (α-1)

F2N / (1� x)n, n ⇡ 2(JLAB)

n ⇡ 3(Leading twist)

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

O.Nash: God in his wisdom made a fly 
         But he forget to tell us why



First explanations/models of the EMC effect (no new models in 30 years)

RA(x,Q
2) = 1� �Anx

1� x

Pionic model:  extra pions  - λπ ~ 4% -actually for fitting Jlab and SLAC data  ~ 6%

+ enhancement 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 + valence quark antishadowing with effect roughly ∝	knucl2

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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◉ Traditional nuclear physics strikes back: 

EMC effect is just effect of nuclear binding : account for the nucleus excitation 
in the final state: e+A ! e0 +X + (A� 1)⇤

First try: baryon charge violation because of the use of non relativistic normalization 

Second  try:  fix baryon charge ➔ violate momentum sum rule

Third try (not always done) fix momentum sum rule by adding mesons 
➠

version of pion model
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RA(x,Q
2) = 1� �Anx

1� x



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 q̄Ca(x)/q̄N = 1.1÷ 1.2|x=0.05÷0.1

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

Q2 = 2 GeV2

q̄Ca/q̄N ⇡ 0.97
q̄ C

a
/q̄

N
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1989

in meson model (chiral models?)



Pion model addresses a deep question - what is microscopic origin of intermediate and 
short-range nuclear forces   - do nucleons exchange mesons or quarks/gluons? Duality?

M

p

pn

n p n

n p

=π +, ρ+
,...

d

d

u

Meson Exchange                                    Quark interchange

d

u

u

qq

extra antiquarks in nuclei no extra antiquarks
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Better match to Drell Yan 
data



Do we know that properties of nucleons in nuclei the same as for free nucleons?

39

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
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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 

Cannot use info from low momentum transfer processes - quasiparticles, complicated 
interactions of probe with nucleons: Nucleon effective masses ~0.7 mN,  strong quenching for 
A(e,e’p) processes:  suppression factor Q~0.6 practically disappears at Q2=1 GeV2 .

☛

Problem for the nucleon swelling models of the EMC effect which 20% swelling
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Universality of 2N SRC for .35 < k < .6 GeV/c is confirmed by Jlab experiments✺

Restrictions from the studies of SRCs to be presented later in the workshop

Theoretical analysis of the (p,ppn), (e,e’pN) data:   Very strong correlation - removal of proton 
with k > 250 MeV/c - in 90% cases neutron is emitted, in 10% -   proton.

The second  group of processes (both lepton and hadron induced) which led to the progress in the studies of SRC is 
investigation of the decay of SRC after one of its nucleons is removed via large energy- momentum transfer process.

✺
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EVA BNL  5.9 GeV protons  (p,2p)n 

(e,e’ pp), (e,e’pn)  Jlab   Q2= 2GeV2

-t= 5 GeV2; t=(pin-pfin)2

Different probes, different kinematics - the same pattern of very strong correlation - 
Universality is the answer to a question: “How to we know that (e,e’pN) is not due 
to meson exchange currents?”

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

90% pn + 10% pp < 10% exotics

⇒ probability of exotics < 2%

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

Rules out models with large exotic component in  nuclei 
 - 20 % 6q, Δ’s



Very few models of the EMC effect survive  when constraints due to the 
observations of the SRC are included as well as lack of enhancement of 
antiquarks and Q2 dependence of the quasielastic (e,e’) at x=1

 - essentially one scenario survives - strong deformation of rare configurations 
in bound nucleons increasing with nucleon momentum  and with most of the 
effect due to the  SRCs  (FS85)

42



Dynamical model - color screening model of the EMC effect (FS 83-85)

(a) Quark configurations in a nucleon of a size << average size (PLC) should 
interact weaker than in average. Application of the variational principle indicates 
that  probability of such configurations in nucleons is 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. So new pattern of x-dependence of the bound nucleon F2N 
modification is a welcomed feature of new analysis

tests in pA LHC run in March 2013 & dAu at RHIC - will discuss briefly 
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In color screening model modification of average properties is small < 2- 3 %.



Introducing in the wave function of the nucleus explicit dependence of the 
internal variables we find for   weakly interacting configurations in the first 
order perturbation theory using closer we find 

where

energy in the energy denominator. Using equations of motion for   ψΑ the 
momentum dependence for the probability to  find a bound nucleon, δA(p) with 
momentum p in a PLC  was determined for the case of two nucleon correlations 
and mean field approximation. In the lowest order

�D(p) =

0

@1 +
2 p2

2m + ✏D

�ED

1

A
�2

 ̃A(i) ⇡

0

@1 +
X

j 6=i

Vij

�E

1

A A(i)

�E ⇠ mN⇤ �mN ⇠ 600� 800MeV average excitation 

After including higher order terms we obtained for SRCs and for  deuteron:

�A(p) = 1� 4(p2/2m+ ✏A)/�EA
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Accordingly 

which to the first approximation is proportional the average excitation energy and hence 
roughly to a2(A),  which  proportional to <ρ2(r)> for A>12 (FS85).  Accuracy is probably no 
better than 20%. But roughly it works (A.Schmidt’s talk)

We extended calculations  to the case of  scattering off  A=3 for a final state with 
a certain energy and momentum for the recoiling system   FS & Ciofi Kaptari 06.  
Introduce formally virtuality of the interacting nucleon as 

p2int�m2 = (mA� pspect)2�m2.

δ(p,Eexc) =
✓
1� p2int�m2

2ΔE

◆�2

Find the expression which is valid both for A=2 and for A=3(both NN and deuteron 
recoil channels):

F2A(x,Q2)

F2N (x,Q2)
� 1 / h�(p)i � 1 = �4

* p2

2m + ✏A

�EA

+
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Dependence of suppression we find 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. Our quantum mechanical treatment of 85  automatically  took this into account.   

This generalization of initial formula allows a more 
accurate study of  the A-dependence of the EMC effect.
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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



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 at say100 MeV/c - go to 200 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)
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γ

D p

A>2 -- motion of the pair, two step processes.

Collider kinematics -- nucleons with pN>pD/2 

“Gold plated test”



Interesting  possibility - EMC effect maybe missing some significant 
deformations which are averaged 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). 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.
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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. 

Consistent results from analysis of the deuteron - gold 
data from RHIC

we suggested  a critical test in 1983: pA scattering with trigger on large x hard process. 
If large x corresponds to small sizes,   hadron production will be suppressed. In other 
words - trigger for large activity - suppression of events with large x. 

ATLAS and CMS report the effect of such kind. Our analysis (M.Alvioli, B.Cole. LF,  . D.Perepelitsa, MS) 
suggests that for x~ 0.6 the transverse area of probed configurations is a factor of 2 smaller than average. 

At soft scale area of nucleon with x=0.6
  is a factor of 4 smaller than average



Conclusions

Meson degrees of freedom too small to produce a significant effect 

Mean field logic with universal swelling of nucleons is ruled out  by (e,e’) data at x=1

Effect grows roughly proportional to average kinetic energy / probability of SRCs

Summary of the findings
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Experiments at large momentum transfers produce strong constrains on the dynamics of the EMC effect

Limits on exotics in SRC are very strong  - exclude a significant  trivial 6q like component 

Transition from Every Model Is Cool (G.Miller, 83)  to Most models are not cool. 

Dynamical mechanism satisfying these constrains is color screening model of suppression 
of small configurations in bound nucleons. It passed so far the LHC test suggested in 83 
- suppression of jet production in central collisions at xp>0.5



Next ten years

Discovery of non-nucleonic degrees of freedom in nuclei: Δ’s , tagged structure function
 (testing origin of the EMC effect)

Direct observation of the 3N correlations

High statistic studies of 2N correlations:  determining at what momenta SRC set in,  
node in pp SRC,  S/D wave separation in deuteron, deviations from universality of SRC

Theory: FSI effects, calculation of the decay function, solving LC many body equations,...

Factorization of manifestations of SRC at large Q2(t) - Jlab vs hadronic probes 
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Supplementary slides



A
A-1

pi

A-2

p1

p2k2

k1 ~ -k2

s’=(p1 +p2)2

t=(p1 -pp)2

neutron

From measurement of p1, p2 pneutron choose   small excitation energy of A-2 (< 100 MeV)

σ = dσpp➔pp/dt(s’,t) *D(k1,k2)   (D= Decay function)

Factorization test of the reaction mechanism:  

dσ(s’,t, k1,k2) / d σpp➔pp/dt(s’,t) = “ independent of s’, t

k2=p1 +p2-pi
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Decay function”

p2H→ppn 
☛

Possible t -range for HADES 
at 90o: 

2 GeV2 ÷ 4 GeV2

☛

Detailed test of the reaction mechanism for scattering off 2N SRC 

proton/electron 
scattering

Implications for (e,ep), (p, 2p) reactions at large momentum transfer 
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Reach Q2 (for elastic eN scattering) where small size configurations are enhanced

D(Q2 >> 2 GeV2, k1,k2)

D(Q2 = 2 GeV2, k1,k2)
= δΑ(κ12)

Indications from analysis of x>1  D(e,e’) SLAC data at Q2=6 GeV2

Sargsian  et al unpublished

Analogous effect for A(p,2p) at  s,t where/ if  color transparency sets   in  

-t > 10 GeV2  ?

Breakdown of factorization
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