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Open questions of microscopic nuclear structure

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

Examples of Implications:  neutron stars & heavy ion collisions 

Strategies for further studies:  Jlab  and FAIR (PANDA, CBM,...)  potential.

Structure of short-range NN correlations in nuclei  and concept  of the decay  function 

Direct observations of short-range correlations using high energy probes



Bumpy history of short-correlation studies

Bethe-Bruckner-Goldstone theory developed in  60’s - short-range  correlations between 
nucleons play a very important role - however numerically challenging.

Mean field models explain many regularities of nuclear structure with no need to invoke  
 short - range correlations 

Experimental searches for SRC in photon  and pion absorption  -- processes definitely involve at 
least two nucleons but not clear whether process occurs  due to initial state or final state ? 

General sentiment  of late seventies is well expressed in the letter we received from the editor of 
Phys.Lett.. in 1977: For many years the claims were made repeatedly  that it is possible to observe 
experimentally short-range correlations in the nucleus wave function. All of them turned out to be 
false. Hence I made a decision to reject manuscripts with such claims without review.  
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Four energy scales in structure (interactions with) nuclei 
Low momentum nucleons (< kF - a naive estimate of the highest momenta in nuclei for non-interacting gas)

High  momentum nucleons - due to local NN  interactions - slowly decreasing with k 

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 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 I:  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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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

 Could nucleus be  a quark soup?

u
u
u

d
d

d

quark kneading  (FS75)

became popular under name six quark bags

Before QCD - paradox - strength of meson nucleon interaction increases with virtuality in the meson-
nucleon field theoretical models: zero charge (Landau)  pole   is present at rather small virtualities.  No trace 
of this effect in NN and πN interactions. Even without the zero charge pole - interaction is very strong - why 
nucleus is build of nucleons and does not looks as a meson soup?
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The nucleon-nucleon (NN) potential VNN(r) is studied by the lattice QCD simulations in the
quenched approximation, using the plaquette gauge action and the Wilson quark action on a 324 (!
(4.4 fm)4) lattice. From the equal-time Bethe-Salpeter wave function, we extract the central part of
the NN potentials in the 1S0 and 3S1 channels. The extracted potential has a strong repulsive core
of a few hundred MeV at short distances (r ! 0.5 fm) surrounded by a relatively weak attraction
at medium and long distances. These features are consistent with the empirical structure of the
nuclear force.

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

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

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

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

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

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

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

−
1

2µ
∇2φ(&r) +

∫

d3r′ U(&r,&r′)φ(&r′) = Eφ(&r), (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(&r,&r′) =
VNN(&r,∇)δ(&r − &r′) [2]. Also the most general NN po-
tential VNN(&r,∇) is severely constrained by various sym-
metries and is known to have the form;

VNN = VC(r) + VT(r)S12 + VLS(r)&L · &S + O(∇2). (2)

Here S12 = 3(&σ1 · r̂)(&σ2 · r̂)−&σ1 ·&σ2 is the tensor operator
with r̂ ≡ |&r|/r, &S the total spin operator, and &L ≡ −i&r×&∇
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)&σ1 ·&σ2+V τ

i (r)&τ1 ·&τ2+V στ
i (r)(&σ1 ·&σ2)(&τ1 ·&τ2)

quark interchanges?

Why short-range structure of nuclei is interesting from QCD angle  

At average nuclear density, ρ0 each nucleon has a neighbor at rNN< 1.2 fm!!

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

high sensitivity to microscopic dynamics of SRC
5



• Microscopic origin of intermediate and short-range nuclear forces

• Properties of drops of very dense nuclear matter ➜ Eq. of state for 
cores of neutron stars 

•  ~80% of kinetic energy of heavy nuclei  is due to SRCs = powerhouse of nuclei

• Numerous applications 

6

Why studying SRC is important

Modeling of νA quasielastic  scattering 
Neutron production in AA collisions at RHIC, LHC

• Best chance to observe new physics beyond many nucleon approximation   - Δ’s,             
quark - gluon degrees of freedom, etc

Very different strength of pp and pn SRC, practical disappearance 
of the Fermi step for protons for ρ(neutron star) >ρ (nuclear matter)



Together with Leonid Frankfurt we started our studies of the microscopic nulcear structure in 
1974. Our prime motivation was:  quarks were seen in DIS - large momentum transfer 
processes - can one perform similar program in nuclei and see constituents of the nucleus?

On experimental side: no lepton induced data - first data on large Q2 momentum transfer 
reactions with deuteron emerged only a year later.  However there was a puzzle in 
(lepton)hadron - nucleus  interactions.

Formulation using collider kinematics (actual measurements at fixed 
targets with proton, photon, pion and nuclear beams):

nucleons  EN up to 4.8 TeV are observed ☛

☛ shapes of the spectra from A=4He and A=Pb  are 
practically  same between 2 TeV  and  3.2 TeV while 
each cross section drops by a factor of 100.

p=2 TeV 

➝ ➝
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Fig. 8.3. The ratio of the differential cross sections per nucleon for the p + A -‘~p + X reaction (Ai = Ta, A2 =. C) for different emission angles. The
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Consider collision of nuclei A1 and A2 at a collider
 - LHC with EA/A= 1.6  TeV

p=3.2 TeV 



VNN(r) [MeV]

S= singlet - spin 0,  T=triplet - spin 1
E (O)= even (odd) --- wave function on NN system

TE curve corresponds to the deuteron - no such state for  channel pp and nn due to Pauli principle. 
SE exists for pp, nn, np - attraction is  a bit smaller ➡ no bound states - only resonances. 

I=0 and I=1 pn interactions differ (but for most cases the difference is small

strong attraction

strong repulsion

Properties of SRC in nonrelativistic QM
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• Microscopic origin of intermediate and short-range nuclear forces

• Are nucleons good nuclear quasiparticles?

• Probability and structure of the short-range correlations in nuclei

• What are the most important non-nucleonic degrees of freedom in nuclei?

9

Use hard nuclear phenomena to answer fundamental questions 
of microscopic quark-gluon structure of nuclei and nuclear forces



• 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

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

Intermediate state 
may not be = pn

extra antiquarks in nuclei no extra antiquarks

Drell-Yan experiments:  qA/qN ~ 0.97  
_ _

Q2 = 15 GeV2

Q2 = 2 GeV2

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

 q A
/

 q N

meson
 model 

expectation

Prediction q̄Ca(x)/q̄N = 1.1÷ 1.2|x=0.05÷0.1

x

1.00

1.10

0.90



• Are nucleons good nuclear quasiparticles?
Successes of nuclear physics build on description of nucleus as a multinucleon system  - 
“explanation” of 70’s - treat nucleus as a Landau-Migdal Fermi liquid theory 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,  strong 
quenching for A(e,e’p) processes:  suppression factor Q~0.6 [practically disappears at Q2=1 GeV2 
(Lapikas, MS, LF,  Van Steenhoven, Zhalov 2000)

 Short range correlation (SRC)  effects are hidden in parameters of the quasiparticles 

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 

A.B. Migdal & V. Khodel told us - SRC could be 10% or 50% does not matter
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Geometric reasoning questions all this picture. We argued that it is misleading and that 
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

production which is forbidden in the deuteron channel. 

Nucleons can come pretty close together without been excited/ strongly deformed -  
dynamical parameter is  nucleon momentum not the  internucleon distance 
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⇒ Relativistic (light-cone) treatment of the nucleus (FS76) - price of switching from nonrelativistic 
to light-cone  quantum mechanics  is not very high:  in broad kinematic range a smooth 
connection with nonrelativistic description of nuclei (more complicated structure of the 
scattering amplitude).  Will use relativistic approach when absolutely necessary.   

☝ - Correspondence argument  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.

Logic of quantum mechanics does not map easily  to the language of virtual particles - 
transformational vacuum pairs.  At the same time language of QM does not match space-
time development of  high energy processes which are usually light-cone dominated.
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Not surprisingly for high energy physicists - there is a price to pay for using high energy processes 
- taking into account relativistic dynamics of high energy interaction - high energy processes 
develop along the light cone:  t-z=const 



Popular perceptions about SRC:
●  SRC is  elusive  feature of nuclei - cannot be observed

●  SRC small correction to any characteristic of nuclei - exotic feature - of no 
importance

✔ Wrong  - problem was due to use of low energy probes

✔ Wrong   - >60% of kinetic energy of nucleons for A≥50 is due to SRC, strong influence on 
the nucleus excitation spectrum (more examples in the end of the talk)

●  Can predict properties of the core of neutron stars based on studies of nuclei 
using mean field

✔ Wrong   - Very different strength of pp and pn SRC, practical disappearance of 
the Fermi step for protons for ρ(neutron star) >ρ (nuclear matter)

14

Best chance to find new physics is to focus on the studies of configuration in nuclei where nucleons 
nucleons are close together and  have large momenta - short-range correlations (SRC) 
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Questions: 
Isotopic structure Non-nucleonic components

Short-range NN correlations 
(SRC) have densities 
comparable to the density in 
the center of a nucleon - 
drops of cold dense  nuclear 
matter

☛   Probability of SRC? ☛ ☛

Connections to neutron stars: 
a) I=1 nn correlations, 
b) admixture of protons in neutron 
stars → I=0 sensitivity 
c)  multi-nucleon correlations 

Two nucleon SRC

⇥
1
÷

1.
2

f
m

�0 � .17fm�3

p

p

p

n
n

n

n

2N SRC

1.7 fm

� � 5�0

Dominant contribution for large k;  2N SRC:   
universal (A-independent up to isospin effects) 
momentum dependence

Probability and structure of SRC in nuclei

V(k)
|p1|<pF

|p2|<pF

k1 ~k

k2 ~-k
k2 ~ - k2  > kF



Realistic NN interactions - NN potential slowly (power law) decreases at large momenta -- nuclear wf 
high momentum  asymptotic determined by singularity of potential:

�2
D(k)|k�⇥ � V 2

NN (k)
k4

D-wave dominates in the Deuteron wf
 for   300 MeV/c < k < 700 MeV/c

D-wave is due to  tensor forces which 
are much more important  for pn than pp

VNN(k)

k

- k

k1~0

k2~0

Properties of SRCs
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v18 Argonne 
Large differences between in nD(p)=ψ2D(p) for p>0.4 GeV/c  - absolute 
value and relative importance of S and D waves between currently popular 
models though they fit equally well pn  phase shifts.  Traditional nuclear 
physics probes are not adequate to discriminate between these models.
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Tensor forces are pretty singular  ➟ manifestations very similar to shorter 
range correlations - so we refer to both of them as SRC



Similarly  for 

nA(k)|k�⇥ � V 2
NN (k)
k4

nA(k) =
⇥ i=A�

i=1

d3ki⇥
2
A(ki)�3(k � k1)

=⇥ nA(k) � a2(A)�2
D(k)|k�⇥

confirmed by numerical calculations starting ~ 1980

Pieper et al 92

17



Nucleon Momentum Distributions
Other Observables

DPG Spring Meeting 2003
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! correlations induce high-momentum components
! contributions of tensor correlations very big

! different correlator ranges relevant especially at the fermi surface
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Neff et al 03M. ALVIOLI, C. CIOFI DEGLI ATTI, AND H. MORITA PHYSICAL REVIEW C 72, 054310 (2005)

FIG. 11. The momentum distributions of 16O corresponding to
harmonic oscillator (top) and Woods-Saxon (bottom) wave functions,
giving the best density shown in Fig. 8. The thin solid curves include
only the central correlation function, whereas the thick solid curves
include all of them. Our results are compared with the results of
Ref. [7] (stars), obtained with the same correlation functions. The
results of Ref. [5] obtained within the variational Monte Carlo
approach using the AV 14 interaction are also shown by full squares.
The value of the kinetic energy obtained by integrating n(k) are
〈T 〉 = 297.87 MeV (central, HO), 〈T 〉 = 476.55 MeV (full, HO);
〈T 〉 = 306.99 MeV (central, WS), and 〈T 〉 = 494.48 MeV (full,
WS). In this and the following figures, the normalization of n(k) is
4 π

∫
n(k)k2dk = 1.

For the TBD matrix one obtains

ρSM
2 (r1, r2) = 1

2

∑

αβ

[ ϕ&
α(x1) ϕ&

β(x2) ϕα(x1) ϕβ(x2)

−ϕ&
α(x1) ϕ&

β(x2) ϕβ(x1) ϕα(x2)]

= 1
2

4 [4 ρo(r1) ρo(r2) − ρo(r1, r2) ρo(r2, r1)],

(45)

where ρo(r i) = ρo(r i , r i).
When OBMD matrix (21) is evaluated with correlated wave

functions (6) at first order of the η expansion, the following

FIG. 12. The same as in Fig. 11, but for 40Ca and correlation
functions from Fig. 4 and mean-field wave functions giving the best
charge density of Fig. 9. The value of the kinetic energy obtained
by integrating n(k) are 〈T 〉 = 782.87 MeV (central, HO), 〈T 〉 =
1178.45 MeV (full, HO); 〈T 〉 = 836.24 MeV (central, WS), and
〈T 〉 = 1245.21 MeV (full, WS).

expression is obtained:

ρ(r1, r ′
1) = ρSM(r1, r ′

1) + ρH (r1, r ′
1) + ρS(r1, r ′

1), (46)

FIG. 13. The effect of the various correlation functions on the
momentum distribution of 16O. f1 approximation, only central corre-
lation; f3 approximation, f (2) = f (3) = f (5) = 0; f6 approximation,
full correlation set, n = 1, . . . , 6. Calculations were performed with
correlation functions from Fig. 3 and HO wave functions.

054310-8

Alvioli et al 05

nA(k) for large k are 
quite different for 

different potentials, 
but a2 values are 

rather close

Calculations confirm dominance of tensor forces, but relative contribution of central forces varies from 10 to 20 %  

The trend is qualitatively consistent with observed large pn/pp ratios in hard processes
18



Can one check whether indeed the tail is due to SRCs?

Consider distribution over the residual energies, ER, for A-1 nucleon system after a  nucleon with 
momentum k was instantaneously removed -  

PA(k, Er), nA(k) =
�

dERPA(k, Er)

nuclear spectral function

for 2N SRC: �ER(k)⇥ = k2/2mN
FS81-88

Confirmed by numerical calculations
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k=1.5 fm-1

k=2.2 fm-1

k=3.0 fm-1

k=3.5 fm-1

Points  are numerical calculation of the spectral 
functions of 3He and nuclear matter - curves 
two nucleon approximation from CSFS 91

Numerical calculations in NR quantum mechanics confirm dominance of two nucleon correlations 
in the spectral functions of nuclei at k> 300 MeV/c - could be fitted by a motion of a pair in a mean 
field   (Ciofi, Simula,Frankfurt,  MS - 91).  However  numerical calculations ignored three nucleon 

correlations - 3p3h excitations. Relativistic effects maybe important rather early as the 
recoil modeling does involve k2/mN2 effects.
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Consensus of the 70’s:   it is hopeless to look for SRC experimentally 

NO GO theorem: high momentum component of the nuclear wave function is not observable (Amado 78)

Way out - use processes with large energy and momentum transfer:

Adjusting resolution scale  as a function of the probed nucleon momentum allows 
to avoid Amado theorem. Standard trick in QCD

Theoretical analysis of F&S (75) :  results from the medium energy  studies of short-range correlations are 
inconclusive due to insufficient energy/momentum transfer leading to complicated structure of interaction (so called 
meson exchange currents,...), enhancement of the final state contributions.

q0 � 1GeV ⇥ |V SR
NN |,  q � 1GeV/c⇥ 2 kF

21

Actually it is  now a standard trick in atomic (10 eV vs 1000 eV) and solid state 
physics (0.2 eV vs 30 eV) scales.

Hence for probing momenta < 400 MeV/c lower energy & momentum transfer 
should be sufficient than those used at BNL.   



Comparison of the normalized (e,2e) cross section 
(momentum profile) for hydrogen with the square of the 
1s wave function in the momentum space (Lohmann and 
Weigrod (1981)]. The solid line represents (1+p2)-4. The 
measurements were performed at 1200 eV (crosses), 800 
eV(circles), and 400 eV (triangles).

Solid state physics: 
Angle resolved photo emission spectroscopy 
(ARPES)  (γ e*→ e)  using monochromatic 
photon beams from synchrotron light source 
allows to measure distribution over energy 
binding and momentum of electrons - spectral 
function in nuclear physics)

Intensity map of the gapless
 surface state bands Bi2-xMnxTe3  ,   D.Hsieh et al, 09

Atomic physics:

22



One group of processes which led to the progress in the studies of SRC at high momentum  is 
A(e,e’) at x> 1, Q2 > 1.5 GeV2

Closure approximation for A(e,e’) at x=AQ2/2q0mA> 1, Q2 > 1.5 GeV2  up to final state interaction 
(fsi)  between constituents of  the SRC

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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Remember:
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3N correlations is very 

similar in A=3 and 
heavy nuclei

Spectator 
is released

Emission of FB 
nucleon is strongly 
suppressed due to 
FSI

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

Corrections could be calculated for large Q using generalized eikonal approximation. For interactions of knocked 
out nucleon with slow nucleons they are less than few % -  LF & Misak Sargsian  & MS  (08)

In lab frame q= (q0,qz),

2mAq3⇥
(r) =

�
eiqy �A |[Jµ(y), J�(0)]| A⇥ �(r)µ �(r)� d4y

q=pe-pe’ is four momentum of virtual photon, Q2=-q2

fsi only within  SRC - may be large 
for some kinematics - but 

universal
➠

Progress in the study of SRCs of the last several  years is due to analysis of two classes of hard processes 
we suggested in the 80’s:  inclusive scattering in the kinematics forbidden for scattering off free nucleon & 
nucleus decay after removal of fast nucleus.

q-=q0-qz << q+=q0+qz

DIS like kinematics for
 nucleons= partons



A(e,e’) at x>1  is the simplest reaction to check dominance of 2N, 3N SRC 
and to measure absolute probability of SRC 

x=AQ2/2q0mA=1 is exact  kinematic limit for all Q2 for the scattering off a 
free nucleon; x=2 (x=3) is exact  kinematic limit for all Q2 for the scattering off a 
A=2(A=3) system (up to <1% correction due to nuclear binding)
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Scientists believe that the crushing forces
in the core of neutron stars squeeze nucle-
ons so tightly that they may blur together.
Recently, an experiment by Kim Egiyan and
colleagues in Hall B at the US Department
of Energy’s Jefferson Lab caught a glimpse
of this extreme environment in ordinary
matter here on Earth. Using the CEBAF
Large Acceptance Spectrometer (CLAS)
during the E2 run, the team measured
ratios of the cross-sections for electrons
scattering with large momentum transfer
off medium, and light nuclei in the kine-
matic region that is forbidden for low-
momentum scattering. Steps in the value
of this ratio appear to be the first direct
observation of the short-range correlations
(SRCs) of two and three nucleons in nuclei,
with local densities comparable to those in
the cores of neutron stars.

SRCs are intimately connected to the
fundamental issue of why nuclei are dilute
bound systems of nucleons. The long-range attraction between nucle-
ons would lead to a collapse of a heavy nucleus into an object the
size of a hadron if there were no short-range repulsion. Including a
repulsive interaction at distances where nucleons come close
together, ≤0.7 fm, leads to a reasonable prediction of the present
description of the low-energy properties of nuclei, such as binding
energy and saturation of nuclear densities. The price is the prediction
of significant SRCs in nuclei.

For many decades, directly observing SRCs was considered an
important, though elusive, task of nuclear physics; the advent of
high-energy electron–nucleus scattering appears to have changed
all this. The reason is similar to the situation encountered in particle
physics: though the quark structure of hadrons was conjectured in
the mid-1960s, it took deep inelastic scattering experiments at SLAC
and elsewhere in the mid-1970s to prove directly the presence of
quarks. Similarly, to resolve SRCs, one needs to transfer to the
nucleus energy and momentum ≥1 GeV, which is much larger than
the characteristic energies/momenta involved in the short-distance
nucleon–nucleon interaction. At these higher momentum transfers,
one can test two fundamental features of SRCs: first, that the shape
of the high-momentum component (>300 MeV/c) of the wave func-
tion is independent of the nuclear environment, and second, the
balancing of a high-momentum nucleon by, predominantly, just one
nucleon and not by the nucleus as a whole.

An extra trick required is to select kinematics where scattering off

low-momentum nucleons is strongly sup-
pressed. This is pretty straightforward at
high energies. First, one needs to select
kinematics sufficiently far from the regions
allowed for scattering off a free nucleon,
i.e. x = Q2/2q0mN < 1, and for the scatter-
ing off two nucleons with overall small
momentum in the nucleus, x < 2. (Here Q2

is the square of the four momenta trans-
ferred to the nucleus, and q0 is the energy
transferred to the nucleus.) In addition,
one needs to restrict Q2 to values of less
than a few giga-electron-volts squared; in
this case, nucleons can be treated as par-
tons with structure, since the nucleon
remains intact in the final state due to final
phase-volume restrictions.

If the virtual photon scatters off a two-
nucleon SRC at x > 1, the process goes as
follows in the target rest frame. First, the
photon is absorbed by a nucleon in the
SRC with momentum opposite to that of

the photon; this nucleon is turned around and two nucleons then fly
out of the nucleus in the forward direction (figure 1). The inclusive
nature of the process ensures that the final-state interaction with
the rest of the nucleus does not modify the cross-section. Accord-
ingly, in the region where scattering off two-nucleon SRCs domi-
nates (which for Q2 ≥ 1.4 GeV2 corresponds to x > 1.5), one predicts
that the ratio of the cross-section for scattering off a nucleus to that
off a deuteron should exhibit scaling, namely it should be constant
independent of x and Q2 (Frankfurt and Strikman 1981). In the
1980s, data were collected at SLAC for x > 1. However, they were in
somewhat different kinematic regions for the lightest and heavier
nuclei. Only in 1993 did the sustained efforts of Donal Day and col-
laborators to interpolate these data to the same kinematics lead to
the first evidence for scaling, but the accuracy was not very high.

The E2 run of the CLAS detector at Jefferson Lab was the first exper-
iment to take data on 3He and several heavier nuclei, up to iron, with
identical kinematics, and the collaboration reported their first find-
ings in 2003 (Egiyan et al. 2003). Using the 4.5 GeV continuous
electron beam available at the lab’s Continuous Electron Beam
Accelerator Facility (CEBAF), they found the expected scaling behav-
iour for the cross-section ratios at 1.5 ≤ x ≤ 2 with high precision.

The next step was to look for the even more elusive SRC of three
nucleons. It is practically impossible to observe such correlations in
intermediate energy processes. However, at high Q2, it is straightfor-
ward to suppress scattering off both slow nucleons and two-nucleon

NUCLEAR PHYSICS
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Close nucleon encounters
Jefferson Lab may have directly observed short-range nucleic correlations, with densities

similar to those at the heart of a neutron star. Mark Strikman explains.

Fig. 2. Scattering of a virtual photon off a
three-nucleon correlation, x > 2, before (left)
and after (right) absorption of the photon.

Fig. 1. Scattering of a virtual photon off a two-
nucleon correlation, x > 1.5, before (left) and
after (right) absorption of the photon.

!!

1<x<2

two nucleons of SRC are fast 



Only fsi close to mass shell when momentum of the struck nucleon is close to one for the scattering off a 
correlation. At very large Q - light-cone fraction  of  the struck nucleon should be close to x (similar to the 
parton model situation) - only for these nucleons fsi can contribute to the total cross section, though even this 
fsi is suppressed. Since the local structure of WFs is universal - these local fsi should be also universal.
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will depend only on the ratio aj(A)/aj(A′). This ‘scal-
ing’ of the ratio will be strong evidence for the dominance
of scattering from a j-nucleon SRC. Note that motion of
the SRC will change the value of the ratio, but not the
scaling itself [7, 8].

Final state interactions (FSI) also can affect the inclu-
sive cross section and must be taken into account . In
SRC studies, FSI consists of two components: interac-
tion of the struck nucleon (i) with other nucleons in the
j-nucleon SRC and (ii) with nucleons in the A−j residual
nucleus. Due to the smaller distances and smaller relative
momenta of nucleons in the SRC, the first component of
FSI dominates [9, 21]. This means that FSI are localized
mainly within SRCs, hence the FSI can modify σ(j) but
not aj(A) (ratios) in the decomposition of Eq. (1)

Since the probabilities of j-nucleon SRC are expected
to drop rapidly with j ( since the nucleus is a dilute
bound system of nucleons) one expects the cross section
ratios of heavy and light nuclei for j < xB < j + 1 to
equal A′

A · aj(A)
aj(A′) . Moreover one expects that the relative

probabilities of j-nucleon SRC should grow with A (for
A ≥ 12) as [4]

aj(A) ∝ 1
A

∫
d3rρj

A(r), (2)

where ρA(r) is the nuclear density. Eq. 2 predicts a faster
increase with A of higher relative correlations, leading to
an expectation of steps in the ratio of σ(A)

σ(A′) for heavy and
light nuclei. Observation of such steps (ie: scaling) would
be a crucial test of the dominance of SRC in inclusive
electron scattering. It would demonstrate the presence
of 3-nucleon SRC and confirm the previous observation
of 2-nucleon SRC.

In particular, for 1.4 < xB < 2 and Q2 > 1.4
(GeV/c)2 one expects [6, 9] that the ratio R(A, 3He) =

3σA(Q2,xB)
Aσ3He(Q

2,xB) of inclusive electron scattering from nucleus
A and 3He is independent of Q2 and xB (ie: it scales).
This scale factor is related to the relative probability of
2-nucleon SRC those nuclei. In our previous work [10] we
directly measured these ratios for the first time and es-
tablished that they indeed scale, confirming findings [9]
which reported scaling based on the comparison of the
data for A ≥ 3 [11–13] and A = 2 [14] obtained in some-
what different kinematic conditions. In this work, we
repeat our previous measurement with higher statistics.

Moreover we can use the ratio R(A, 3He) to search
for the even more elusive 3-nucleon SRC: correlations
which originate from both short-range NN interactions
and three-nucleon forces. As 3-nucleon SRC are very
low-probability, we need to suppress 2-nucleon SRC by
choosing xB > 2 so that ν $ k2/2mN . This analysis was
designed to probe for 3-nucleon correlations by looking
for scaling in the region 2 ≤ xB ≤ 3.

Two sets of measurements were performed at the
Thomas Jefferson National Accelerator Facility in 1999
and 2002. The 1999 measurements used 4.461 GeV elec-
trons incident on liquid 4He and solid 12C targets. The

2002 measurements used 4.471 GeV electrons incident on
a solid 56Fe target and 4.7 GeV electrons incident on a
liquid 3He target. The 12C and 56Fe data were taken
with an empty liquid-target cell.

Scattered electrons were detected in the CLAS spec-
trometer [15]. The lead-scintillator electromagnetic
calorimeter provided the electron trigger and was used to
identify electrons in the analysis. Vertex cuts were used
to eliminate the target walls. The estimated remaining
contribution from the two Al 15 µ target cell windows
is less than 0.1%. Software fiducial cuts were used to
exclude regions of non-uniform detector response. Kine-
matic corrections were applied to compensate for drift
chamber misalignments and magnetic field uncertainties.

We used the GEANT-based CLAS simulation, GSIM,
to determine the electron acceptance correction fac-
tors, taking into account “bad” or “dead” hardware
channels in various components of CLAS. The mea-
sured acceptance-corrected, normalized inclusive electron
yields on 3He, 4He, 12C and 56Fe at 1 < xB < 2 agree
with Sargsian’s radiated cross sections [16] that were
tuned on SLAC data [17] and described reasonably well
the Jefferson Lab Hall C [18] data.

We calculated the radiative correction factors for xB <
2 using Sargsian’s cross sections [19] and the formalism of
Mo and Tsai [20]. These factors are almost independent
of xB for 1 < xB < 2 for all nuclei used. Since there are
no theoretical cross section calculations for xB > 2, we
used the 1 < xB < 2 correction factors for 1 < xB < 3.

We construct the ratios of inclusive cross sections as a
function of Q2 and xB , with corrections for CLAS accep-
tance, and elementary electron-nucleon cross sections:

r(A, 3He) =
A(2σep + σen)

3(Zσep + Nσen)
3Y(A)

AY(3He)
CA

rad (3)

where Z and N are the number of protons and neutrons
in nucleus A, σeN is the electron-nucleon cross section,
Y is the normalized yield in a given (Q2,xB) bin [32] and
CA

rad is the ratio of the radiative correction factors for A
and 3He (CA

radA = 0.95 and 0.92 12C and 56Fe respec-
tively). In our Q2 range, the elementary cross section
correction factor A(2σep+σen)

3(Zσep+Nσen) is 1.14 ± 0.02 for C and
4He and 1.18 ± 0.02 for Fe. Fig. 1 shows the resulting
ratios integrated over Q2 > 1.4 GeV2.

These cross section ratios a) scale the first time for
1.5 < xB < 2, which indicates that 2-nucleon SRCs dom-
inate in this region (see Ref. [10]), b) increase with xB

for 2 < xB < 2.25, which can be explained by scattering
off nucleons involved in moving 2-nucleon SRCs, and c)
scale a second time at 2.25 ≤ xB ≤ 2.8, which indicates
that 3-nucleon SRCs dominate in this region.

Assuming that the scaling regions indicate the kine-
matical domain where the corresponding SRCs dominate,
the ratio of the per-nucleon SRC probabilities in nucleus
A relative to 3He, a2(A/3He) and a3(A/3He), are just
the values of the ratio r in the appropriate scaling region.
a2(A/3He) is evaluated at 1.5 < xB < 2 and a3(A/3He)
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FIG. 2.9: A typical configuration for the j-nucleon correlation.

In relativistic theory the answer is more complicated. It seems fruitful for the theoretical analysis of hard phenomena
to define formally the notion of j-nucleon correlation. Look at a subsystem of j nucleons in the ground state having
invariant mass ⇤ jmN, where nucleons obtain large relative momenta due to hard short-range interactions between
all j nucleons. Typical example of the three-nucleon correlation is shown in fig. 2.8. Before a hard interaction the j
nucleons are in the average configuration (�i ⇥ �j ⇥ 1), j-nucleon correlation contribute to ⇥N

A(�, k⇥) in the region
� < j only due to momentum conservation. In the non-relativistic Schrödinger equation this kinematic decomposition
of j-nucleon correlations is not evident. Therefore one cannot relate simply n(k) to ⇥N

A(�, k⇥) for � � 2.
Though at �⌅ A A-nucleon correlation should dominate ⇥N

A(�, k⇥), in the region 1 < �⇤ A relative contributions
of di�erent configurations are determined by the competition of two factors: the small probability aj to find a
correlation with large j and the enhancement of higher correlations due to a slower decrease of their contribution
to ⇥N

A(�, k⇥) at large � (see eq. (2.43)). Therefore it seems natural to expect that at least in the region of not too
large � ⇥ 3 (which is probed until now) few-nucleon correlations (FNC) dominate. Thus, the nucleon density matrix
⇥N
A(�, k⇥) can be e�ectively expanded over the contribution of j-nucleon correlations ⇥j(�, k⇥):

1
A

⇥N
A(�, k⇥) =

A⇥

j=2

aj⇥j(�, k⇥). (2.38)

More accurate treatment is required to account for the c.m. motion of the j-nucleon configuration in the mean field
of the nucleus. It is expected that this e�ect should lead to small corrections except near the edge of the j-nucleon
correlation. This is because the scale of the repulsive potential is considerably larger than that for the long-range
potential.

The aj ’s in eq. (2.38) can be estimated on the basis of the non-relativistic Schrödinger equation for nuclear WF
since they are determined by the mean internucleon distances. The well known fact that the nucleon density in the
center of the nucleus is larger than near the surface leads to a certain dependence of aj on the atomic number. This
dependence can be estimated in the gas approximation where15 for j ⇤ A

aj ⇥ (1/A)
⇤

[⇥A(r)]jd3r. (2.39)

Here ⇥A(r) is the nucleon density in the coordinate space normalized according to
�

⇥A(r)d3r = A. The calculation
using the conventional fits of ⇥A(r), obtained in electron and proton scattering data [158, 159] leads to a rather similar
A dependence of aj , which can be roughly approximated as

a2 ⇥ A0.15; a3 ⇥ A0.22; a4 ⇥ A0.27 (2.40)

in the range A = 12� 207. Thus ⇥N
A(�, k⇥) should be a practically universal function of �, k⇥ in a wide �, k⇥ range.

In momentum space ⇥j(�, k⇥) corresponds to the contribution of j-nucleon configuration, where the large momentum
of the fast nucleon is balanced by the other (j � 1) nucleons of this configuration (see fig. 2.9). The momentum
dependence of ⇥2 is expected to be similar to that of the deuteron, since the short distance behaviour is independent
of the nucleus structure. (In principle some di�erence could arise from the presence of pp, pn pairs in spin singlet
states and di�erent orbital momenta of nucleons.) The calculation of n4He using the Reid potential is in agreement
with n(k) ⇥ ⇤2

D(k) [118].
To estimate ⇥j�3(�, k⇥ = 0) at large � we assume that a fast nucleon with �⌅ j collects the large momentum as

a result of j � 1 hard two-body collisions with other nucleons. A typical diagram for the three-nucleon correlation is
shown in fig. 2.8. The black blob in fig. 2.8 corresponds to the o�-energy-shell two-nucleon amplitude (solution of

15 We thank Prof. V.A. Khodel for the explanation, how these formulae can be obtained within the Fermi liquid theory. Similar expression
for a2 was discussed by Erikssons [157]. This estimate is rather rough, since gas approximation is not good if large hard core e�ects are
present.

for A> 12

Qualitative idea - to absorb a large Q at x>j at least j nucleons should come close together.  For each 
configuration wave function is determined by local properties and hence universal. In the region where 
scattering of j nucleons is allowed, scattering off j+1 nucleons is a small correction.

Scaling of the ratios of (e,e’) cross sections

�eA(x, Q2)x>1 =
�

j=2

A
aj(A)

j
�j(x, Q2) �j(x > j, Q2) = 0

�A1(j � 1 < x < j, Q2)/�A1(j � 1 < x < j, Q2) = (A1/A2)aj(A1)/aj(A2)

Scaling of the ratios  FS80
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Superscaling of the ratios  FS88
Compare the ratios for different Q2 at x corresponding to the same momentum of nucleon in nuclei 

(including effect of excitation of the residual system - best done in the light-cone formalism) 

αtn vs  x for Q2=1, 4, 10, 50, ∞. 

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

�tn = 2� q� + 2m

2mN

�
1 +

⇤
W 2 � 4m2

N

W

⇥

At Q2→ ∞,     αtn =x  
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Remark for people with a QCD background: 
αtn is rather close to Nachtmann 
variable for massive quarks

γ*

A-1

pNint

pNf

precoil

A

Main dependence is on “+” component (α) of pNint, allows to take “-” component in average point
given by two nucleon SRC approximation

N



⇒ Note - local FSI interaction,
up to a factor of 2 for σ(e,e’), 

cancels in the ratio of σ’s

kmin=0.3 GeV

kmin=0.25 GeV

W − MD ≤ 50 MeV

Masses of NN system produced in the 
process are small - strong suppression of 

isobar, 6q degrees of freedom.

=
a2(A1)
a2(A2) |1.6>��1.3

Frankfurt et al, 93

Right momenta for onset of scaling of ratios !!!

ρ- Light-cone density
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Hall B (Kim Egiyan)  
Q2 > 1.5 GeV2

Fe/C ratios for x~1.75, x~2.5 agree within 
experimental errors with our prediction - 
density based estimate:

The best evidence for presence of 3N SRC. One probes here  
interaction at internucleon distances <1.2 fm corresponding to 
local matter densities ≥5ρ0  which is comparable to those in the 
cores of neutron stars!!!  

confirm our 1980 prediction of scaling  and 
A -dependence for the ratios due to SRC

Ratio of the cross sections of (e,e’)scattering off 
a 56Fe(12C,4He)  and 3He per nucleon

a2 �
�

�2
A(r)d3r, r2 = (A1/A2)0.15

a3 �
�

�3
A(r)d3r, r3 = (A1/A2)0.22

⇓

Currently the ratios are  the best way to determine absolute probability of SRC - 
main uncertainty ~20% - deuteron wave function

Note - fsi in the studied Q range and x> 2 is probably very 
large but it is still local - within SRC
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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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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

Per nucleon cross section ratio at Q2=2.7 GeV2

E2-019  -2011

Amazingly good agreement between 
the  three (e,e’) analyses for a2 (A) 7
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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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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

Universality of 2N SRC is confirmed by Jlab experiments✺

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

Per nucleon cross section ratio 
at Q2=2.7 GeV2 - E2-019-2011

Very good agreement between   three (e,e’) analyses for a2 (A)

E2-019-2011
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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.

Nuclear Decay Function 

What happens if a nucleon with momentum k  belonging to SRC is instantaneously removed from the nucleus 
(hard process)? Our guess is that  associated nucleon from SRC with momentum ~ -k should be produced.

Formal definition of a new object  - 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)

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

General principle (FS77): to release a nucleon of a SRC - necessary to remove 
nucleons from the same correlation - perform a work against potential V12(r)

30

If we would consider the decay in the collider kinematics: nucleus with 
momentum Ap scatters off a proton at rest - removal of a nucleon with 
momentum αp leads to removal of a nucleon with momentum (2-α)p



Operational definition of the SRC: nucleon belongs to SRC if its instantaneous  removal from the nucleus 
leads to emission of  one or two nucleons which balance its momentum:  includes not only repulsive core but also 
tensor force interactions.  Prediction of back - to - back correlation.

Studies of the spectral and decay function of 3He reveal both two nucleon and three nucleon correlations 

For 2N SRC  we can model decay function as decay of a NN pair moving in mean field (like for spectral function  
in the model of Ciofi, Simula and Frankfurt and MS91),    Piasetzky et al 06

☝
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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  fast nucleons “2”  
and “3” is strongly suppressed 
due to FSI
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resembles 2N momentum 
distribution

does not resemble 2N momentum 
distribution -

 Sargsian et al 2004



The prediction of back - to - 
back correlation differs  from 
the expectations based on the 

textbook picture of nuclei: Nucleons occupy the 
lowest levels given by the 

shell model

removal of a nucleon 

s-level

p-level

Residual  nucleus in ground or excited state of the shell model Hamiltonian - 
decay product practically do not remember direction of momentum of struck 
proton. RIKEN studies such decays including complicated ones where several 
nucleons were emitted. 

What happens if a nucleon is removed from the nucleus?
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We also estimated  a2(12C)= 4 ÷ 5
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Momentum distributions normalized
 to its value at 300 MeV/c.

First application of the logic of decay function - spectator mechanism of production of fast backward nucleons - observed in 
high energy proton, pion , photon - nucleus interactions with a number of simple regularities.  We suggested - spectator 
mechanism - breaking of 2N, 3N SRCs. We extracted ( Phys.Lett 1977 ) two nucleon correlation function from analysis of 
 γ(p) 12 C→backward p+X processes [ no backward nucleons are produced in the scattering off free protons!!!]

Spectator production of the backward  proton from 2N SRC

Backward direction is very good for 
looking for decay of SRCs
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Before collision

p

-p

After collision collision

p
forward 
hadrons

γ

In the collider frame  where nucleus has momentum Ap: 
SRC is two nucleons with momenta αp and (2-α)p



We were prompted by G. Farrar in 86 to discuss large angle pp scattering off the bound nucleon: p + A → 
pp (A-1)* - prime topic was color transparency. Next we realized that this process selects scattering off the 
fast forward moving protons since elastic pp cross section

d�

d✓c.m.
=

1

s10
f(✓c.m.)

Hence in a large fraction of the events there should be fast neutrons  flying backward.  We heard of 
plans of a new experiment - EVA. So without much hope that somebody would notice we wrote 
that it would be nice to have a backward neutron detector added to EVA.  Eli Piazetski did notice!!! 
He probably did not know that it is impossible to measure SRCs !!! 
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To observe SRC  directly  it is far better to consider semi-exclusive processes
 e(p) +A → e(p) + p + “ nucleon from decay” +(A-2) since it measures 
both momentum of struck nucleon and decay of the nucleus

Two novel experiments reported results in the last 5 years

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

k2

k1
→

→
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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 = d σpp➔pp/dt(s’,t)  * (Decay function)

Test of Factorization:  σ / d σpp➔pp/dt(s’,t)  independent of s’, t

k2=p1 +p2-pi

s’=αsNN,  α < 1
Collider frame

neutron momentum (2-α)p



spectator mechanism of backward 
nucleon production   FS77 

k→
k→

→
-k

20% of 12C
wave function

Analysis of  BNL E850 data

at energy and momentum transfer ≥ 3 GeV
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Evidence for the Strong Dominance of Proton-Neutron Correlations in Nuclei
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Abstract: We analyze recent data from high-momentum-transfer (p, pp) and (p, ppn) reactions
on Carbon. For this analysis, the two-nucleon short-range correlation (NN-SRC) model for backward
nucleon emission is extended to include the motion of the NN-pair in the mean field. The model is
found to describe major characteristics of the data. Our analysis demonstrates that the removal of a
proton from the nucleus with initial momentum 275−550 MeV/c is 92+8

−18% of the time accompanied
by the emission of a correlated neutron that carries momentum roughly equal and opposite to the
initial proton momentum. Within the NN-SRC dominance assumption the data indicate that the
probabilities of pp or nn SRCs in the nucleus are at least a factor of six smaller than that of pn
SRCs. Our result is the first estimate of the isospin structure of NN-SRCs in nuclei, and may have
important implication for modeling the equation of state of asymmetric nuclear matter.

PACS numbers: 21.60.-n, 24.10.-i, 25.40.Ep

Studies of short-range nucleon correlations (SRCs)
in nuclei are important for understanding the short-
distance and large-momentum properties of nuclear
ground state wave functions. The relevant distances in
two-nucleon (NN)-SRCs are expected to be comparable
to that in neutron stars corresponding to 4-10 times the
central density of nuclei [1]. Thus SRC studies are essen-
tial in understanding the structure of cold dense nuclear
matter. In this context the isospin content of SRCs (i.e.
pn vs. pp and nn pairs) is important for understanding
the structure of nuclear matter made of either protons or
neutrons. Studies of SRCs also give the best hope of un-
derstanding the nature of the short-range NN repulsion.

SRCs in nuclei have been actively investigated for
over three decades (see e.g.[2]). However, experimen-
tal studies of the microscopic structure of SRCs were
largely restricted due to moderate momentum-transfer
kinematics in which it is difficult to resolve SRCs. Re-
cently, several experiments [3, 4, 5, 6, 7] made noticeable
progress in understanding dynamical aspects of SRCs.
For Q2 > 1 GeV2, Refs [4, 5] observed Bjorken xB scal-
ing for ratios of inclusive (e, e′) cross sections of nuclei
A to the 3He nucleus when xB ≥ 1.4. This confirms
the earlier observation of scaling for nucleus-to-deuteron
cross section ratios[8, 9], and indicates directly that the
electrons probe high-momentum bound nucleons coming
from local sources in nuclei (i.e. SRCs) with properties
generally independent of the non-correlated residual nu-
cleus.

Based on the NN-SRC picture, which is expected to
dominate the internal momentum range of ∼ 250 −
600 MeV/c, one predicts a strong directional (back-
to-back) correlation between the struck nucleon and
its spectator in the SRC. Experiments[3, 6, 7] mea-
sured triple-coincidence events for the 3He(e, e′pp)X and
12C(p, ppn)X reactions, and clearly demonstrated the ex-
istence of such directional correlations. They also re-

vealed a noticeable momentum distribution of the center
of mass (c.m.) of the NN-SRCs.

In this work we extend the NN-SRC model used in
the analyses of A(p, pp)X data[10], to incorporate the
effects of the c.m. motion of SRCs. This allows us to
estimate the probability for correlated neutron emission
following removal of a fast proton from the nucleus in
(p, ppn) reactions. Based on this model we extract from
the data an upper limit to the relative probabilities of pp
and nn vs pn SRCs in 12C.

The measurements of 12C(p, ppn)X reactions[6, 7]
were performed with the EVA spectrometer at the AGS
accelerator at Brookhaven National Laboratory [11, 12].
EVA consists of a 0.8 T superconducting solenoid, 3.3 m
long and 2 m in diameter. The 5.9 − 9.0 GeV/c pro-
ton beam was incident along the central axis. Coinci-
dent pairs of high transverse-momentum protons were de-
tected with four concentric cylinders of straw tube cham-
bers. The experimental kinematics are discussed in more
details later. Neutrons were detected in coincidence with
the quasi-elastic knockout of protons from 12C. The large
momentum transfers −t ≥ 6 GeV 2 in these processes
greatly improve the resolving power of the probe and
validate the instantaneous approximation for description
of the removal of fast bound proton in the pp → pp sub-
process. For each (p, pp) event, the momentum of the
struck proton !p2 before the reaction was reconstructed
and compared (event by event) with the measured coin-
cident neutron momentum !pn. Due to the ∼ s−10 depen-
dence of the underlying hard pp → pp cross section, the
scattering takes place preferentially off a bound proton
with large |p2| in the direction of the beam (minimiz-
ing s)[13], and hence should lead to a significant rate of
emission of backward correlated nucleons due to scatter-
ing off NN-SRCs. Data confirming these characteristics
of A(p, ppn)X reactions are shown in Fig. 1 for 12C. The
data show no directional correlation for neutrons with

removal of a proton with 
momentum > 250 MeV/c 

 ~90% probability of emission of neutron 
with similar but opposite  momentum

pp scatter 
at θc.m.=90o

pC→ppn +(A-2)* PRL 06

Analysis using decay function modeled using 2N 
correlation model (including relativistic effects)  - the 
same approximation as for spectral function in CSFS 91

Probability to emit neutron is amazingly high 
~90% after we accounted for the
 motion of the pair (measured/calculated 
independently) and detector acceptance

pn/pp > 16;        I=0 dominance - 
qualitatively consistent with current 

calculations of nuclear wave functions
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BNL Carbon data of 94-98. The 
correlation between pn and its 
direction γ relative to pi. The 
momenta on the labels are the beam 
momenta. The dotted vertical line 
corresponds to kF=220 MeV/c.

SRC appear to dominate  at momenta  k> 250 MeV/c - very close to kF.  A bit of surprise 
- we expected dominance for k> 300 - 350 MeV/c. Naive inspection of the realistic 
model predictions for nA(k) clearly shows dominance only for k > 350 MeV/c. Important 
to check a.s.p. -  Can be done at lower momentum transfer than at k>>kF

γ

n

p
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kF=220 MeV/c



Jlab:  from study of (e,e’pp), (e,e’pn)~10% probability of proton 
emission, strong enhancement of pn vs pp. The rate of pn 

coincidences is similar to the one inferred from the  BNL data
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T-shirt of Jlab 09



12C(e,e’pp)

Directional correlation

γ

p

p

BG (off peak)

MCEEP Simulation with pair CM 
motion σCM=136 MeV/c
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Note - BNL and Jlab studied 
very different kinematics for 
breakup of  2N SRC - 
similarity of the numbers is 
highly non-trivial

Our analysis of 
BNL Experiment 
measurement was  

92     %+8
-18

np� SRC

pp� SRC
= 18± 5

accounting for charge exchange

In  Carbon 12
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with a significant 
uncertainties in 
absolute scale

42

The analysis of  the absolute rates  of EVA for  (p,2p) - a2(C) ~ 5

Yaron et al 02

Our first result of 77  from backward proton production  a2(C) ~ 4 ÷ 5 

Puzzle  of fast nucleon production is solved!!!



Due to the findings of the last fewr years at Jlab and BNL  SRC are not anymore an elusive 
property of nuclei !!

Practically all nucleons with momenta k≥300 MeV belong to 
two nucleon SRC correlations

Probability for a given proton  with momenta 600> k > 300 MeV/c 
to belong to pn correlation is  ~ 18 times larger than for pp 
correlation

Probability for a nucleon to have momentum > 300 MeV/c in 
medium nuclei is  ~25%

Three nucleon SRC are present in nuclei with a significant
 probability

The findings confirm our predictions based on the study of the structure of SRC in 
nuclei (77-93), add new information about isotopic structure of SRC. 

Summary of the findings

BNL + Jlab +SLAC

BNL + Jlab

BNL + Jlab 04 +SLAC 93
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Jlab 05

The average fraction of 
nucleons in the various  initial-
state configurations of 12C.

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?”



These observations match recent finding of a heavy neutron star M≈ 2 M⊙ - models where 
nonnucleonic degrees of freedom are easily excited  cannot reach this mass range.

<Vpn> due to  SRCs is dominant  > 80% contribution to <VNN> 

Extrapolation from properties of nuclei with Z ~ N 
to Z<<N - neutron starts is very dangerous.
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Future directions

In many processes final state interactions complicate treatment - one needs large energy 
large momentum transfer and proper kinematics to minimize these effects.  If energies 
are large  (3 - 20 GeV range) - picture simplifies and one can use generalized eikonal 
approximation to  account for for rescatterings

Critical to have sets of complementary measurements  - like BNL  - Jlab for first measurements

✺ Theory of e.m. hard processes sensitive to SRCs. Discriminating  between  different ways to account for 
relativistic effects (light cone vs virtual nucleon) -one aims at studying WF for k up to 1 GeV/c!!! 
- special focus reactions with polarized deuteron:                                .  S/D wave ratio.~e+

�!
2H ! e+ ~p+ n

✺

New possible set:  eA Jlab,  γA Jlab - for example large angle reaction

 γ2H→π- p + backward proton

+ new player PANDA (storage ring at FAIR Germany) can collect ~103 more events 
than BNL experiment in several channels
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✺ Going to 4th resolution scale - which select special configurations in nucleons  

Large angle scattering in the region of color transparency

Tagged EMC effects  - looks tough effect is pretty small - but perhaps  
angular dependence is strong and averages out in inclusive case 

→

→

✺ Theoretical and experimental  studies of transition 
between mean field and SRC with 2 GeV protons  Lanzhou, China?

✺ Looking for non-nucleonic degrees of freedom (Δ, Ν*) on 1% level 
using exclusive hard processes with electron & hadron beams like 

p̄+2 H ! ⇡�⇡� +�++ large c.m. angle
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✺ Data mining at Jlab
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Data mining at Jlab: First results

Similar strength of pp correlations in (e,e’p) in heavy and light nuclei

Dominance of pn  SRC at high momenta in heavy nuclei = equal number of 
protons and neutrons above Fermi surface=  larger fraction of protons -- 
30% protons and 20 % neutrons



Expect  discoveries of several new phenomena in the next 5 --10 years

☀ Direct observation of 3N SRC

☀ Direct observation of non-nucleonic degrees of freedom in nuclei 
in reactions like (e,e’ΔN)

Future studies of short-range nuclear structure
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Some implications for neutron stars

Our focus  is on the outer core where nucleon density is close to nuclear one: 
ρ ~ (2 ÷ 3) ρ0;  ρ0 ≈0.16 nucleon/fm3 

✻
and  p/n ~ 1/10

n(k)

kkF(p) kF(n)

Fermi liquid

➠

Neutron gas heats proton 
gas due to large pn SRC n(k)

kkF(p) kF(n)

practical 
disappearance of 
the proton Fermi 

surface

Large enhancement of neutrino cooling of the neutron stars at finite temperatures

Suppression of the  proton Fermi surface leads to the suppression of proton superconductivity, etc

FS08

49



Relativistic heavy ion collisions
What happens when a piece of the nucleus is chopped off?  How does the residual system decay?
 We developed nucleon configuration  generator with SRC. Combing it with Glauber model  we 
developed  first  microscopic treatment of the nucleus decay process.  Alvioli and MS

z z

● protons
● neutrons ● spectator nucleons which were near wounded nucleons 

Lead - Lead collision event at b=6 fm

Average energy of emitted neutrons is consistent with the 
data. Many predictions can be checked at RHIC and LHC
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Conclusions

Impressive experimental progress of the last few years - discovery of strong short range 
correlations in nuclei with strong dominance of I=0 SRC - has proven validity of general 
strategy of using hard nuclear reactions. It provides solid basis for further studies. 

A number of theoretical challenges including  a) calculation of the decay functions for A >3, 
b) isotopic effects for SRC, c) including Δ-isobars, d) relativistic effects, e) studies of FSI 
dynamics - optimizing for signal of SRC, understanding the role of color transparency  effects.

 Top  aims for the further studies: 

i) Direct observation of  3N SRCs 

ii) SRC near Fermi surface and at very large momenta

iii) Nonnucleonic degrees of freedom in nuclei 

 Would be highly beneficial to have parallel programs of studies with electron beams (Jlab 6 
including data mining) and hadron beams in the next few years.    Experiments at 12 GeV Jlab 
will further expand the scope of the studies of SRC. Additional studies are likely to be 
performed at FAIR (PANDA,...). Experiment at Lanzhou maybe the first experiment to study 
onset of the SRC regime with a high statistics and a number of cross checks.


