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1. INTRODUCTION

High energy particles are impinging on a nucleus: what do they
ee? Independent particles, FA(x,Q2) = AFN

2 (x,Q2) Or something else
.g. FA(x,Q2) �= AFN

2 (x,Q2)?

We know the answer → EMC EFFECT

1

Particles sees a complex many-body system. How do we de-
cribe it?
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1.2 The standard model of nuclei

Ĥ Ψn = En Ψn , with : Ĥ = − h̄2

2 m
∑
i
∇̂2

i +
1

2
∑

i<j
v̂ij

where
v̂ij =

∑
n

v(n)(rij) Ô(n)
ij

Ô(n)
ij =

⎡
⎣1 , σi · σj , Ŝij , (L · S)ij , ...

⎤
⎦ ⊗ [

1 , τ i · τ j
]
.

The same operatorial dependence is cast onto Ψo:

Ψo = F̂φo

where φo is the mean-field wave function and

F̂ = Ŝ
∏

i<j
f̂ij = Ŝ

∏
i<j

∑
n

f (n)(rij) Ô(n)
ij

s a correlation operator.
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1.3 The ground state energy - A novel approach

• The ground state energy E0 is given by:

Eo = − h̄2

2 m

∫
dr

⎡
⎣∇̂2 ρ(1)(r, r′)

⎤
⎦
r=r′ +

∑
n

∫
dr1dr2 v̂(n)ρ

(2)
(n)(r1, r2)

−→ ρ(1)(r, r′) = A
∫ A∏

j=2
drj Ψ†o(r, r2 ..., rA) Ψo(r

′, r2 ..., rA)

−→ ρ
(2)
(n)(r1, r2) =

A(A− 1)

2

∫ A∏
j=3

drj Ψ†o(r1 ..., rA) Ô
(n)
12 Ψo(r1 ..., rA)

• ρ(1)(r, r′) and ρ
(2)
(n)(r1, r2) are cluster expanded ;

• the wave function and correlation functions which minimize
the ground-state energy are used to calculate the expectation
value of any operator at the same order.
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PHYSICAL REVIEW C 72, 054310 (2005)

und-state energies, densities and momentum distributions in closed-shell nuclei calculated
within a cluster expansion approach and realistic interactions

M. Alvioli,1 C. Ciofi degli Atti,1 and H. Morita2

1Department of Physics, University of Perugia and Istituto Nazionale di Fisica Nucleare,
Sezione di Perugia, Via A. Pascoli, I-06123, Perugia, Italy

2Sapporo Gakuin University, Bunkyo-dai 11, Ebetsu 069-8555, Hokkaido, Japan
(Received 4 July 2005; published 16 November 2005)

A linked cluster expansion suitable for the treatment of ground-state properties of complex nuclei, as well
as of various particle-nucleus scattering processes, has been used to calculate the ground-state energy, density,
and momentum distribution of 16O and 40Ca in terms of realistic interactions. First, a benchmark calculation
for the ground-state energy is performed with the truncated V 8′ potential and consisting of the comparison of
our results with the ones obtained by the Fermi hypernetted chain approach, adopting in both cases the same
mean-field wave functions and the same correlation functions. The results exhibited a nice agreement between
the two methods. Therefore the approach has been applied to the calculation of the ground-state energy, density,
and momentum distributions of 16O and 40Ca by use of the full V 8′ potential, and again a satisfactory agreement
was found with the results based on more advanced approaches in which higher-order cluster contributions are
taken into account. It appears therefore that the cluster expansion approach can provide accurate approximations
for various diagonal and nondiagonal density matrices, so that it could be used for a reliable evaluation of nuclear
effects in various medium- and high-energy scattering processes off nuclear targets. The developed approach can
be readily generalized to the treatment of Glauber-type final-state interaction effects in inclusive, semi-inclusive,
and exclusive processes off nuclei at medium and high energies.

DOI: 10.1103/PhysRevC.72.054310 PACS number(s): 21.60.−n, 21.10.Dr, 27.20.+n, 27.40.+z
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ground state energy: 16O - Argonne V 8′

< Vc > < Vσ > < Vτ > < Vστ > < VS > < VSτ > < V > < T > E E/A MeV

η−exp 0.19 -35.88 -9.47 -171.32 -0.003 -172.89 -389.40 323.50 -65.90 -4.12

FHNC 0.694 -40.13 -10.61 -180.00 -0.07 -160.32 -390.30 325.18 -65.12 -4.07

correlation functions: Central, Spin-Isospin, Tensor
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Momentum distributions and tensor forces

←− cluster expansion
convergence

k > 1.5 fm−1: −→
Tensor correlations!

. Ciofi degli Atti 8



1.4 The Nucleon Spectral Function and correlations

PA(|k|, E) = P0(|k|, E) + P1(|k|, E)

P0(|k|, E) =
∑

α<αF
ñα(|k|)δ(E − |εα|) ∫

ñαdk < 1

P1(|k|, E) =
∑

f �=α

∣∣∣∣∣∣
∫
dr eik·r Gf0(
r)

∣∣∣∣∣∣
2

δ[E − (E
f
A−1 − EA)]

P0 - renormalized shell model P1 - correlations

A=3 and ∞ Theory OK Complex Nuclei - Models

The Few-Nucleon Correlation Model (FNC) (F & S, CdA, Simula )

PA
1 (|k|, E) =

∫
dPcm nA

rel (|k−Pcm/2|) nA
cm(|Pcm|) ·

· δ
⎡
⎢⎢⎢⎢⎢⎣E − E

(2)
thr −

(A− 2)

2M (A− 1)
·

⎛
⎜⎜⎜⎝k− (A− 1)Pcm

(A− 2)

⎞
⎟⎟⎟⎠
2

⎤
⎥⎥⎥⎥⎥⎦
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Spectral Function - 16O

P0(k,E) P1(k,E)

M (E = εα) : 80% Correlations (E 	 k2/2mN) : 20%

S. Simula, CdA - PRC 53 (1996)
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Realistic model of the nucleon spectral function in few- and many-nucleon systems

C. Ciofi degli Atti
Department of Physics, University of Perugia and Istituto Nazionale di Fisica Nucleare, Sezione di Perugia,

Via A. Pascoli, I-06100 Perugia, Italy

S. Simula
Istituto Nazionale di Fisica Nucleare, Sezione Sanitá, Viale Regina Elena 299, I-00161 Roma, Italy

�Received 13 July 1995�

By analyzing the high-momentum features of the nucleon momentum distribution in light and complex
nuclei, it is argued that the basic two-nucleon configurations generating the structure of the nucleon spectral
function at high values of the nucleon momentum and removal energy can be properly described by a factor-
ized ansatz for the nuclear wave function, which leads to a nucleon spectral function in the form of a
convolution integral involving the momentum distributions describing the relative and center-of-mass motion
of a correlated nucleon-nucleon pair embedded in the medium. The spectral functions of 3He and infinite
nuclear matter resulting from the convolution formula and from many-body calculations are compared, and a
very good agreement in a wide range of values of nucleon momentum and removal energy is found. Applica-
tions of the model to the analysis of inclusive and exclusive processes are presented, illustrating those features
of the cross section which are sensitive to that part of the spectral function which is governed by short-range
and tensor nucleon-nucleon correlations.

PACS number�s�: 21.10.Jx, 21.65.�f, 24.10.Cn, 27.10.�h

SICAL REVIEW C APRIL 1996VOLUME 53, NUMBER 4
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erpretation of the Processes 3He�e; e0p�2H and 3He�e; e0p��pn� at High Missing Momenta

C. Ciofi degli Atti and L. P. Kaptari*
tment of Physics, University of Perugia and Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, Via A. Pascoli, I-06123,

Italy
(Received 26 March 2005; published 27 July 2005)

Using realistic three-body wave functions corresponding to the AV18 interaction, it is shown that the
effects of the final state interaction in the exclusive processes 3He�e; e0p�2H and 3He�e; e0p��pn�, can be
successfully treated in terms of a generalized eikonal approximation based upon the direct calculation of
the Feynman diagrams describing the rescattering of the struck nucleon. The relevant role played by the
double rescattering contribution at high values of the missing momentum is illustrated.

DOI: 10.1103/PhysRevLett.95.052502 PACS numbers: 24.10.2i, 25.10.+s, 25.30.Dh, 25.30.Fj

95, 052502 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
29 JULY 2005

d6σ/dE′e dΩ′e dΩp dEm [pbMeV −1 sr−1]

He(e, e′p)(np) : correlation bumps at Em 	 p2
m/2mn clearly seen



2. HADRONS in NUCLEI - 1.
UCLEON-NUCLEON CORRELATIONS: THE NEW WAVE

Obtaining information on SRC is useful in various fields of
hysics:

. check of the standard model of nuclei;

. the structure of cold nuclear matter at high densities;

. EoS of neutron stars;

4. quark-gluon physics.





SRC

in nuclei

Dynamics of neutron star 

formation and structure

Study of cold dense nuclear 

matter complementary to study 

of hot dense nuclear matter

Quark vs. hadronic degrees 

of freedom in nuclei

NN  interaction:

short range repulsive core and

the role played by the tensor force



NEW WAVE

IN THE EXPERIMENTAL STUDY OF CORRELATIONS:

RECENT ORIGINAL AND DEDICATED EXPERIMENTS

WITH

LEPTONIC

&

HADRONIC

PROBES



THE NEW WAVE

(from F. Truffaut, Jules et Jim, the movie (FR, 1961))

INCLUSIVE LEPTON SCATTERING A(e, e′)X at JLAB



Measurement of Two- and Three-Nucleon Short-Range Correlation Probabilities in Nuclei

S. Egiyan,1,34 N. B. Dashyan,1 M. M. Sargsian,10 M. I. Strikman,28 L. B. Weinstein,27 G. Adams,30 P. Ambrozewicz,10

M. Anghinolfi,16 B. Asavapibhop,22 G. Asryan,1 H. Avakian,34 H. Baghdasaryan,27 N. Baillie,38 J. P. Ball,2

N. A. Baltzell,33 V. Batourine,20 M. Battaglieri,16 I. Bedlinskiy,18 M. Bektasoglu,27 M. Bellis,30,4 N. Benmouna,12

A. S. Biselli,30,4 B. E. Bonner,31 S. Bouchigny,34,17 S. Boiarinov,34 R. Bradford,4 D. Branford,9 W. K. Brooks,34
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per-nucleon probability of the 
2/3N-SRC phase in nuclei with 
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THE NEW WAVE

HADRON SCATTERING

A(p, 2p + n)X

at BNL



pn

Directional correlation

p

n

Pn>220 MeV/c

Pn<220 MeV/c

The  EVA/BNL collaboration 

(p,2pn)







THE NEW WAVE

FUTURE EXPERIMENTS

at

JLAB
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THE NEW WAVE

(new wave: Ryuichi Sakamoto, JP)

FUTURE EXPERIMENTS at JPARC?



A(p, 2p)X A(p, 2pN )

• Higher cross sections

• FSI also increase but reliable theoretical approaches based
upon Glauber multiple scattering are available

• Correlations

• Beyond the standard model of nuclei (exotic components in
the nuclear wave function)

• Color transparency



FIG. 11. (a) (top frame) The nuclear transparency ratio TCH as a
function of beam momentum. (b) (bottom frame) The nuclear trans-
parency Tpp as a function of the incident beam momentum. The
events in these plots are selected using the cuts of Eq. (9), and a
restriction on the polar angles as described in the text. The errors
shown here are statistical errors, which dominate for these
measurements.

Data from EVA experiment 

Eikonal approximation calculation with proper 
normalization of the wave function (Frankfurt, Zhalov, 
MS) agrees well the 5.9 GeV data.

Significant effect for p= 9 GeV where lcoh= 2.7 fm. 
10 GeV is sufficient to suppress to some extent 
expansion effects. Hence one can use energies above 
10 GeV to study other aspects of the dynamics

Glauber level transparency for 11.5 -14.2 GeV a 
problem for all models  as   24 GeV2 s’  30 GeV2

since it is too broad for a resonance of for interference 
of quark exchange and Landshoff mechanisms 

1



Nuclear transparency and Color transparency

Energy dependence of the nuclear transparency calculated in the quantum 
diffusion model with m2 = 0.7GeV2 ~ as compared to the expectations 
of the Glauber model. 
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SRC in scattering at high energies

• SRC: are they relevant only in dedicated medium energy ex-
periments?

• exact many-body wave functions (Foldy & Walecka ):

Ψ(r1, ..., rA)|2 =
A∏

j=1
ρ(rj) +

A∑
i<j=1

Δ(ri, rj)
A∏

k �=(il)
ρ(rk) +

+
∑

(i<j) �=(k<l)
Δ(ri, rj)Δ(rk, rl)

∏
m�=i,j,k,l

ρ(rm) + . . .

(1)

where the two-body contraction Δ is

Δ(ri, rj) = ρ(2)(ri, rj) − ρ(1)(ri) ρ(1)(rj) ;



The total neutron−Nucleus cross section at high energies:

σtot = 4π
k Im [F00(0)] F00(q) = ik

2π
∫ d2bneiq·bn

⎡
⎣1− eiχopt(bn)

⎤
⎦

eiχopt(bn) =
∫ A∏

j=1
drj

A∏
j=1

[1− Γ(bn − sj)] |Ψ0(r1, ..., rA)| 2δ
⎛
⎜⎜⎜⎝
1

A
∑
rj

⎞
⎟⎟⎟⎠ .

The usual approximation in Glauber-type calculations

|Ψ(r1, ..., rA)|2 =
A∏

j=1
ρ(rj) i.e. Δ(ri, rj) = 0

f correlations are taken into account i.e.

Δ(ri, rj) = ρ(2)(ri, rj) − ρ(1)(ri) ρ(1)(rj) �= 0;

σtot = σ
(1)
G + σ

(2)
G



Glauber + Inelastic shadowing

(Diffractive excitation of the projectile)

n

A

Γn n n

A A

Γ Γ ΓnX Xn n n n

A A

Γ Γ ΓΓnX X Xn n

(Glauber) (Inelastic Shadowing)

total neutron-Nucleus cross section:

σtot = σ
(1)
G + σ

(2)
G + Δσin



RESULTS

No adjustable parameters
M.Alvioli, CdA, I.Marchino, H.Morita and V.Palli,

nucl-th:07053613



. HADRONS in NUCLEI-2. TAGGED STRUCTURE FUNC-
TIONS AND HADRONIZATION

The Semi-Inclusive DIS process A(e, e′B)X process
within the Spectator Mechanism

The quark-gluon debris propagates through the nucleus

PWIA FSIγ
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A−1

dσA

dxdQ2 d
PA−1
∝ F

N/A
2 (xA,Q2,p2

1) NA(|
p1|) 
p1 ≡ −
PA−1

F
N/A
2 (xA,Q2, p2

1) Bound Nucleon Structure Function



PWIA:

NA(|p1|) Nucleon Momentum Distribution

Quark-gluon debris rescattering (FSI):

NA(|P1|) −→ Distorted (D) Momentum Distributions ND
A (PA−1)

ND
A (PA−1) =

∣∣∣∣∣∣∣∣
∞∫
z

eiPA−1·rφ(b, z)e−
1
2S(b,z)

∣∣∣∣∣∣∣∣
2

S(
b, z) =
∞∫
z

dz′ ρA(
b, z′) σeff (z′ − z)

evaluated within Glauber theory but −→ time-dependent
profile function

ΓNN(b1 − bi) −→ ΓN∗N(b1 − bi, zi − z1)



The EFFECTIVE Debris-Nucleon CROSS SECTION
(CdA, B. Kopeliovich, EPJA, A17 (2003) 133)

The hadronization model:

B. Kopeliovich, J. Nemchik, E. Predazzi, A. Hayashigaki,
Nucl.Phys. A740(2004)212
he formation of the final hadrons occurs during and after the
ropagation of the created nucleon debris through the nucleus,

with a sequence of soft and hard production processes.

oft production → Q < λ = 0.65 GeV npQCD, string model

hard production → Q > λ = 0.65 GeV pQCD, gluon radiation
model .



The EFFECTIVE Debris-Nucleon CROSS SECTION

σeff (t) = σNN
tot + σMN

tot [nM(t) + nG(t)]

• Steep rise with time (distance).

• Q2 and xBj dependence due to gluon radiation mechanism.



2H(e, e′p)X theory vs. experiment

.V. Klimenko, S.E. Kuhn et al. Phys. Rev. C73 (2006) 035212;

M.Alvioli, CdA et al., nucl-th:07053617



4. CONCLUSIONS

• reliable predictions of the full correlated structure of the nu-
cleus are being produced;

• a new wave of experimental studies at medium energies aimed
at mapping the intermediate and short range structure of
nuclei is going on; first results confirm the basic validity of
the two-nucleon correlation picture of SRC;

•much remains to be done (e.g. the core region and the isospin
structure of NN correlations, the medium effects on the nu-
cleon properties (tagged structure functions, etc); to this end
the extension of the experiments to higher energies using
both leptonic and hadronic probes would be extremely use-
ful.


