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1 Introdution: two reent "popular" papers on short rangeorrelations (SRC)
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SCIENCE 320, 1476 (2008)R. SUBEDI et al Probing Cold Dense Nulear Matter

The protons and neutrons in a nuleus an form strongly orrelatednuleon pairs. Sattering experiments, in whih a proton is knokedout of the nuleus with high-momentum transfer and high missingmomentum, show that in arbon-12 the neutron-proton pairs arenearly 20 times as prevalent as proton-proton pairs and, by infer-ene, neutron-neutron pairs. This di�erene between the types ofpairs is due to the nature of the strong fore and has impliationsfor understanding old dense nulear systems suh as neutron stars.
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2. THE STANDARD MODEL OF NUCLEI
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short-range repulsion (ommon to many systems)

•• intermediate- to long-range tensor harater (unique to nulei)
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THE MEAN FIELD APPROXIMATION
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Φo = ǫoΦoIndependent partile motion → Shell Model

Mean �eld or Shell Model: nuleons oupy all available states belowthe Fermi level; all states above the Fermi level are empty. Greatsuess (magi numbers, magneti moments, low exitation levels,et). Reent developments: establish the limits of validity by ad-vaned solution of the nulear many-body problem.
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THE "EXACT" MANY-BODY SOLUTIONReent developments towards the exat solution of
ĤΨo = EnΨo , with v̂ij =

∑

n v(n)(rij) Ô
(n)
ijThe same operatorial dependene appearing in v̂ij is ast onto thetrial funtion Ψo:

Ψo = F̂Φowhere Φo is the mean-�eld wave funtion and
F̂ = Ŝ

∏

i<j

f̂ij = Ŝ
∏

i<j

∑

n

f (n)(rij) Ô
(n)
ijis a orrelation operator.

Variational monte arlo (Urbana Group)Cluster expansion tehniques ( Here:Alvioli, Cda, Morita)
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The orrelation funtions fij: Central, Spin-Isospin, Tensor . . .
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THE NOVEL VIEW OF THE ATOMIC NUCLEUS

Nulei onsist also of drops of old high density matterCruial question: what is the perentage of SRC? Can we measureit? Why it is important to know it
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3. RELEVANCE OF SRC IN DIFFERENT PROCESSES
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3.1. Study of ore and tensor orrelationsQuark, gluon or pion desriptions of NN interation?

Adapted from: W. Weise, Nul. Phys. A 805(2008)145
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3.2 Transition from hadron to quark gluon desriptions of nulei

Nuleon radius < r2 >1/2≃ 0.8fm−1 ⇒ Nuleon overlap.

3.3 Medium indued modi�ations of hadron properties ??

EMC e�et and SRC

CdA, L. Kaptari, L. Frankfurt, M. Strikman, Phys. Rev. C 76(2007) 055206
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3.4 High energy sattering proessesThe little bang in the laboratory

Signals depends upon the way hadrons propagated in the medium.SRC do a�et hadron propagation.
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3.5 Formation of old dense nulear matter in the laboratory

How are neutron star properties a�eted by SRC?
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4. INDEPENDENT NUCLEONS AND CORRELATEDNUCLEONS: WHICH ARE THE SMOKING GUNS?
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.

• Repulsive ore and tensor fore generate high momentum ompo-nents (k >> kF ≃ 1.4 fm−1)

• Properties of nulear matter at short distanes resemblethe properties of the deuteron (T=0, S=1 proton-neutronpairs)("deuteron saling")
•Wide spetrum of exitation energy of the nuleus(Spetral Funtion)
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4.1 High momentum omponents. The role of the ore and thetensor fore
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Tensor fores ating in T=0 S=1 states produe the largest amountof high momentum omponents. Mean �eld distributions drop tozero at k ≥ 1.5− 2 fm−1 (Adapted from Alvioli, CdA, Morita,Phys.Rev. C72(2005)054310)
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4.2 High momentum omponents and deuteron salingdue to NN orrelations the 1-body momentum distributions aquire peuliarhigh momentum omponents

The high momentum (k > kF ) part of nA(k) an be viewed as theresaled deuteron momentum distribution: nA(k) ≃ CA nD(k).(Adapted from Cda, Simula, Phys. Rev. 53(1996)1689)
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Role of orrelations better seen in the2-body momentum distributions
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M. Alvioli, CdA, H.Morita, Phys. Rev. Lett, 100, 162503, (2008)The tensor deuteron-like ( T=0, S=1)dominane at

krel ≥ 1.5− 2 fm−1ours both in few-nuleon systems and omplexnulei.
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4.3 High exitation energy omponents

P0(k,E) P1(k,E)S M (E = ǫα) : 80% Correlations (E ≃ k2/2mN) : 20%S. Simula, CdA - Phys. Rev. C53 (1996) 1689
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5. EXPERIMENTAL STUDY OF CORRELATIONS
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.CAN THESE RELEVANT DEVIATIONS FROM THE WELLHONORED MEAN FIELD DESCRIPTION OF NUCLEIEXPERIMENTALLY BE DETECTED?YES THEY CAN BY REMOVING THE NUCLEUSCONSTITUENTS AT HIGH ENERGY AND MOMENTUMTRANSFERS

THE A(e, e′N )X and A(e, e′NN )X PROCESSESTHE A(p, p′N )X and A(p, p′NN )X PROCESSESIn double and triple oinidene experiments the kinematis isfully determined
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Example: the (e,e'p) proess on mean �eld and orrelatednuleons.Mean Field:

k1 + kA−1 = 0

The double oinidene ross setion:

dσ
d~e′d~p

∝ σep(~q,~k1 ν)× P0(k1, E)

P0(k1, E) =
∑

α nα(k1)δ(E − ǫα)
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Correlations:

k1+k2+k3 = 0 k3 ≡ KA−2Simple model:

{

k2 ≃ −k1 k3 ≃ 0 E∗
A−2 = 0

E∗
A−1 ≃

A−2
A−1

k21
2mNRealisti model:







k3 6= 0 E∗
A−2 6= 0

E∗
A−1 =

A−2
2mN (A−1)

[

k1 +
A−1
A−2 k3

]2
+ ĒA−2The double oinidene ross setion:

dσ
d~e′d~p

∝ σep(~q,~k1 ν)× P1(k1, E)

P1(k1, E) = {models whih inludes orrelations} → Morita'stalk
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One important aveat

C. Cio� degli Atti 29 KEK, September 2009



The 12C(e, e′p)X proess from its birth to present day
1966 LNF (Italy) 1988 NIKHEF (Holland) 2006 JLab (USA)
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Reent Developments (triple oinidene experiments)

By deteting 2 Nuleons in the �nal state the initial pairorrelation an be studiedTriple oinidene experiment A(a, a′NN )X a = {p, e}BNL and JLAB EXPERIMENTS
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Momentum onservationq = p + PA−1Missing momentumpm = q− p = {IA} = q− (k1 + q− q) = −k1 = PA−1

Detet k' , p and plae a detetor at the diretion of PA−1. Sine if2NC model is orret we have PA−1 = k2 + PA−2 ≃ −k1, we shoulddetet the orrelated partner of nuleon "1" with momentum pm.
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Correlations:

k1+k2+k3 = 0 k3 ≡ KA−2Simple model:
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BNL p beam 5.9− 7.5GeV/c, 12C targetPhys. Lett. B453 (99) 202; Phys. Rev. C65 (01) 015207; Phys. Rev. Lett. 90(03) 042301
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R. Subedi et al, Siene 320,1476 (2008)C. Cio� degli Atti 40 KEK, September 2009



The orrelation pizza in 12C

R. Subedi et al,Siene 320,1476 (2008)
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.

The novel view of the atomi nuleus
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6 TWO AND THREE NUCLEON CORRELATIONS:INCLUSIVE A(e, e′)X PROCESSES
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TWO-NUCLEON CORRELATIONS::
k1 ≃ −k2 large and k3 ≃ 0THREE-NUCLEON CORRELATIONS:

k1 + k2 + k3 = 0 all three momenta are large

Correlations an be linked to the value of the Bjorken salingvariable xB = Q2

2mN ν ⇒ 2N CORRELATIONS: a kind of "two-bodysystem"; 3N CORRELATIONS: a kind of "three-body systems"sattering on a single nuleon: 0 < xB < 1sattering on 2 orrelated nuleons: 1 < xB < 2sattering on 3 orrelated nuleons: 2 < xB < 3
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Mezzetti's talkC. Cio� degli Atti, C.B. Mezzetti, Phys. Rev. C 79 (2009) 051302(R); C.B. Mezzetti, C. Cio�degli Atti, arXiv:0906.5564 (2009)
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7 HADRON SCATTERING OFF NUCLEI AT HIGH ENERGIES(HERA, RHIC, LHC)
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The total neutron−Nucleus ross setion at high energies:
σtot =

4π
k Im [F00(0)] F00(q) =

ik
2π

∫

d2bne
iq·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 exat expansion of |Ψ|2 (Glauber, Foldy & Waleka ):

|Ψ(r1, ..., rA)|
2 =

A
∏

j=1

ρ(rj) +
A
∑

i<j=1

∆(ri, rj)
A
∏

k 6=(il)

ρ(rk) +

+
∑

(i<j) 6=(k<l)

∆(ri, rj)∆(rk, rl)
∏

m6=i,j,k,l

ρ1(rm) + . . .

∆(ri, rj) = ρ(2)(ri, rj) − ρ(1)(ri) ρ
(1)(rj) ;C. Cio� degli Atti 48 KEK, September 2009



|Ψ(r1, ..., rA)|
2 =

A
∏

j=1

ρ(rj) +
A
∑

i<j=1

∆(ri, rj)
A
∏

k 6=(il)

ρ(rk) +

+
∑

(i<j) 6=(k<l)

∆(ri, rj)∆(rk, rl)
∏

m6=i,j,k,l

ρ1(rm) + . . .

≃
A
∏

j=1

ρ(rj)

Usual approximation in Glauber-type alulation: what is itsvalidity?
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Glauber + Inelasti shadowing(Di�rative exitation of the projetile)V. N. Gribov, Sov. JETP 29 (1969) 483;V.A.Karmanov,L.A.Kondratyuk, JETP Lett. 18 (1973) 451;B. Z. Kopeliovih, I. K. Potashnikova, I. Shmidt, Phys. Rev.C73 (2006)034901
NN

AA

fNN N

A A

NX XNfN f N N

A A

NX f XNf f XX

(Glauber) (Inelasti Shadowing)total neutron-Nuleus ross setion

σtot = 4 π
k Im

[

FG
00(0)

]

+ ∆σin = σG + ∆σinC. Cio� degli Atti 50 KEK, September 2009



M. Alvioli, C.d.A, I. Marhino, H. Morita, V. PalliPhys. Rev. C78(R),031601(2008) No free parameters!!
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Calulations of total, elasti, quasi-elasti and di�rationhadron-Nuleus ross setions at HERA, RHIC and LHC energy,taking inelasti Gribov orretions and SRC into aount, are inprogress. (Alvioli, CdA, Kopeliovih, Shmidt, Potashnikova)Experimental data and theoretial alulations of this type wouldbe of great relevane in the �elds of, e.g., high energy heavy ionollisions, hadronization mehanism, and other phenomena whihould be investigated by using the atomi nuleus as a mirodetetor of QCD e�ets.
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8. CONCLUSIONS
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• Advaned solutions of the nulear many-body problem lead tonulear wave funtions exhibiting a rih SRC struture.
• The tensor fore plays a dominant role in reating high momen-tum omponents.

• Reliable experimental information on 2NC and, partly, on 3NCbeame available on�rming the basi struture of SRC, e.g. highrelative momenta of the orrelated pair and small pair CM mo-mentum.

• Correlation pizza ooked out only for 12C. Experiments on othernulei both with lepton and hadroni probes are alled for.

• SRC have relevant impat on the struture of old dense matterand intermediate and high energy sattering proesses.
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