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Overview
Short-range correlations (SRC) in nuclei

I Probing SRC in scattering reactions
� Exclusive two nucleon knockout reactions
� Final-state interactions
� Mass dependence of SRC

I Conclusion
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Probing SRC with electron scattering
We are interested in the momentum distributions but they cannot bemeasured directly. Have to be probed in scattering experiments.
I Exclusive A(e, e ′N)
I Exclusive A(e, e ′NN)
I Inclusive A(e, e ′)
I Correlation with magnitude of the EMC effect (DIS)

� EPJ 66 02022, M. Vanhalst et al.

I . . .
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Probing SRC with electron scattering
Probing short-range correlations with electron scattering

Science 320 1476, R Subedi
et al.

I Energy transfer :
ω = Ee − Ee ′

I Momentum transfer :
~q = ~ke − ~ke ′

I Four momentum transfer :
Q2 = ~q · ~q − ω2

The higher Q2 the smaller the
distance scale probed!

I Bjorken scaling variable : xB = Q2

2mω
� 1 < xB ≤ 2: single nucleoncontribution k < kF dies off,sensitive to high momenta associatedwith 2N configurations
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Exclusive A(e, e ′NN ). Hallmark of SRC.
Exclusive measurements allow us to access more detailed informationcompared to inclusive scattering. Kinematics have to be carefully tuned toselect knockout of correlated pairs.
I High momentum probe, proton knock out, leaving the rest of thesystem unaffected
I Knockout from correlated pair: missing momentum ~pm predominantlybalanced by single recoiling nucleon

A vector diagram of the layout of the 12C(e,e’pp) experiment.
PRL99 072501, JLab Hall A Collaboration
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Exclusive A(e, e ′NN ). Hallmark of SRC.
Close-proximity pairs ~r12 ≈ 0 (Zero-Range Approximation, ZRA)
I ∝ pairs in relative S-wave (` = 0)In the ZRA the A(e, e ′NN) cross section factorizes as,

d8σ (e, e ′NN)d2Ωke′d3 ~P12d3~k12
= KeNNσe2N (~k12)FD ( ~P12)

I σe2N (~k12) encodes the coupling to a correlated nucleon pair.
I FD ( ~P12) is the two body center of mass momentum distribution ofthe SRC pair ( = probability to find correlated pair with c.m.momentum ~P12)

� PLB 383 1, J. Ryckebusch
� PRC 89 024603, C. Colle et al.
� PRC 92 024604, C. Colle et al.
� PRC 93 034608, C. Colle et al.
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Center of mass momentum distribution
FD ( ~P12) = ∑

s1,s2,m1,m2
n1,κ1,n2,κ2

∣∣∣∣∫ d ~R12 e
i ~P12· ~R12 ū(~p1, s1)ψn1κ1m1 ( ~R12)

ū(~p2, s2)ψn2κ2m2 ( ~R12)FFSI( ~R12, ~R12)∣∣∣2 .
I ψnκm calculated in a Hartree approximation of the relativisticWalecka σ-ω model.
I FFSI( ~R12, ~R12) encodes the interactions between the ejectednucleons and the residual nucleons left in the A− 2 system in the

Relativistic Multiple Scattering Glauber Approximation (RMSGA).
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ū(~p2, s2)ψn2κ2m2 ( ~R12)FFSI( ~R12, ~R12)∣∣∣2 .
I ψnκm calculated in a Hartree approximation of the relativisticWalecka σ-ω model.
I FFSI( ~R12, ~R12) encodes the interactions between the ejectednucleons and the residual nucleons left in the A− 2 system in the

Relativistic Multiple Scattering Glauber Approximation (RMSGA).
Camille Colle (Ghent University) Mass and Isospin Dependence of SRC ESNT, 2016 7



Final-state interactions
In nuclear knockout reactions, final-state interactions play an importantrole. A major effect is the attenuation of the cross section.Relativistic Multiple ScatteringGlauber Approximation. (RMSGA)

I “Soft” final-state interactions
� elastic or mildly inelasticre-scattering

I Explicit nucleon-nucleonscattering
� only a few parameters fromnucleon-nucleon scatteringdata
� broad applicability overwhole nuclear mass range
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Glauber approximation
I Glauber theory has origins inoptics
I High-energy diffractivescattering: small angles
I Applicable when wavelength ofscattering particle issignificantly smaller thaninteraction range → momentaof a few 100 MeV
I Eikonal method: outgoing wavegets complex phase
φscat(r ) = eiχ (r )φin(r )

Scattering amplitudeparameterized as
f (θ) ≈ kσ tot

NN ′

4π (εNN ′ + i ) exp(− ~b2

2βNN ′2

)

Camille Colle (Ghent University) Mass and Isospin Dependence of SRC ESNT, 2016 9



Glauber approximation
I Glauber theory has origins inoptics
I High-energy diffractivescattering: small angles
I Applicable when wavelength ofscattering particle issignificantly smaller thaninteraction range → momentaof a few 100 MeV
I Eikonal method: outgoing wavegets complex phase
φscat(r ) = eiχ (r )φin(r )

Scattering amplitudeparameterized as
f (θ) ≈ kσ tot

NN ′

4π (εNN ′ + i ) exp(− ~b2

2βNN ′2

)

Camille Colle (Ghent University) Mass and Isospin Dependence of SRC ESNT, 2016 9



Final-state interactions II
Escaping nucleons can change isospin through Charge Exchange (CX)reactions. Will mix channels!

Charge exchange probabilitiescalculated in a semiclassical highenergy approximation.
I Parameters extracted fromelastic proton-neutron CXscattering.
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Charge Exchange probabilities
CX probabilities with and without RMSGA FSI.
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CX probabilities for pp knock out.
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CX probabilities for pn knock out.RMSGA suppresses knock out from high density regions. The regions willbe most affected by CX reactions → inclusion of RMSGA lowers the CXprobabilities.
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Mass dependence of pN SRC
I Absolute cross sections are difficult
I Mass dependence of SRC-pairs investigated in exclusive (e, e ′pN)reactions can be investigated through cross section ratios

σ [A(e, e ′pN)]
σ [12C (e, e ′pN)] ≈

∫ d2Ωke′d3~k12KepNσepN(~k12) ∫ d3 ~P12F
DA ( ~P12)∫ d2Ωke′d3~k12KepNσepN(~k12) ∫ d3 ~P12F
D
12C( ~P12)

≈
∫ d3 ~P12F

DA ( ~P12)∫ d3 ~P12F
D
12C( ~P12)

I Only sensitive to 2 body center of mass momentum distribution
FDA ( ~P12)

I Independent of photon-nucleon coupling → robust results
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Mass dependence of pp cross section ratio
Calculations performed for 12C,27Al,56Fe and 208Pb.
Mass dependence much softer than naive Z (Z − 1) counting
I Number of correlated pairs scale softer than Z (Z − 1)
I Final-state interactions soften the mass dependence significantly
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PRC 92 024604, C. Colle et al.
Science 320 1476, R Subedi et al.

Ratio 208Pb
12C

I ∝ Z (Z − 1) = 221
I measured 3.8± 0.5
I calculated ≈ 4.7
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Nuclear Transparency
The attenuation (calculated in the RMSGA) can be used to extract the
nuclear transparency T pN

A

I Defined as the ratio of the A(e, e ′pN) cross-section ratio with andwithout the RMSGA attenuations
I It is a measure for attenuation caused by the nuclear medium
I In the ZRA we have

T pN
A ≈

∫ d3 ~P12 F
pN,D
A ( ~P12)∫ d3 ~P12 F
pN
A ( ~P12) .

� Only sensitive to 2 body center of mass momentum distribution
FDA ( ~P12)

� Independent of photon-nucleon coupling → robust results
Camille Colle (Ghent University) Mass and Isospin Dependence of SRC ESNT, 2016 14



Nuclear Transparency II

I KinB:
T

pp
A ∝ A−0.46±0.02 ,Tpn

A ∝ A−0.38±0.03

I KinA:
T

pp
A ∝ A−0.49±0.06 ,Tpn

A ∝ A−0.42±0.05

Toy model
I Nucleus is a homogeneous sphere withradius R = 1.20A

1
3

I Attenuation calculated using classicalsurvival probability
P (~r ) = exp

[
−σ
∫ +∞
z dz ′ρ(~r ′)]
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Mass dependence of SRC pairs

A

re
la

ti
ve

nu
m

be
r

of
SR

C
pa

ir
s

1

10

pp

all pairs
S,P pairs
Sn=0 pairs
ZRA

10 100
1

10

pn

PRC 92 024604, C. Colle et al.

PRC 84 031302, M. Vanhalst et al.

Methodology allows us toextract relative number ofSRC pairs from cross-sectionratios.
I ZRA : full calculations

SRC pairs have highlyselective quantum numbers.
∝ relative Sn=0 pairs
I SRC = local effect
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Conclusion
I The number of SRC pairs can be estimated by counting theclose-proximity pairs in a nucleus (relative distance ≈ 0).Forclose-proximity pairs the A(e, e ′pN) cross section factorizes into

� relative momentum containing the photon-2 nucleon coupling
� c.m. momentum containing the probability distribution of the SRCnucleon pairs.

I The mass dependence of the number of SRC prone pairs is muchsofter than a naive combinatorial prediction (Z (Z − 1) for pp and
NZ for pn). Inclusions of final-state interactions have a large effecton the mass dependence and soften it substantially.

I The calculated nuclear transparency mass dependence agrees withthe bounds set by a geometrical toy model
I Calculations are in agreement with CLAS data.
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Inclusive A(e, e ′)
Inclusive A(e, e ′) scattering at 1.5 . xB

Scaling of A(e, e ′)response to 2D
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I Quantify scaling behaviour:
a2(A/D) ≡ 2

A

σA
(
xB ,Q2)

σD
(
xB ,Q2

)
I Assume that signal is dominated by theproton-neutron correlations due todominant tensor force.
I Assume that σepN (Q2, xB ) ≈ σeD (Q2, xB )
I Naive counting (all pn pairs contribute):

a2 ∝ A

I Our suggestion :
a2(A/D) ∝ 2

ANpn(L=0,S=1)(A,Z ) (numberof close-proximity deuteron-like pn pairs
→ local effect)

spin triplet (S = 1) state. One can observe that the predictions are in acceptable agreement with the
slope and magnitude of the measured A-dependence data for light and medium nuclei, but tend to
overestimate the measured values at high A. No corrections accounting for the c.o.m. motion or final-
state interactions of the pairs in the nucleus A were applied to the calculations in Fig. 2a, providing a
possible explanation for this overestimation. It is also obvious that the scaling with A of a2(A) is a lot
softer than one would expect from the naive counting of all np pairs, also depicted in Fig. 2a.
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Figure 2: (Color online) (a) Mass dependence of the a2 relative to 4He. The black crosses are the
predictions given that all relative quantum numbers equally contribute. For the red squares only pn
pairs in a triplet spin state and with n = 0, l = 0 are counted. The data are from Ref. [12]. The curves
are guide to the eyes. (b) The magnitude of the EMC effect versus the computed number of correlated
NN pairs per nucleon. The EMC data are from the analysis presented in Ref. [12].

Given the experimentally established linear correlation between the size of the EMC effect and
the amount of correlated pairs in a nucleus, we want to check if this correlation is also present when
we compare our model calculations to EMC data. In Fig. 2b, we display the magnitude of the EMC
effect - quantified by means of the slope −dR/dxB of the EMC ratio for Bjorken 0.35 < xB < 0.7 [13]
- versus our predictions for the probability for NN SRC per nucleon relative to the deuteron. Here,
contrary to the a2 ratios in Fig. 2a, we compare to the combined number of pp, np and nn pairs. This
is motivated by the partonic nature of the deep-inelastic scattering process (all pairs can contribute
equally), whereas the inclusive scattering is dominated by the tensor-correlated triplet-spin proton-
neutron pairs. We stress that the numbers which one finds on the x axis of Fig. 2a are the results of
parameter-free calculations. A nice linear relationship can be observed between the quantity which
we propose as a per nucleon measure for the magnitude of the SRC and the magnitude of the EMC
effect. If the observed trends apply to the whole nuclear mass range, we could predict the size of the
EMC effect for any nucleus A.

So far, in Fig. 2, we have compared our model calculations to quantities extracted from inclusive
electron scattering experiments. To study the precise nature of nuclear SRC, the exclusive A(e, e′NN)
reaction provides more opportunities than inclusive measurements, but is of course more demand-
ing to measure. Similarly to the scaling with the distorted one-body momentum distribution for the
quasi-elastic A(e, e′N) cross section, it can be shown that under kinematic conditions probing corre-
lated nucleon-nucleon pairs, the A(e, e′NN) cross section scales with the distorted c.o.m. momentum
distribution of close-proximity pairs. When comparing the width of the computed c.o.m. momentum
distribution restricted to the (n = 0, l = 0) pairs, with the width of the distribution for all pairs, one

INPC 2013

02022-p.3

M. Vanhalst et al, PRC86 044619 (2012)
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EMC effect

J.Gomez et al. PRD49 4348 (1994)

I The structure of nucleon in anucleus is modified
I (Valence) quark distribution ischanged
I Size of the effect is massdependent

� local density dependence
I The EMC effect was a surprise(1983)
I A plethora of models:Everyone’s Model is Cool
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spin triplet (S = 1) state. One can observe that the predictions are in acceptable agreement with the
slope and magnitude of the measured A-dependence data for light and medium nuclei, but tend to
overestimate the measured values at high A. No corrections accounting for the c.o.m. motion or final-
state interactions of the pairs in the nucleus A were applied to the calculations in Fig. 2a, providing a
possible explanation for this overestimation. It is also obvious that the scaling with A of a2(A) is a lot
softer than one would expect from the naive counting of all np pairs, also depicted in Fig. 2a.
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Figure 2: (Color online) (a) Mass dependence of the a2 relative to 4He. The black crosses are the
predictions given that all relative quantum numbers equally contribute. For the red squares only pn
pairs in a triplet spin state and with n = 0, l = 0 are counted. The data are from Ref. [12]. The curves
are guide to the eyes. (b) The magnitude of the EMC effect versus the computed number of correlated
NN pairs per nucleon. The EMC data are from the analysis presented in Ref. [12].

Given the experimentally established linear correlation between the size of the EMC effect and
the amount of correlated pairs in a nucleus, we want to check if this correlation is also present when
we compare our model calculations to EMC data. In Fig. 2b, we display the magnitude of the EMC
effect - quantified by means of the slope −dR/dxB of the EMC ratio for Bjorken 0.35 < xB < 0.7 [13]
- versus our predictions for the probability for NN SRC per nucleon relative to the deuteron. Here,
contrary to the a2 ratios in Fig. 2a, we compare to the combined number of pp, np and nn pairs. This
is motivated by the partonic nature of the deep-inelastic scattering process (all pairs can contribute
equally), whereas the inclusive scattering is dominated by the tensor-correlated triplet-spin proton-
neutron pairs. We stress that the numbers which one finds on the x axis of Fig. 2a are the results of
parameter-free calculations. A nice linear relationship can be observed between the quantity which
we propose as a per nucleon measure for the magnitude of the SRC and the magnitude of the EMC
effect. If the observed trends apply to the whole nuclear mass range, we could predict the size of the
EMC effect for any nucleus A.

So far, in Fig. 2, we have compared our model calculations to quantities extracted from inclusive
electron scattering experiments. To study the precise nature of nuclear SRC, the exclusive A(e, e′NN)
reaction provides more opportunities than inclusive measurements, but is of course more demand-
ing to measure. Similarly to the scaling with the distorted one-body momentum distribution for the
quasi-elastic A(e, e′N) cross section, it can be shown that under kinematic conditions probing corre-
lated nucleon-nucleon pairs, the A(e, e′NN) cross section scales with the distorted c.o.m. momentum
distribution of close-proximity pairs. When comparing the width of the computed c.o.m. momentum
distribution restricted to the (n = 0, l = 0) pairs, with the width of the distribution for all pairs, one
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M. Vanhalst et al, PRC86 044619 (2012)

Magnitude of EMC effect as well as the a2 mass dependence can beconnected to the number of SRC pairs in a nucleus. SRC are local effectsin nuclei.
Camille Colle (Ghent University) Mass and Isospin Dependence of SRC ESNT, 2016 21



Isospin dependence of SRC
Exclusive scattering 12C (e, e ′pN) at Q2 ≈ 2GeV and xB ≈ 1.2
Science 320, 1476 (2008)
I #pn#pp = #pn#nn = 18± 5

Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and 
(e,e'pn) reactions, as well as from previous (p,2pn) data.

R Subedi et al. Science 2008;320:1476-1478

Published by AAAS

Fig. 3. The average fraction of nucleons in the various initial-state configurations of 12C.

R Subedi et al. Science 2008;320:1476-1478

Published by AAAS

Dominance of pn pairs due to nucleon-nucleon tensor force
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