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Central research questions of this presentation

Is there a comprehensive picture
of nuclear SRC? (Quest to learn
about stylized facts of SRC)

1 Variation with mass A
2 Isospin (flavor) composition of

SRC (pp&nn&pn)
3 Neutron-to-proton asymmetry

(N/Z) dependence of SRC

How to forge links between
nuclear models dealing with SRC
and observables? Recent data
from electron-nucleus scattering
(A(e,e′),A(e,e′N),A(e,e′pX))
Are there connections between
nucleon and quark medium
modifications?

What
You
Measure
Is
All
There
Is

After WYSIATI (“What You See Is All

There Is”) D. Kahneman, “Thinking, Fast

and Slow” (2012).
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OUTLINE

1 Low-order correlation operator approximation (LCA) to
compute effect of SRC (nuclear structure & nuclear reactions)

2 Apply LCA to the computation of nuclear momentum
distributions (NMDs) for 15 A(N, Z) : 4 ≤ A ≤ 208 ; 1 ≤ N

Z ≤ 1.54
CHECK: Compare LCA results to ab-initio ones

3 Aggegrated effect of SRC and its evolution with A and N/Z
CHECK: a2 data from A(e,e′)

4 Isospin composition of SRC (pp&nn&pn)
CHECK: A(e,e′pp),A(e,e′pn),A(e,e′p) data for 12C, 27Al, 56Fe,
208Pb in “SRC” kinematics

5 N/Z asymmetry dependence of SRC
CHECK: A(e,e′pp),A(e,e′pn),A(e,e′p),A(e,e′n) data for 12C,
27Al, 56Fe, 208Pb in “SRC” kinematics

6 Size and generative mechanisms of the EMC effect
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Single-nucleon momentum distributions in LCA

Single-nucleon momentum
distribution n[1](p)

n[1](p) =
A

(2π)3

∫
d2Ωp

∫
d3~r1 d3~r ′1 d3(A−1){~r2−A}

× e−i~p·(~r ′1 −~r1)
Ψ∗(~r1,~r2−A)Ψ(~r ′1 ,~r2−A)

Universal correlation operators

|Ψ〉 = Ĝ |Φ〉 /
√
〈Φ| Ĝ†Ĝ |Φ〉 ,

G: Central gc(r), spin-isospin fστ (r),
tensor ftτ (r) correlations
Truncation at O

(
G2
)
: SRC part of

n[1](p) = 2-body contributions
Quantify the pp, nn, pn and np
contribution to n[1](p)
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n[1](p) in LCA: from light to heavy nuclei

LCA: JPG42(’15)055104 & PLB792(’19)21 & PRC100 (’19)054620

1 Two distinct momentum regimes (“IPM” and “SRC”)
2 Momentum dependence of fat tail of n[1] is “universal”
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Probability distribution P(p) ∼ p2n[1](p)
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Probability distribution P(p) ∼ p2n[1](p)
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Probability distribution P(p) ∼ p2n[1](p)
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Cumulative momentum distributions
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Ratios of probability distributions: PA(p)/Pd(p)

PA(p) = PA
pp(p) + PA

pn(p)
︸ ︷︷ ︸
PA

p (p) (proton part)

+ PA
nn(p) + PA

np(p)
︸ ︷︷ ︸
PA

n (p) (neutron part)

.
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Measurable signal of the A-to-d scaling of the
momentum distributions?

In selected kinematics the A-to-d
(e,e′) cross sections approximately
scale!

SRC SCALING FACTORS
THEORY:

a2(A) =

∫
p>2 fm−1 dpPA(p)∫
p>2 fm−1 dpPd(p)

EXPERIMENT:

aexp
2 (A) = 2

A
σA(e,e′)
σd(e,e′)

(
1.5 . x . 1.9 ; Q2 ≈ 2 GeV2

)

Aggregated impact of
SRC on a nucleon in
A(N, Z) relative to the
deuteron!
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a2(A/2H) from A(e,e′) at xB & 1.5 and LCA

Aggregated quantitative effect of SRC in A relative to d

a2(A) =

∫
p>2 fm−1 dpPA(p)∫
p>2 fm−1 dpPd(p)

; aexp
2 (A) = 2

A
σA(e,e′)
σd(e,e′)

(
1.5 . x . 1.9 ; Q2 ≈ 2 GeV2

)
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DATA: N. Fomin et al., PRL108(2012) ; B. Schmookler et al., Nature566(2019) ;
J.E. Lynn et al., JPG47 (2020)

1 A . 27: soft A
dependence

2 A & 27: SATURATION
3 a2

(
40Ca

)
= 4.99 ;

a2
(

48Ca
)

= 4.89
ratio

(
48Ca/40Ca

)
:

- LCA: 0.98
- Expt: 0.971 ± 0.012
(D. Nguyen et al.,
PRC102(2020))
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Nuclear momentum distribution: pair composition

Pair composition: n[1](p) ≡ n[1]
pp(p) + n[1]

pn(p)︸ ︷︷ ︸
n[1]

p (p) (proton part)

+ n[1]
nn(p) + n[1]

np(p)︸ ︷︷ ︸
n[1]

n (p) (neutron part)

DATA: O. Hen et al., Science346(2014)

-SRC pair fractions

rpp(p) =
n[1]

pp(p)

n[1](p)
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Nuclear momentum distribution: pair composition

Pair composition: n[1](p) ≡ n[1]
pp(p) + n[1]

pn(p)︸ ︷︷ ︸
n[1]

p (p) (proton part)

+ n[1]
nn(p) + n[1]

np(p)︸ ︷︷ ︸
n[1]

n (p) (neutron part)

DATA: O. Hen et al., Science346(2014) ; A. Schmidt et al., Nature
(2020)

-SRC pair fractions

rpp(p) =
n[1]

pp(p)

n[1](p)

542 | Nature | Vol 578 | 27 February 2020

Article

The two-nucleon knockout cross-section can be factorized similarly 
to equation (1) by replacing the single-nucleon spectral function with 
the two-nucleon decay function that defines the probability of finding 
nucleons with momenta pi and precoil such that the system of A−1 nucle-
ons (the A−2 nucleus plus the recoil proton; A, atomic mass of nucleus 
A) has energy Er (refs. 9,15,17). See Supplementary Information for details.

Ab initio many-body calculations of the nuclear spectral and decay 
functions are currently computationally unfeasible1. However, for the 
specific case of interacting with SRC pairs (that is, pi ≈ pmiss > kF), we can 
efficiently approximate these functions using the generalized contact 

formalism (GCF)22–25 which assumes that at very high momenta, the 
nuclear wavefunction can be described as consisting of an SRC pair and 
a residual A−2 system. The abundance of SRC pairs is given by nuclear 
contact terms extracted from ab initio many-body calculations of pair 
momentum distributions24,25.

Therefore, in the GCF, the high-momentum proton spectral function 
of equation (1) is approximated by a sum over pp and pn SRC pairs, which 
enables the calculation of the cross-sections of (e, e′p) and (e, e′pp) 
using different nuclear interaction models as input13,22.

We consider two commonly used NN interaction models: the phe-
nomenological Argonne V18 (AV18)4 and the χEFT local next-to-next-to-
leading-order (N2LO)5 interactions, as well as the simplified, tensor-less, 
Argonne V4′ (AV4′) interaction. The χEFT potentials considered here 
include explicit cut offs at distances of 1.0 fm and 1.2 fm, correspond-
ing to momentum cut offs of about 400–500 MeV/c (ref. 26). We do not 
expect these interactions to work well above this cut off (see Methods 
for details).

We compared the GCF cross-sections to experimental data using 
Monte Carlo integration, accounting for the acceptance, resolu-
tion and residual reaction effects (radiation, transparency and 
single-charge exchange) of CLAS. The systematic uncertainty of 
the calculation was estimated by varying the GCF and detector 
model parameters. See Methods for details on the GCF model and 
its implementation.

Measurement results
Figure 2 shows the measured (e, e′pp)/(e, e′p) event yield ratio as a func-
tion of pmiss for carbon, aluminium, iron and lead. The ratio increases 
linearly from 400 to about 650 MeV/c and then appears to flatten out 
for all measured nuclei. The observed increase in this ratio—that is, the 
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Fig. 2 | Dependence of the two- to one-proton knockout reaction yield 
ratio on the missing momentum. Measured (e, e′pp)/(e, e′p) event yield values 
shown as a function of the (e, e′p) missing momentum pmiss. a, 12C data compared 
with theoretical calculations based on the GCF framework using different 
models of the NN interaction. b, Comparison of the carbon, aluminium, iron 
and lead data and the GCF AV18 12C calculation (the latter is reproduced from a). 
In both a and b, the width of the bands and the data error bars show the 
systematic uncertainties of the model and the statistical uncertainties of the 
data, respectively, each at the 1σ confidence level.
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arrows mark the expected missing energy for interacting with a stationary pair 
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The width of the bands and the data error bars show the systematic 
uncertainties of the model and the statistical uncertainties of the data, 
respectively, each at the 1σ confidence level.
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Pair composition of SRC: LCA versus experiment
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Fourth moment of n[1](p) from LCA

Fourth moment of n[1](p): 〈Tp〉 = 1
2Mp

∫ Λ
0 dp p4

[
n[1]

pp(p) +n[1]
pn(p)

]
∫ Λ

0 dp p2
[
n[1]

pp(p) + n[1]
pn(p)

]
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SRC induce inversion of kinetic energy sharing in
neutron-rich nuclei

Ratio
〈
Tn = p2

n/(2Mn)
〉
/
〈
Tp = p2

p/(2Mp)
〉

from computed n[1](p)

After correcting for
SRC in LCA,
minority
component has
largest kinetic
energy (strongly
depends on N/Z)
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Weight of neutrons relative to protons in n[1](p)

IPM:
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Weight of neutrons relative to protons in n[1](p)

IPM:

∫ pF
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Nature 560 (2018)
617
Relative weight of
the protons and
neutrons is very
different in “IPM”
and “SRC” regions!

1 IPM: 0.93 N
Z + 0.07

2 SRC: 0.29 N
Z + 0.71
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Quark modification & nucleon pairs

Short-distance
neutron-proton pairs
may be responsible
for the bulk of the EMC
effect
Alternate views: PRL
123, 042501 (2019)

DIS A(e,e′) & d(e,e′) at 0.2 . x . 0.7

− dREMC(A, x)

dx
= −

d
(

2FA
2 (x ,Q2)

AFd
2 (x ,Q2)

)

dx
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Short-distance
neutron-proton pairs
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for the bulk of the EMC
effect
Alternate views: PRL
123, 042501 (2019)

DIS A(e,e′) & d(e,e′) at 0.2 . x . 0.7

− dREMC(A, x)

dx
= −

d
(

2FA
2 (x ,Q2)

AFd
2 (x ,Q2)

)

dx

Size of EMC effect depends on A(N, Z)

Isospin dependence of EMC effect?
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Predict size of EMC effect and learn about
generative mechanisms

Per-proton probability to find a high-momentum proton in
A(N, Z) relative to D: A-to-D medium modifications

ap
2 (A) = lim

high p

A PA
p (p)

Z PD
p (p)

Can be computed in LCA!
Size of EMC effect is connected to “SRC” nucleons

dREMC(A,x)
dx = m1




Zap
2 (A) + Nan

2 (A)

A︸ ︷︷ ︸
ISOSCALAR

−1




+ m2




Zap
2 (A)− Nan

2 (A)

A︸ ︷︷ ︸
ISOVECTOR




Connects measured size of EMC effect to computed SRC
scaling factors!
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Proton and neutron modifications in nuclei

Proton & neutron SRC scaling factors
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Size of the EMC effect

101 102

Mass Number A
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−
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d
x
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x
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Exp: Hall C@JLab
Exp: SLAC
Exp: CLAS@JLab

Meausured size of the EMC effect displays
stronger variations across A(N, Z) than
SRC scaling factors a2

LCA (s): isospin
blind generative
mechanisms
LCA (s+v): also
isospin-dependent
generative
mechanisms
our analysis
corroborates the
suggestion that
flavor dependent
nuclear effects
influence the size of
the EMC effect
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SUMMARY

SRC induced spatio-temporal fluctuations
in nuclei are measurable, are significant
and are quantifiable
LCA: suited for systematic studies of SRC
contributions to n[1](p) and SRC-sensitive
reactions

1 Reasonable predictions for a2 factors
2 A ≤ 40: LCA predictions for fat tails in line

with QMC ones
3 Natural explanation for the “universal”

behavior of the fat tails of NMD

Distinct isospin and N/Z SRC effects: in line
with A(e,e′pN) findings
LCA: put the nuclear structure and nuclear
reaction theory on the same footing
(absolute cross sections)
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p(A,pNN A− 2) with radioactive beams

SRC in neutron-rich matter? Success of program partially hinges
on a proper factorization expression for cross section.

( )

(g.s.)

PA 2

PA P i

P f

P 12,f

P 12,i
1

P 0,s0, t0

P 2,s2, t2

P 1,s1, t1

P f,sf, tf
P i,si, ti

slow nucleon

f ast nucleon

2

Figure 1. Pictorial diagram of a p(A, p′N1N2)[A − 2]∗ reaction in the IA and SA for properly

tuned kinematics. An accelerated ion A in the ground state (g.s.) scatters with a target proton

with four-momentum Pi, resulting in the knockout of a SRC-correlated nucleon pair with initial

relative and center of mass (c.m.) momenta P rel
12,i and P com

12,i , respectively. The ejected pair has

four-momentum P12,f , manifesting itself as two asymptotically free nucleons with asymptotic four-

momenta P1(E1, ~p1) and P2(E2, ~p2). The recoiling target proton has four-momentum Pf and a

residual nucleus A − 2 is created in a state denoted by α. Inset: The scattering of the SRC-

correlated nucleon pair (NN) with the target proton is treated as a free proton-proton scattering.

The ZRA assumes both nucleons in the pair to reside at the same interaction point at the moment

of scattering.

M1(Γ1) can thus be connected to the two-nucleon spectral function, which is related to the

joint probability F J M T MT
βγ (P cm

12,i, P
rel
12,i) of removing a SRC-correlated nucleon pair with initial

center of mass (c.m.) and relative four-momenta (P cm
12,i, P

rel
12,i) and finding the residual (A−2)

core in the α state. Reaction vertex Γ2 describes the interaction of the SRC-correlated pair

with the target proton resulting in a final channel where three asymptotically free nucleons

(p′, N1, N2) are observed.

4
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p(A,pNN A− 2) with radioactive beams

SRC in neutron-rich matter? Success of program partially hinges
on a proper factorization expression for cross section.

effects in nuclei [7, 19, 29, 32–36]

Ĝ
(
~r, ~σ1, ~σ2, ~τ1, ~τ2

)
= 1− fc(r) + ftτ (r)Ŝ12(~τ1 · ~τ2) + fστ (r)(~σ1 · ~σ2)(~τ1 · ~τ2) , (10)

with Ŝ12 the tensor operator. The functions fc, ftτ and fστ are the central, tensor and

spin-isospin correlation functions.

After averaging over initial and summing over final polarization states, the combination

of Eqs. (4), (8) and (10), leads to the following factorized differential cross section

dσ(pN1N2)

dΩf dE1 dΩ1 dE2 dΩ2
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∑
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(12)

and dσpN1

dt
(with t ≡ (Pi − Pf )

2) is the cross section for the free proton-nucleon scattering,

determined at the off-shell kinematic invariants of the subprocess in Eq. (3).

The function F βγ
JM,T (

~P ,~k) accounts for the SRC effects and is to be evaluated in the PF

where the accelerated ion is at rest. The F βγ
JM,T (

~P ,~k) can be written as a combination of

c.m. momentum (~P ) and relative momentum (~k) contributions (see also Fig. 2). It reads

F βγ
JM,T (

~P ,~k)

=
1−T∑

µ=T−1

∣∣∣∣∣F
(0)
ν [fc − 3fστ ](k) Pεβγ

JMTµ(
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− δT,0 12
√
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ν [ftτ ](k)
2∑
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〈
2ml1µ

∣∣1(ml + µ)
〉
Pεβγ

JMT (ml+µ)(
~P ) Y2,ml

(Ωk)

∣∣∣∣∣

2

.

(13)

Obviously, the relative momentum part receives contributions from all three terms in the

correlation operator of Eq. (10). At given k the corresponding strength from the correlation
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Ĝ
(
~r, ~σ1, ~σ2, ~τ1, ~τ2

)
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Postdictions for 12C(p,ppn) from BNL
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Figure 4. Predictions for 12C(p, ppn) observables in the kinematics of Ref. [15]. Top: Plots of

pn knockout events as a function of the opening angle cosγ and the initial neutron momentum

p2≡ pn. In the top left panel we display the measured events (Figure adapted from Ref. [42]). The

top right panel shows a heat map of the calculated cross sections. Bottom: The cross section as a

function of the light-cone momentum fractions αm and α2. We compare calculated cross sections

(solid lines), to the histogram of the measured number of events as reported in Ref. [15]. Those

numbers are scaled in such a way that the mean of the two measured and computed cross-section

peaks coincide.
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EXPT. THEORY

THEORY

EXPT.

DATA: A. Tang et al., Phys. Rev. Lett. 90, 042301 (2003)
Calculations based on a factorized form of the cross section
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p(A,pNN A− 2) with radioactive beams:
asymmetry dependence of nuclear SRC

Ratios of SRC pp to pn pairs for various carbon isotopes
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