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understanding SRC formation mechanisms and specific characteristics is 
required for obtaining a complete description of nuclei and nuclear matter
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Nuclear Short-Range Correlations

Question: how can we quantitatively study SRCs and compare to observations?

H. Hergert, Front. Phys. 8, 379 (2020)

several options: 
• IMSRG 
• CC 
• SCGF 
• MBPT 
• …

notes: 
• “soft” Hamiltonians 
• consistent evolution of 

operators other than H

reliable ab-initio many-body  
method capable of handling SRCsNeed:

Quantum Monte Carlo
<latexit sha1_base64="LiS0D3boOs4Ydi78U3sjkYIY0ig="></latexit>
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Nuclear Short-Range Correlations

Question: how can we quantitatively study SRCs and compare to observations?

Quantum Monte Carlo (QMC)

reliable ab-initio many-body  
method capable of handling SRCsNeed:

• limited to relatively light nuclei 
• difficult to describe relevant reactions

effective theory to connect  
ab-initio results to observables

Generalized Contact Formalism (GCF)

short-range expansion 
high-momentum expansion

QMC + GCF quantitative study of SRCs

+
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Quantum Monte Carlo

GFMCVMC AFDMCCVMC

A
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H =
X

i

Ti +
X

i<j

Vij +
X

i<j<k

Vijk

<latexit sha1_base64="Ue/iLZtsuKWMV4yl593m5SfvlxE="></latexit>

Vij : fit to NN scattering & d

Vijk : fit to nuclei observables

<latexit sha1_base64="Xm3T2sLSfbWQFmv6jH/E9T823c0="></latexit>

phenomenological & �EFT

<latexit sha1_base64="XtBl4QF8cTL1POMs87IDfliHu2o="></latexit>

h T |H| T i
h T | T i

= ET � E0

<latexit sha1_base64="V6pLbvSNmNWr3t0pvvJ1SG0uRas="></latexit>

| T i optimization

<latexit sha1_base64="YWLutoEiqCYxLLNk0r+jDZRkki8="></latexit>

| 0i / lim
⌧!1

e�(H�ET )⌧ | T i

<latexit sha1_base64="PdzhNrf/8yJ93oHdK3sMppgijsc="></latexit>

imaginary time propagation

<latexit sha1_base64="nh0M4ZMUCpII9dBghd3wu6/n8Nw="></latexit>

VMC:

<latexit sha1_base64="4YiDbn0lvLEjzDfxv4a9szpozhI="></latexit>

DMC:

<latexit sha1_base64="RR5uMx2bJfg6ADXtnE8oJMpDL64="></latexit>

Pros: • non-perturbative 
• controlled approx.

• uncertainty quantification 
• scalability

• correlated systems  
• bare nuclear interactions

| T i = F |�i

<latexit sha1_base64="iEAP3fvTJV/VQCF5/XX0p5SDkWg="></latexit>

|�i : mean-field component, proper quantum numbers

F : correlations (2b & 3b)

<latexit sha1_base64="waLXtuJfhJH+jZSD9OTGhQ4lcyA="></latexit>

(

<latexit sha1_base64="UyEUYScy3dOgJtMwTk8oCXOjYQY="></latexit>

induced by H

<latexit sha1_base64="8Jo6DRc/uGa21sERK4QDZwTNz0E="></latexit>

quantum numbers, symmetry

QMC review: J. A. Carlson et al., Rev. Mod. Phys. 87, 1067 (2015)
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Quantum Monte Carlo

GFMCVMC AFDMCCVMC
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1
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Vij : fit to NN scattering & d

Vijk : fit to nuclei observables

<latexit sha1_base64="Xm3T2sLSfbWQFmv6jH/E9T823c0="></latexit>

• written in r-space: direct access to nucleon coordinates 
• spinor structure: direct access to nucleon spin/isospin projections 
• transform to k-space: possible access to nucleon momenta 
• access to the short-range and high-momentum components of the wave function

(ri, r, R)

<latexit sha1_base64="05Wi41B4/0QN8yzD7pTzPno4c9U="></latexit>

(k, q, Q)

<latexit sha1_base64="UXOGQ2qhzxyQjm6uAqpqT91lqsw="></latexit>
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|�i : mean-field component, proper quantum numbers

F : correlations (2b & 3b)
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induced by H
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quantum numbers, symmetry

phenomenological & �EFT
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QMC review: J. A. Carlson et al., Rev. Mod. Phys. 87, 1067 (2015)
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Vij : fit to NN scattering & d

Vijk : fit to nuclei observables

<latexit sha1_base64="Xm3T2sLSfbWQFmv6jH/E9T823c0="></latexit>

• single- and two-nucleon coordinate-space distributions: 
• single- and two-nucleon momentum-space distributions:
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nN (k), nNN (q,Q)
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QMC review: J. A. Carlson et al., Rev. Mod. Phys. 87, 1067 (2015)
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R. Cruz-Torres, D.L. et al., Nat. Phys. (2020)
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strong interaction among the  
nucleons in an SRC pair

pair’s weaker interaction  
with its surroundings scale separation

r ! 0

q ! 1

<latexit sha1_base64="3WjWzya/AQh/YlRi5hkHalHT6Jg="></latexit>

(r), (q)
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(R), (Q)
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CA
↵,NN ⌘

Z
dR CA

↵,NN (R),

C̃A
↵,NN ⌘ 1

(2⇡)3

Z
dQ C̃A

↵,NN (Q),
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(r,R), (q,Q)
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Generalized Contact Formalism
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⇢A↵,NN (r,R) = |'↵
NN (r)|2 ⇥ CA

↵,NN (R)

nA
↵,NN (q,Q) = |'̃↵

NN (q)|2 ⇥ C̃A
↵,NN (Q)

nuclear contacts: number of 
NN SRC pairs in a nucleus A
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CA
↵,NN (R)

C̃A
↵,NN (Q)

density distributions of  
NN SRC pairs in a nucleus A

universal two-body  
functions
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'↵
NN (r)

'↵
NN (q)
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'̃(q) : Fourier transform of '(r)
Universal functions

11Generalized Contact Formalism

R. Cruz-Torres, D.L. et al., Nat. Phys. (2020)



Generalized Contact Formalism

model dependent 
nucleus independent

<latexit sha1_base64="2b6AJ9yXMLWq++RqfOaOm7NLaWk="></latexit>

'↵
NN (r)

'↵
NN (q)
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CA
↵,NN

C̃A
↵,NN

nucleus dependent 
model independent?

encapsulate the many-body dynamics 
driving the formation of SRC pairs 

they should be: 
• scale separated from the correlated two-body part 
• less sensitive to the short-distance NN interaction

Questions:
• validity of the factorization? 
• contacts: short-range vs mean-field? 
• r-space vs k-space? 
• what can we learn?
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QMC two-nucleon coordinate-space distributions (scaled)

short-distance 
factorization!
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R. Cruz-Torres, D.L. et al., Nat. Phys. (2020)

<latexit sha1_base64="y5BCjBAUMrL2L8jRQ8Vt1lnpQrs=">AAADkXicjZFbb9MwFMeTlcsot4498lLoHjoIVVJx2SQmVewFCakbFd0m1V3kuKeNqS+Z7WxUlj8N3wmJb0NSKqG0CHEcyyf/8/9Ztk+SMapNGP70t2q3bt+5u32vfv/Bw0ePGztPzrTMFYEhkUyqiwRrYFTA0FDD4CJTgHnC4DyZH5f182tQmkrxxSwyGHM8E3RKCTaFFDd+HMe23w+Q4s1cEKmUu7SIamlkBqPo7dieONce7B 8hKkxzgk44zHA8aJa/cXhpI7REp9yhZ8UIJhYl06ZypZzKuL+5WeFiMDXtpXHgXqKpwmRF2a5Dis5Ss//f/Ku/83GjFXbCZTQ3k2iVtLxVnMY7/nc0kSTnIAxhWOtRFGZmbLEylDBwdZRryDCZ4xmMcjM9GFsqstyAIGs1DQJz0GO7bE6laDHXesGToFg5Nmm5mpQHSfEtp2STQJvCrIBVyUTKucGJDnjODFXyZm3jyddcm2Yiv1X11eNVxSxdaEp0VcwZ8KpCsCDlMepIgYAbIjnHYvLCIqwUXmijwJDU2ajTLT1/HBZdw5WzqLxhcQ+LlDTYQHE2exg6u3e055xbA8Q/icJ7tYSKtkbrTdxMzrqd6E0n/Py61TtYNXjbe+o999pe5L3zet5H79QbesR/7yf+3Ge13dphrVf78Nu65a+YXa8StU+/ANTcLXk=</latexit>

C
16

O

NN,uncorr(R) =

Z
d⌦R

Z
1 fm

0

dr ⇢
16

O

N

⇣
R+

r

2

⌘
⇢
16

O

N

⇣
R� r

2

⌘ + Pauli exclusion  
principle for pp pairs

R. Cruz-Torres et al., Phys. Lett. B 785, 
304-308 (2018) 

0 1 2 3 4
R [fm]

6−10

5−10

4−10

3−10

2−10

(R
)

,N
N

αC cpn, s=1 AV4'+UIX
LO(1.0 fm)2pn, s=1 N

cpp, s=0 AV4'+UIX
LO(1.0 fm)2pp, s=0 N

un-corr
<latexit sha1_base64="MudnSoJF8iFrLrCWj748lP0dBwc="></latexit>

(⇥0.65 for pn, ⇥0.87 for pp)

QMC two-nucleon coordinate-space distributions absolute contact distributions
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⇢A↵,NN (r,R) = |'↵
NN (r)|2 ⇥ CA

↵,NN (R) integrate over r in [0-1] fm
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CA
↵,NN (R)
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16
O

density distribution of 
SRC pairs (shape of C(R))

mean-field property, 
minimal sensitivity to 
the short-distance NN 

interaction!

agreement is insensitive to the  
integration range in [0-1] fm
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strong interaction among the  
nucleons in an SRC pair

pair’s weaker interaction  
with its surroundings scale separation

r ! 0

q ! 1

<latexit sha1_base64="3WjWzya/AQh/YlRi5hkHalHT6Jg="></latexit>

(r), (q)

<latexit sha1_base64="OB7oMjCaUrAoadEll0XKRLoASv0="></latexit>

(R), (Q)

<latexit sha1_base64="gjQhZQrW0VLJSUoW1xDcC1SnMgc="></latexit>

CA
↵,NN ⌘

Z
dR CA

↵,NN (R),

C̃A
↵,NN ⌘ 1

(2⇡)3

Z
dQ C̃A

↵,NN (Q),
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(r,R), (q,Q)
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⇢A↵,NN (r,R) = |'↵
NN (r)|2 ⇥ CA

↵,NN (R)

nA
↵,NN (q,Q) = |'̃↵

NN (q)|2 ⇥ C̃A
↵,NN (Q)

integrate over R or Q:
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⇢A↵,NN (r) = |'↵
NN (r)|2 ⇥ CA

↵,NN

nA
↵,NN (q) = |'̃↵

NN (q)|2 ⇥ C̃A
↵,NN

Note:
<latexit sha1_base64="5xILgQNRoRYwVmyaXFwYKaYVLm4="></latexit>

⇢/n norm.: number of pairs

' norm.: choice
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short-distance 
factorization!

QMC two-nucleon coordinate-space distributions (scaled)
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high-momentum 
factorization!

QMC two-nucleon momentum-space distributions (scaled)
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Nuclear contact ratios
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⇢A↵,NN (r) = |'↵
NN (r)|2 ⇥ CA

↵,NN

nA
↵,NN (q) = |'̃↵

NN (q)|2 ⇥ C̃A
↵,NN
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⇢A↵,NN (r)

⇢A0
↵,NN (r)

=
CA

↵,NN

CA0
↵,NN

r-space:

k-space:

<latexit sha1_base64="p6FZmMgOGvkS5zW2tYlA+s19Fp8="></latexit>

nA
↵,NN (q)

nA0
↵,NN (q)

=
C̃A

↵,NN

C̃A0
↵,NN

1. scale- & scheme-independent! 

2. same for short-distance & 
high-momentum pairs!

QMC + GCF: results

A to A0
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Implications: 
• contact ratios: determined by mean-field physics, i.e., by the average field of the other 

A-2 nucleons  
• contact ratios: insensitive to the details of the NN interaction at short distance  
• contact ratios: simplify calculations for heavier nuclei!

bonus 1: works in both r- and k-space 

bonus 2: many observables have been already derived with the GCF

Example:
hard interactions (such as AV18) difficult to use in many-body  

calculations of medium-mass nuclei

QMC + GCF: results

Nuclear contact ratios

1. calculate CA0
↵,NN for a light nucleus A0 using the hard interaction

2. calculate the ratio CA
↵,NN/CA0

↵,NN using a soft interaction

3. multiply the two to get CA
↵,NN for the hard interaction
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Nuclear contact ratios

Implications: 
• A/d (e,e’) inclusive cross section ratios: observed scaling for xB>1.5

LETTER RESEARCH

We also constrained the internal structure of the free neutron using 
the extracted universal modification function and we concluded that 
in neutron-rich nuclei the average proton structure modification will 
be larger than that of the average neutron.

We analysed experimental data taken using CLAS (CEBAF Large 
Acceptance Spectrometer)23 at the Thomas Jefferson National 
Accelerator Facility (Jefferson Laboratory). In our experiment, a  
5.01-GeV electron beam impinged upon a dual target system with a 
liquid deuterium target cell followed by a foil24 of either C, Al, Fe or 
Pb. The scattered electrons were detected in CLAS over a wide range of 
angles and energies, which enabled the extraction of both quasi-elastic 
and DIS reaction cross-section ratios over a wide kinematical region 
(see Supplementary Information section I).

The electron scattered from the target by exchanging a single virtual 
photon with momentum q and energy ν, giving a four-momentum trans-
fer of Q2 = |q|2 – ν2. We used these variables to calculate the invariant 
mass of the nucleon plus virtual photon, W2 = (m + ν)2 − |q|2 (where 
m is the nucleon mass), and the Bjorken scaling variable xB = Q2/(2mν).

We extracted cross-section ratios from the measured event yields by 
correcting for effects of the experimental conditions, acceptance and 
momentum reconstruction, as well as reaction effects and bin-centring 
effects (see Supplementary Information section I). To our knowledge, 
this was the first precision measurement of inclusive quasi-elastic scat-
tering for SRCs in both Al and Pb, as well as the first measurement of 
the EMC effect on Pb. For other measured nuclei our data are consistent 
with previous measurements, but with reduced uncertainties.

The DIS cross-section on a nucleon can be expressed as a function 
of a single structure function, F2(xB, Q2). In the parton model, xB  
represents the fraction of the nucleon momentum carried by the  
struck quark. F2(xB, Q2) describes the momentum distribution of the 
quarks in the nucleon, and the ratio / / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2  

describes the relative quark momentum distributions in a nucleus A 
with mass number A and deuterium2,7 (d). For brevity, we often omit 
explicit reference to xB and Q2—that is, we write /F F2

A
2
d—with the 

understanding that the structure functions are being compared at iden-
tical xB and Q2 values. Because the DIS cross-section is proportional to 
F2, experimentally the cross-section ratio of two nuclei is assumed to 
equal their structure-function ratio1,2,6,7. The magnitude of the EMC 
effect is defined by the slope of either the cross-section ratios or the 
structure-function ratios for 0.3 ≤ xB ≤ 0.7 (see Supplementary 
Information sections IV and V).

Similarly, the relative probability for a nucleon to belong to an SRC 
pair is interpreted as equal to a2, which denotes the average ratio 
of the inclusive quasi-elastic electron scattering cross-section per 
nucleon of nucleus A to that of deuterium at momentum transfer1,11–15 
Q2 > 1.5 GeV2 and 1.45 ≤ xB ≤ 1.9 (see Supplementary Information 
section III).

Other nuclear effects are expected to be negligible. The contribu-
tion of three-nucleon SRCs should be an order of magnitude smaller 
than the SRC-pair contributions. The contributions of two-body cur-
rents (called ‘higher-twist effects’ in DIS) should also be small (see 
Supplementary Information section VIII).

Figure 1 shows the DIS and quasi-elastic cross-section ratios for 
scattering off a solid target relative to deuterium as a function of xB. 
The red lines are fits to the data that are used to determine the EMC-
effect slopes or SRC scaling coefficients (see Extended Data Tables 1, 2). 
Typical 1σ cross-section-ratio normalization uncertainties of 1%–2% 
directly contribute to the uncertainty in the SRC scaling coefficients but 
introduce negligible uncertainty in the EMC slope. None of the ratios 
presented has isoscalar corrections (cross-section corrections for une-
qual numbers of protons and neutrons), in contrast to much published 
data. We did not apply such corrections for two reasons: (1) to focus 
on asymmetric nuclei and (2) because isoscalar corrections are model- 
dependent and differ among experiments9,10 (see Extended Data Fig. 1).

The DIS data were cut at Q2 > 1.5 GeV2 and W > 1.8 GeV, which 
is just above the resonance region25 and higher than the W > 1.4 GeV 
cut used in previous Jefferson Laboratory measurements10. The 
extracted EMC slopes are insensitive to variations in these cuts over 
Q2 and W ranges of 1.5−2.5 GeV2 and 1.8−2 GeV, respectively (see 
Supplementary Information Table 7).

Motivated by the correlation between the magnitude of the EMC 
effect and the SRC-pair density (a2), we model the modification of the 
nuclear structure function, F2

A, as entirely caused by the modification 
of np SRC pairs. F2

A is therefore decomposed into contributions from 
unmodified mean-field protons and neutrons (the first and second 
terms in equation (1)) and np SRC pairs with modified structure func-
tions (third term):

= − + − + +

= + + ∆ + ∆
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Fig. 1 | DIS and quasi-elastic (e,e′) cross-section ratios. a–d, Ratio 
of the per-nucleon electron scattering cross-section of nucleus A 
(A = 12C (a), 27Al (b), 56Fe (c) and 208Pb (d)) to that of deuterium for DIS 
kinematics (0.2 ≤ xB ≤ 0.6 and W ≥ 1.8 GeV). The solid points show 
the data obtained in this work, the open squares show SLAC (Stanford 
Linear Accelerator Center) data9 and the open triangles show Jefferson 

Laboratory data10. The red lines show a linear fit. e, f, Corresponding 
ratios for quasi-elastic kinematics (0.8 ≤ xB ≤ 1.9). The solid points show 
the data obtained in this work and the open squares the data of ref. 11. The 
red lines show a constant fit. The error bars shown include both statistical 
and point-to-point systematic uncertainties, both at the 1σ or 68% 
confidence level. The data do not include isoscalar corrections.
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B. Schmookler et al., Nature 566, 354-358 (2019)

extraction of SRC scaling 
coefficient a2(A/d)

contact ratios: doubts about the 
sensitivity of a2(A/d) to the 

nuclear interaction!

traditionally: 
• interpreted as relative abundance 

of SRC pairs 
• thought to be sensitive to the 

nature of the NN interaction 
• can be computed as k- or r-space 

distribution ratios

NN-SRC
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Nuclear contact ratios

Implications: 
• A/d (e,e’) inclusive cross section ratios: observed scaling for xB>1.5

J.E. Lynn, D.L. et al., J. Phys. G: Nucl. Part. Phys. 47, 045109 (2020) 
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Nuclear contacts

Implications: 
• exclusive measurements of two-nucleon knockout A(e,e’NN): sensitive to NN interaction

0 1 2 3 4
]-1q [fm

0

0.1

0.2

0.3

pp
 / 

pn

AV18+UX

cAV4'+UIX

LO(1.0fm)2N

LO(1.2fm)2N

Korover et al.

m
om

en
tu

m
 d

is
tri

bu
tio

n no tensor 
force

QMC + GCF: results

contacts: key for 
relating A(e,e’NN) 

measurements to NN 
interaction models and 
ab-initio many-body 

calculations!
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Nuclear contacts

• r- to k-space equivalence 
• scale & scheme independ.

<latexit sha1_base64="nisL09tSoPOMqQBQ1KmLXduozpI="></latexit>

pn, s = 1 channel

exception: AV4’+UIXc

expected: no tensor force!
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pp, s = 0 channel

• more complex 
• similar conclusions

pp discrepancy: 
• regulator artifacts and three-body effects: difficult to identify a clear high-momentum 

scaling plateau in the spin-0 pp channel  

• A to  contact ratios: r- to k-space equivalence4He pp discrepancy not beyond  
three-body level
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Summary & Perspectives

• QMC calculations have been performed for nuclei from  to  with different nuclear 
interaction models: phenomenological and chiral EFT 

• QMC - and -space distributions have been analyzed using the GCF and spin/isospin-
dependent nuclear contacts and contact ratios have been extracted 

• Result: universal factorization of the many-body nuclear wave function at short-distance 
into a strongly-interacting pair and a weakly-interacting residual system 

• Result: position-momentum equivalence of SRC 

• Result: the relative abundance of SRC pairs in the nucleus is a long-range (mean-field) 
quantity that is insensitive to the short-distance nature of the nuclear force 

2H 40Ca

r k

• Many-body methods benchmark 

• Applications of the nuclear contacts and contact ratios 

• Derive next order corrections to the current formulation of the GCF 

• Study three-nucleon correlations 

Future work

Thank you!!
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