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Modern times ...

+ Al Qverview

Neutron-neutron short-range correlations (SRCs) are a quantum mechanical
phenomenon where two neutrons in a nucleus are closely correlated due to
the strong nuclear force. These correlations lead to high-momentum
nuclecons and influence nuclear structure and interactions. @

Key aspects of neutron-neutron SRCs:

Induced by the strong nuclear force:
The short-range and tensor components of the nucleon-nucleon interaction are
responsible for these correlations. @

High-momentum nucleons:
SRCs cause nucleons to occupy high-momentum states above the Fermi
momentum. &

Impact on nuclear structure:
SRCs play a role in the structure of nuclei, including their size and shape. ¢

Influence on neutron stars:
SRCs can affect the thermal evolution and properties of neutron stars, influencing the
proton fraction and cooling rates. @

Experimental verification:
SRCs have been observed through experiments like electron and proton
scattering.

Generalized Contact Formalism:
This theory helps describe many aspects of electron scattering measurements,
particularly those related to SRCs. &
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... and in stars
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Short Range Correlations in a many-body systems

P i

Kenya (2016) .
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Ideal Gas

Getting closer to home

Length scales:
The interparticle distance:

d o< n'/3

Interaction range:

]
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V(r) — 0 at typical distance R < d RO i

I. Particles move freely most of the time
Il. Equilibrium resluts from short range
collisions
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Factorization and Universality in QM

The Short Range Wave Function

Nir Barnea (HUJI)

\I/(’f'l,’rg, 56C

The 2-body system

¥(r) o ¢o(r)

The N-body system

,TA) — wo(r12) A(Ri2,73, . ..

T12 —
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Short Range Observables

The Contact - Tan, Braaten & Platter,...

The 2-body system

Y(r) . ®o(r)

The N-body system

U(ry,re,...,7n) —— ¢o(T12)A(Ri2,73,...,TN)
T12 — 0
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Short Range Observables - Momentum space

The Contact - Tan, Braaten & Platter,...

The 2-body system

¥(k) =’ Go(k)

The N-body system

(ki ks, ... kN) o Qo(k12)A(K 12, ks, ...
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Short and Long

Nir Barnea (HUJI)

Atomic/Nuclear
Physics

Short wave lengths
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¥

Factorization
and Universality

High momentum
observables

r

Long wave lengths

v

Mean Field /
Effective
Field Theory

v

Low energy
observables
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Universality and Factorization

Theoretical develpoments in nuclear physics

(with personal bias)

o Levinger - Photoabsorption
J. S. Levinger, Phys. Rev. 84, 43 (1951).

o Amado, Woloshyn - Momentum Distribution
R. D. Amado, Phys. Rev. C 14, 1264 (1976).

R. D. Amado and R. M. Woloshyn, Phys. Lett. B 62, 253 (1976).

o Zabolitsky - Coupled Cluster

J. G. Zabolitsky and W. Ey, Phys. Lett. B 76, 527 (1978).
o Frankfurt, Strikman - Factorization

L. Frankfurt, and M. Strikman, Phys. Rep. 160, 235 (1988).
o Bogner, Roscher - Factorization

S. K. Bogner and D. Roscher, Phys. Rev. C 86, 064304 (2012).
o Ciofi degli Atti - Electron scattering

C. Ciofi degli Atti, Phys. Rep. 590, 1 (2015).
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Tan’s Relations
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Universal Fermi gas - an ideal system

Neutral, Cold, Dilute, Two components T,|
Tan relations connects the contact C with:

o Tail of momentum distribution |a| ™' < k < R™*

C
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The Contact - Experimental Results

RF line shape
6 : .

Momentum IDistll'ibutilon . .
81 a » 1 b
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Verification of Universal Relations in a Strongly Interacting Fermi Gas
J. T. Stewart, J. P. Gaebler, T. E. Drake, and D. S. Jin

Phys. Rev. Lett. 104, 235301 (2010)
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The Contact - Experimental Results

The contact '
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Nuclear Physics




The Generalized Contact Formalism

Factorization
and

Universality

in
Nuclear-Physics
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Generalized Contact Formalism (GCF)

R. Weiss, B. Bazak, N. Barnea, PRC (2015)

Nuclear 2-body Short Range Correlations (SRCs) are successfully
described by the GCF

The GCF is based on the factorization ansatz

T@'j—>0

lim W =" (ri;) A% (R%M',{rk}k;ei,j) ij € pp, np, nn

o For each pair there are different channels, a = (s,¢)jm
o ( is a universal zero-energy two-body wave-function, H’gp =0

o A is the residual part, the "wave-function” of the spectator

subsystem

Nir Barnea (HUJI) Spin-zero Nucleon Pairs 16 / 42



The Nuclear Contact(s)

o For each pair we define the contact matrix
B — B
Ciaj = Nij<A%|Aij>

> dk

using normalization /
kp
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The Nuclear Contact(s)

o For each pair we define the contact matrix
B — B
Ciaj = Nij<A%|Ai]‘>

. o < dk 2
using normalization / ——|pa(k)|” =1
P ®)

o The contact Cj3* counts the number of SRC pairs in channel «

Nir Barnea (HUJI) Spin-zero Nucleon Pairs 17 / 42



The Nuclear Contact(s)

o For each pair we define the contact matrix
B — B
Ciaj = Nij<A%|Ai]‘>

using normalization /wﬂm (k) =1
kp (2m)3 “
o The contact Cj3* counts the number of SRC pairs in channel «

o For / = 0 we need consider 4 contacts

5=0 ~5=0 ~S5=0 ~S=1
¢, C Con s Cr

nn >’
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The Nuclear Contact(s)

o For each pair we define the contact matrix
B — B
Ciaj = Nij<A%|Ai]‘>

. oL < dk 2
using normalization / ——|pa(k)|” =1
P ®)

o The contact Cj3* counts the number of SRC pairs in channel «
o For £ =0 we need consider 4 contacts
S=0 ~S=0 ~S5=0 ~S=1
{Cpp 7Cnn 7Cnp 7Cnp

o If isospin symmetry holds the number of contacts is 2,

S=1 S=0 _ ~S=0 _ ~S=0
Cnp Cnp - Cpp - Onn
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The Nuclear Contact(s)

o For each pair we define the contact matrix
B — B
Ciaj = Nij<A%|Ai]‘>

. oL < dk 2
using normalization / ——|pa(k)|” =1
P ®)

o The contact Cj3* counts the number of SRC pairs in channel «

o For / = 0 we need consider 4 contacts
S=0 ~S=0 ~S=0 ~S=1
{Cpp ’ Cnn ’ Cnp ’ Cnp
o If isospin symmetry holds the number of contacts is 2,
S=1 S=0 S=0 S=0
Crp Cop =0 =0y

o It doesn't ... (for large nuclei)
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The Nuclear Contact

The nuclear contact relations/applications

o Photoabsorption cross-section

o Momentum distributions

©

The nuclear spectral function

(]

Electron scattering

©

Symmetry energy

©

Two-body density

(]

Double beta-decay

and more ...
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Numerical Verifications




Momentum distributions

1-body neutron and proton momentum distributions

| oulk), pp(k) |

2-body nn, np, pp momentum distributions

| pan(k), ppn(k). ppo(k) |
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Momentum distributions - asymptotic relations

Using the factorization ansatz

rig—0 Z% 7ij) A% (Rig, {1k }rris)

We can derive asymptotic relations between the 1-body and 2-body
momentum distributions

pp(k) —— 2ppp (k) + ppn (k)

k—o0

Pn (k) — QPnn(k) + ppn(k)

k—oco

These are model independent relations, that hold regardless of the
specific form of ¢, and without any assumptions on {«}

Nir Barnea (HUJI) Spin-zero Nucleon Pairs 20 / 42



Numerical verification of the momentum relations

Weiss, Bazak, Barnea

P
n

N
=]

=
o

o pn

(2Fpp+Fpn)/n
(2F_+F _)In

=
=)

o

2
[
N
w
IS
)

VMC calculations of light nuclei
R. B. Wiringa, et al., PRC 89, 024305 (2014)

o 1-body, 2-body momentum distributions .

o Data available for 2 < A <10 and A = 12, 16,40
https://www.phy.anl.gov/theory/research/momenta/

o Potential - AV18+UX.

’The momentum relations holds for 4 fm™* <k<5 fm~!
Spin-zero Nucleon Pairs 21 / 42
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Further numerical verifications

Weiss et al

The resulting asymptotic 1-body momentum distribution

pu(k) — C0120 (R) 2 + Oy (k)P + 2057016550 (k)P

s,g103
. . £ B\ —— Full VMC Calculation e 108
Comparing with the 210 —— Full Gonlact Calotaon [ EGL'e :’zc
= & - |
VMC data: 100 AT
E
107
1026
10'3; €T
104;‘ L ke | . L . ;‘ T S L
Surprisingly, the 120 \ —\\ // \
3 VS ‘~ \
agreement holds for g TN &b/m <
-1 Tog- s
kp <k <6fm T2 "8 4 51 2 8§ 4 5
-t -t
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2-body densities

The asymptotic 2-body density of a NN pair in quantum state «

« 2

(1) ——— T i ()

2
Pap(r) ——— Ci 3, (7))

2
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2-body densities

— "“Bnn VMC

025 Ponl®) - 5 mconc
r .. "°B pn Contact
0.2f
Compare 4 realistic NN + 3N I
interactions: ;
0.1~
o Phenomen. - o0
E Pon(®)
o Phenomen. - o m
0 0.5 1 15 2 25
r [fm]
o xEFT -
EET 10]€ AViB:UX |f AV44UIX, - NN- °H - *He
Q o : *He- °Li - Li
X 1.0 r - °Be- ’Be- B
= 08 *c - *o- *“ca
<& 06|
04
0.2 H S

Cruz-Torres, Lonardoni, et al., Nature

Ponr)

Phys. 17, 306 (2021)

r(fm)
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Contacts from charge distribution

Weiss et al. PLB (2019)

Continuity, Phenomenology

Uncorrelated pp density (blue)

P ) = [ AR py( R /2o, (Rorf2),

Fermi correlations (green) I R 5 6 7

3r[fm]‘t
1 /35, (kE 2 ,
pfp(r) = ./\/'pgpc(r) ll _Z < J1( FT)) ] 10

2 Efr

= experimental charge density
¥ VMC charge density
®  contact values of Ref. [30]

Short range correlations (black)

ppp(T‘) = Cz())p|<pgp(r> |2

For comparison - VMC (red)
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Experimental Verifi




Electron scattering

Scattered
The Bjorken scaling parameter - g © electron
<
4
2
— Q i & Correlated
s = 2w v recoil proton
v
>
. , o
Where the virtual photon carries (g, w) Incident
electron
and Q% = —¢? ‘

Knocked-out
proton

o Kinematical considerations:

For n—1<xp<n
the must include n-nucleons.

o The cross-section ratio as =o04/0p
is (almost) flat for 1.4 < x5 < 2.
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Electron scattering - scaling

T T T
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B. Schmookler, M. Duer, et al.

Nir Barnea (HUJI)

X8

(CLAS collaboration), Nature 566, 354 (2019)
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np dominance

Electron scattering

The ratio of short range pp and np pairs is given by

2
SRCup(K) _ pop(k) _ oo |Poptom (K)|
SRCpn(k) — ppu(k) — C0lepnO(R)[2 + Cot@pm (k)12
< 0.
e k-space Contact Contribution
@g ;z;::::r :lo::.acl Contribution

np dominance

o np i |
pp nn 0.1 l

o pp/np I 1/
PP - ‘/‘ o

4 5
o K[m)

o
i
T

np Korover et al., PRL 113, 022501
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Electron Scattering 1.4 < x5 < 2

Generalized Contact Formalism

Contacts taken from ab-initio calculations
ocu taken from previous experiments.

Emiss Distribution, 2C(e, e'p)

500 [T E7 _, is modified in the range (0,30)MeV.
—— N2LOjocar
" 600 — AV18
£ i Dpata
3 400
8 0.3 < Pis < 0.45 MeV/c Prmiss Distribution, *2C(e, e'pp)
200
—— N3LOnon—ocar
o 50 —— N2LOuews
400 PN 045 < Priss < 0.6 MeV/c — AV18
Data
40 i
P 30
g
<
3
8
0.6 < Piss < 1.0 MeV/c 20
" 100
§ 10
H
© 50
0
o]
1 o0 o1 o2 o5 oa 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Eqmiss [GeV] P [Gevicl

A. Schmidt et al. (CLAS Collaboration), Nature 578 (2020) 7796, 540-544
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SRCs and Combinatorics

o The number of SRC pairs r
16—
scales differently from the [
number of pairs sle e
\; %_ L
HE
o np pairs with s =1 are the 1of ot High momentum x
majority of SRCs pairs. e w or o
08 1.0 1.2 1.4 16
Neutron excess, N/Z
o Conclusion: the number of & 100 ge.fraction
. . < N
high momentum protons is g £ ° Al Fe Po
£ 5 [68% C.L.
the same as neutrons 5 L _ 095% CL.
S I pp fraction
T o
2]
10 50 100 A
o This conclusion also holds
CLAS Collaboration, Nature 560, 617 (2018) 0.
when N 7& Z. Hen, et al., Science 346, 614 (2014)
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Mean-field theory - Shell Model




Contacts - Scale and Scheme dependence

Cruz-Torres, Lonardoni, et al.

Model (in)dependence

. Nature Phys. 17, 306 (2021)
of contact ratios v

C]O\LIN(A) — <\I/A|Oa|\I/A> 5;A/d - -AV1§+UX (r-, k-space) = e NiLO(l,OYm) (r-, k-space)
CK‘,N(B) <\IIB|OAO‘|\IJB> § 4} = AV4A+UIX. (ri-, k-space) = * r; LO(1.2fm) (r-, k-space)
s 3 s :
. . . T Mok ho#
ratios weakly depend on interaction I on et
15;A/ “He +
. . £ i -
Conjecture (l. Talmi): T e a4
Cos— 4 wf
Cfin(A) ., (8410°]2)
Cyn(B) — (®5|0|®p) g | {
. . OU& 1— g}n+ ;{n* e ‘t (+++ §
with |®4),|®g) single Slater A o e
determinant shell-model w.f. *H He He LI “C  *O “Ca

Nir Barnea (HUJI) Spin-zero Nucleon Pairs 31 / 42



Contacts - Shell Model (LS)

The single particle states

The matrix-element we need are:

<n1,lhm1,n2,lg7m2|5 (ml - :132) |n/17lllvm/1’n/27 I27m/2> =

- / dzyday @7, ()P, (@)

X 6 (1 — ®2) Pt iyt (1) Prgiymy (T2)
CoM and relative coordinates,

€T xr
T=X+5 5 Tm=X-o,

<n1,l1,m177’7;2,l2,m2|5(581 - $2) |n/1;l117m/17n/27l/27m/2> =

:/dX D71y ()P (X) P 1 (X) @, (X))

nilimq nalams
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Contacts - Shell Model (continue)

A product of an angular and radial integrals, i.e.

<n17 ll; mi,na, l2) Tn’2|(S (wl - 1132) ‘n/la lllvm/lu’n’/Qﬂ l/27m/2>

= I IRTET limylams
nilinalanilingly ymilyml

The Radial Integral

)
In1l1n2l2n’1l’1n’21’2 :/0 dX *Xglzn’ll’1 (X)Rn’zlé(X)Rnlll(X)anl2(X>

The Angular Integral

Alymlame / AX V) (X)Y3 0 (X) Yt (X)Yig s (X).

!’ sl
lymilyms
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2-body operators - single Slater determinant

F

(0) = = Z [(a1a2|O12]a1a2) — (a1a2|O12]azan)]
a,b

a1, as - single particle states, F' - the Fermi level.

The nuclear basis states are
la) = |nlmvT),

v - spin projection, T - isospin

F

C = 5 Z [<a1a2|(5(r1 — r2)|a1a2> — <a102‘5(’l"1 — r2)|a2a1>]

ap,az

F
1 l
§ : milam
— 5 In1l1n2l2n1l1n2l2 Alimilimz [1 - <V17_11/27_2|V2T2V1T1>} .

1
Turns out (R. Yankovich) that Altmilame o —

l1m112m2 47.[_
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Verification
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h
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Yankovich, Pazy, Barnea, PRC (2025)
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Spin zero contacts

2.5
L
For nuclei with A > 50 the contact .
ratio an(A)/Cgp(A) presents a o
rather linear dependence on N/Z, '
Same for CSP(A)/CSP(A) with 003 50 1o 10 200 250

aual ETLL

with 8~ 0.72. 08

10425

Contact Ratios
o
.
l’ ‘\
F=e
’,, o\

0.6
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Contacts - A simple model

The YPB laws

Conjecture
o Assume N,, N, particles of species a, b in volume AS)

o Further assume that the correlation volume is v,

Then averege number of correlated pairs is

Va
ACvab = NaNbTé = PanUabAQ

Pa, Pb - densities of types a, b

Replacing vap by LS, (honoring Levinger)

Co(A) =LY, / A2 papy = L3,pappQab

Qb - the relevant nuclear volume
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Contacts - A simple model

Yankovich, et al (2025)
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=2 o % s
Pa, Py - densities of types a, b §L0!'
S n
Qapb - the relevant nuclear volume R I . R
0.8 o o B g ; -
o
0.6
N2 50 100 150 200 250
0 _ 70
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N 1.6
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0 _ 70 3 | .
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72 Zi2 B g =
L ]
0 _ 70 =
Cpp(A) = Lyp R3 10
P &} [
08 = % = "
-] L] . "
. 0.6 T
top - Universal WS parameters 50 100 10 200 250

bottom - SWV parameters.
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HFB Calculations

T. Liang et al., PLB 863 139351 (2025)

Proton number

18, 1)
s oos b
—_—

Neutron number

HFB many-body approch to

calculate the nuclear w.f.

Used the matching method to F f"
calculate the contacts. e e
17}
0 o N? L6y Pb
X Lst
NZ Sl4f
0 _ 70 3 =
Cnp(A) an 3 R3 R st « HFB-SII
N*YP 12l = HFB-SKM*
o 0 72 : s HFB-SLY4
C, (A)=1L, — L1} + HFB-SKI3
PP PP p3 v HFB-SKX
Rp 1ot
52 5. 58

4 5.6
R, [fm]
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The YPB laws
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ARTICLE INFO ABSTRACT

Editor: A. Schwenk The nuclear contact characterizes the nucleon-nueleon pairs in close proximity and serves as an important tool for
studying the short-range correlations (SRCs) within atomie nuclei. While they have been extracted for selected
nuclei, the investigation of their behavior across the nuclear chart remains limited. Very recently, Yankovich,
Pazy, and Barnea have proposed a set of universal laws (YPB laws) to describe the correlation between nuclear
contacts and nuclear radii and tested their laws for a small number of nuclei by using the Woods-Saxon mean-
field model Yankovich et al. (2021) [32]. In this Letter, we extend their study to a majority part of the nuclear
chart within the framework of the Skyrme Hartree-Fock-Bogolyubov model, which incorporates several essential
beyond-mean-field features and offers a more accurate description of the bulk properties of atomic nuclei. Our
results suggest that the YPB laws hold as a good approximation for different nuclear mass regions, with minor
deviations atributed to, e.g., isospin-breaking effects. Our work lays a firm foundation for future applications of
the YPB laws in finite nuclei and provides new evidence for the long-range nature of the relative abundance of
short-range pairs.
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Conclusions




Summary and Conclusions

Factorization and universality in nuclear physics

o The contact formalism was generalized and applied to NP.
o Surprisingly, it seems to be working...
o Many relations were derived. Many more still await.

o Coupled Cluster theory provides the “missing link” between the
contact formalism and the underlying many-body physics.

o 3-body SRCs
o Relativistic effects not completely under control

o Different observables
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