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B Wigner distributions of SRC nucleons
Supported by

B |nterest for heavy ion community? @
» medium modification b= -8

» centrality



Independent Particle Model (IPM)

B Solve 1b Schrodinger equation in a mean-field potential
B Nucleons have an identity: a;(n;, I;, ji, m;, ;) and g, (F)

B Average quantities: (T,), (Upot), (p) .- ..
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Independent Particle Model (IPM)

B Solve 1b Schrodinger equation in a mean-field potential
B Nucleons have an identity: a;(n;, I;, ji, m;, ;) and g, (F)
B Average quantities: (T,), (Upot), (p) .- ..
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B Nucleons lose their identity B Nucleons lose their identity B =
i i

Spatio-temporal fluctuations:
ATy, AUpot, Ap, . ...

B Spatio-temporal fluctuations: u
ATy, AUpor, Dp, . ..

0 sy O—l1—2

B "Most" nucleons get involved u

(~ Ra)
B Energy scale AE ~10 MeV

B Exp. observed, th. understood
[giant resonances in y*/(A, X)]

“Few” nucleons get involved
(~ Rw)
B Energy scale AE ~100 MeV

B Exp. observed, th. understood
[2N knockout in A(e, &' X)]



B NN-force: intermediate-range attraction,
short-range repulsion (“hard core”)

1fm
+ —

Warning: reductive picture!!



Nuclear short-range correlations (SRC)
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B NN-force: intermediate-range attraction,

short-range repulsion (“hard core”)

B |nduce high-momentum tails in momentum

distributions

B Universal across the nuclear mass range

(local character of SRC)

B |n experiments, one-body and two-body

momentum distributions are not directly
observable and the obtained information on
SRC is indirect

B fi. A(e, €'p) cross section only factorizes in

non-relativistic plane-wave (=no final-state
interactions) approximation

day P = Ko*® p(pin)
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SRC universality: Cross section ratios to the
deuteron show scaling for 1.4<x<2

A

o = 32%‘0’3 — a» s measure for the relative

amount of correlated pairs in nucleus A to the
deuteron — soft scaling!

— Mean-Field quantity!!!

Compared to deuteron correlated pair in nucleus
A also has

Binding

Center of mass

Final-state interactions

a, are correlated with the size of the EMC effect
—Hen et al.,Int.J.Mod.Phys. E22 (2013) 1330017



Exclusive A(e, €'pp)

2N correlations in 2C(e, e’pp) | 12C(e, €'p) JLAB Hall A

B Detector setup covering very
small phase space: tuned to

S el 4 v initial back-to-back nucleons
o F .
g I B Assumption
w L W ppnptrom [“Cies'pp)/“Cles'pn) ]2 , , ,
E L Pp/2N trom (“Cie.0'pp) /°Cie.0'p) 1 2 A(e,e p):A(e,e pp)+A(e,e pn) '[O
o 1 remrencosmm oo extract SRC fractions
% 105—
C -
) B 20% of the nucleons are in a
|

1 1 | .
03 04 05 06 SRC pair
Missing Momentum [GeV/c] o .
B 90% of the correlated pairs are

np pairs — tensor force
dominance for these initial
momenta

R. Subedi et al., Science 320 (’08)
R. Shneor et al., PRL99 (°07)
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Mass dependence of pp cross section ratio

A(e,e'pp) cross-section ratios

1
10 100 A
C.Colle et al. PRC92 024604 (’15)

Wim Cosyn (FIU)

alAle.e'pN)] deﬁle/?('Bﬁ)
o[2Clee’pN)] " [ PP FE (Pro)

Data from data mining initiative for the
Jefferson Lab CLAS collaboration (4
detector, huge phase space)

Calculations performed for 12027 7| 56F¢
and 208pp.

Cross section ratios scale much softer
than Z(Z — 1)

Final-state interactions soften the mass
dependence further

Charge-exchange effects in final-state
interactions also taken into account
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Motivation & framework for Wigner study

B Distribution of SRCs in phase space?
» generate a high-momentum tail in the 1b momentum distribution
» where in the nuclear medium?
» phase-space correlations?

B For SRCs, what regions of r and/or p influence bulk properties (T, fims)

B | CA: lowest-order correlation operator approximation [ehent group 2010+]
» approximate flexible method across the whole mass range
— Wigner distribution results for deuteron considered in [Neff, Feldmeier 2016]

» include essential SRC operators (central,tensor,spin-isospin),

no LRCs
» learn about SRC physics (nuclear structure AND reactions)

in a unified framework
» excellent agreement with extracted quantities from data

and ab initio results

B |nputs: HO parameters, radial correlation functions

B Systematic study yielded robust results
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B Correlated nuclear wave funtion W: act with correlation operators G
(short-range structure) on ¢ (mean-field quantum numbers + long-range
structure)

1 5 PPN
Wy=—G|® with, N =(¢[G7G|o
¥) Vi | &) (®|G'G| o)

in our case | ®) is an IPM single Slater determinant

B Nouclear correlation operator G contains two-nucleon correlation operators
I(7,j) (A-body operator):

G~38 |A| [l—f(i,j)]

i<j=1

B Major source of correlations: central (Jastrow), tensor (t7) and spin-isospin
(07)

~

[, J) = —gelry) + Foelr) Sy - T + forlry) 0 - T - T -

—



Nuclear correlation operators (ll)

B Expectation values between correlated states W can be turned into
expectation values between uncorrelated states ®

(WQ[W) = (o] Q] o)

2|~

® “Conservation Law of Misery": multi(A)-body operators

~off BE A S A Ao\ T A A 7
Qf—GTag= (igl[l—/(/,j)]) Q (k<|7|1[1—/(kr /)])

B [ow-order correlation operator approximation (LCA): cluster expansion
truncated at lowest order

B | CA: N-body operators receive SRC-induced (N + 1)-body corrections

Dominant contribution to SRC-sensitive matrix elements stems from
relative n = 0,/ = 0 pairs in the IPM wf [strength at r — 0] J
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Single-nucleon momentum distributions in LCA

B Single-nucleon momentum distribution
ol n*p)

NI ® Universal correlation operators

W) = Glo) /(9] GTG o),

I
%z
—
oo

N oo B G Central, spin-isospin, tensor

B Truncation at O (Qz): SRC part of
nl(p) = 2-body contributions

B Quantify the pp, nn, pn and np
contribution to n(p)

B Capture essential SRC physics and
study trends
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ntl(p) in LCA: from light to heavy nuclei
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Probability distribution P(p) ~ p?n(p)

Probability distribution P(p)

Probability distribution P(p)
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Probability distribution P(p) ~ p?n(p)
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Quantum numbers of SRC-susceptible IPM pairs?

nllheo stems from correlation operators acting on IPM pairs.
[1],corr 1
Y it Mty (P) = 0 (p)

T T 1 T T T
9Be LCA -- 160 LCA --

E M --- 4 F IPM --- 1
F=s 00,00 — ] E~x 00,00 — ]

Other -- Other --

nl(p) [fm?]

18Ca LCA -- 108A0 LCA ——
3 PM --- § F IPM --- ]
Frmxy 00,00 — ] Fr==< 00,00 — ]
. 10,10 10,10

nl'(p) [fm?]

p [fm™] p [fm™] p

Major source of SRC: correlations acting on (n =0/ = 0) IPM pairs
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Wigner distributions

B Phase-space formulation of QM

£y — //drdk w(r, K)f(r, k)

B Wigner quasidistribution w(r, k) = (VY| w(r, k) |¥)
W(r,k):ﬁ/dxe”"x r—7>< %) /dqe”q’ k + Z><k—g’

—
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B Quasi-expectation values (do NOT integrate to total T, riys)
KRk B owir k) [ r2dr r2w(r, k)
Tir = (T(n) = ]kzdlf wirn k) kI =Pk [ r2dr wir k) k
B Densities (DO integrate to total T, fins)
2 [ K2dk Eowir, k) e o
P = 2 ik wir k) /drpT(') =(T)=T:

k2 [ r?drr W(r k)
fk2dkfr2dr w(r, k)’
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w(r, k) numerical results

E[fm™]

4 12C IPM p/n| 40Ca IPM p/n 4 48Ca IPM p . 8Ca IPM n
; ’ ! w(r, b))
2 2 2 5
10
1 1 1
0
0 0 0 10
02 4 468 2 4 6 8 0 2 4 6 8 f
12C LCA total p/n LCA total p/n 18Ca LCA total p $8Ca LCA total n
10~
0
—10-*
~10-2
2 4 4 6 8 0 2 4 6 8 0 2 4 6 8
20 [,CA SRC p/n| | LCA SRC p/n| | 80a LCA SRC p BCa LCA SRC n ~10°
102
8 7[fm]

B High-momentum SRCs restricted to interior
— generated from IPM relative S-pairs
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12C rms radius and kinetic energy
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® rms radius dominated by k < 2fm~?
B For r < rps 60-70% of T due to SRC
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-- LCA total
LCA SRC

B Kinetic energy inversion in interior 4Ca




— IPM
-- LCA total
LCA SRC

B |n *8Ca, due to tensor force rp = ry for k > 2fm 2



2C “Ca “Ca

Model ‘ Lo on | Tow tpn |, T TT, 1,
IPM hold 246 | 165 3.36 | 157 18.0 344 368
234 | 319 3.17 | 325 31.6 327 348
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integral for rips

consistently

ren =

Introduce momentum cutoff A in phase-space
o [N KRdK [ rRdr Pw(r, k)
[N k2dk [ r2dr w(r, k)

Radit and size of neutron skin increase when
not accounting for high-momentum SRC




® | CA provides a comprehensive picture of SRC-sensitive observables

B Phase-space formulation yields combined coordinate and momentum
space information

® High-momentum SRC confined to nuclear interior

® Large increase in kinetic energy + inversion for N > Z, generated in
intertor

B Modest effect on rms radii and neutron skin, but non-negligible effect
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