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Talking about nuclear correlations
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m Whole is different from the
sum of the “paris”

m “Parts” can be effective
degrees of freedom

m In nuclei: “Parts” are
quasi-nucleons moving in a
mean-field potential
(SCHEME DEPENDENCE)

m Comprehensive picture of nuclear SRC (A and isospin
dependence)?

m How to forge links between nuclear-strucure theory (models)
and observables sensitive to nuclear SRC?
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STRATEGY (and OUTLINE of this presentation)

E Develop an appropriate expansion for transition matrix
element between short-range correlated wave functions
(Low-order correlation operator approximation (LCA))

H Apply it fo the computation of nuclear momentum
distributions and find the driving physical mechanisms
(Compare results to those of “ab-initio” approaches)

Compute aggegrated effect of SRC as a function of A
(a, data from A(e, e'))

B Compute isospin dependence of SRC
(A(e,e’pp)/A(e, e'pn) data)

H Develop a proper reaction theory for SRC-sensitive
two-nucleon knockout

m proper factorization properties of cross sections
(data for c.m. distributions of SRC pairs)

m FSI corrections (elastic and charge-exchange)

m A(e,e’NN) forN > Z and p(A,pNNA — 2) for N > Z
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Nuclear transition matrix elements with SRC (1)

m Shift complexity from wave functions to operators

1
TN

| @) is an IPM single Slater determinant
m Nuclear SRC correlation operator G

§z§< ﬁ L +7(/,j)]) ,

i<j=1

| W) G| o) with, N =(® |GG | )

m Major source of correlations: central (Jastrow), tensor and
spin-isospin (universal dependent on r;)

1(1.J) = =ge(ry) + fo (1) Sy - 75 . + For(1)G; - 67 - 7
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Nuclear transition matrix elements with SRC (1)

m Turn expectation values between correlated states v into
expectation values between uncorrelated states ¢

~ ] A
VIQIV)=—(®]|Q% o
(W Q[¥) = 300 )

m "Conservation Law of Misery”: Qe is an A-body operator

6~ 105 = (30 (1-10.])' @ (3 [1-1k.n)

i<j=1 k<=1
m Truncation procedure for short-distance phenomena

NI =t

K. Wilson’s OPE: wi(R— )w(m%) ~ 3" cn(POn(R) (| 7|~ 0)
n
Low-order correlation operator approximation (LCA)

m LCA: N-body operators receive SRC-induced (N + 1)-body

corrections
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Norm A = (¢ | G'G | &): aggregated SRC effect
m LCA expansion of the norm N/

2 N N A A
N=T+2D nasleB |T(1,2) +11(1,2)I(1,2) +1(1,2) | af)ns.

a<f

B | @3)nes: Normalized and anti-symmetrized two-nucleon
IPM-state

H ) extendsoverall IPMstates | a) =| Nalajamy, ta).
a<f

m (N — 1): measure for aggregated effect of SRC in g.s. of A
m Aggregated quantitative effect of SRC in A relative to 2H

Ry(A/2H) = N(A)—1  measure for SRC effect in A
2 ~ N(2H) -1 measure for SRC effect in 2H °
m Input to the calculations for R,(A/?H)
H HO IPM states with hw = 45A~1/3 — 25A—2/3
B A-independent universal correlation functions
[9c(r). frr (). For (1)
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a(A/?H) from A(e, €) at xg > 1.5 and Ry(A/?H)

8 ' ' ' ' H A < 40: strong
7 . mass

B 6 ) cx - dependence in

G L $ i SRC effect

g; 4 Lox A A > 40: soft mass

T ‘xx dependence

53| .

80 & A/2H) e SRC effect

s ’F i /2 ) saturates for A
1F Ry(A/*H) = A large (for large A
0 : : : L aggregated SRC

0 50 100 150 200 250 effect per

nucleon is about
5x larger than in
2 H)
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a(A/?H) from A(e, €) at xg > 1.5 and Ry(A/?H)

H A < 40: strong
Mass
dependence in
SRC effect

H A > 40: soft mass
dependence

SRC effect
saturates for A
large (for large A
aggregated SRC
effect per
nucleon is about
5x larger than in
2 H)
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Single-nucleon momentum distrioution nl'l(p)

m Probability to find a nucleon with momentum p

n(p) = / 9 / ATy P37 PA-D (R4 e P -T)
x W (ﬁ,fzfA)"’(f]vfzfA)-

m SRC-induced corrections to IPM nl'l(p) are of two-body type
m Normalization property [ dp p?nll(p) = 1 can be preserved

e > e © —10—01— S
. 3
(a) (b) (c) (d)
(a): IPM contribution (b)-(d): SRC contributions in LCA
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nlll(p) for A < 12: LCA (Ghent) vs QMC (Argonne)

10" F  4He Argonne » ] o, 'Be Argonne | 2C Argonne
LCA —

LCA —

n(p) [fm?]

p [fm~] p [fm~] p [fm~]
QMC: PRC89(2014)024305 LCA: JPG42(2015)055104

B o <pr=125fm=": nlll(p) is "Gaussian” (IPM PART)

B p > pr: nl'l(p) has an “exponential” fat tail (CORRELATED
PART)

fat tail of nl'l(p) in QMC and LCA are comparable
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nl'l(k) in LCA: from light to heavy

> 5 4 5

k [fm 1]

LCA: JPG42(2015)055104

B p dependence of the fat tail of nl'l(k), k > 2 fm~1is
“universal” (induced by SRC 2N correlations)
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Major source of correlated strength in nl'l(p)?

‘He LCA ——
IPM - - -

160

H 1.5 < p <3fm!is dominated by tensor correlations
Bl central correlations substantial at p > 3.5 fm~!
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Major source of correlated strength in nl'l(p)?
101 - I

: \,\ iHe LCA —— ]
100 F % IPM - - - 3

p [fm~"]

H 1.5 < p <3fm!is dominated by tensor correlations

B central correlations substantial at p > 3.5 fm=!
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Isospin dependence of SRC: pp, nn and pn

I'n,N, (P): relative contribution of (N;N,) pairs to nl'l(p)

S SRR I SN, m Naive IPZI\/I]
7 R\ N Top = AEA 1))'
~ 1 r o NIN-T)
5’10’2 nn = A(Q/?\IZU ,
10 o on = A(A—T)
o m Data extracted from
o8 ﬂ - “He(e, &pp)/(e, € pn)
sl 11 (PRL 113, 022501) and
ks pn —e— 12C : .
%o Pp - 1t % (Science
(Y S AT o 320, 1476) assuming
0 \!"’*'——l_f_‘+ L 'A'i_’—'— L ThOT rpp ~ rnn
0 1 2 3 4 0 1 2 3 4
p [fm™Y] p [fm™Y]

The fat tail is dominated by “pn”
(momentum dependent)
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Isospin dependence of SRC: pp, nn and pn

I'n,N, (P): relative contribution of (N;N,) pairs to nl'l(p)

12: :j \\\I T T I. ] —\' IOIBAg LéA __I‘ 1 [ | NOIVe |(PZM'|)
COARN Top = A(A=T)-
S10 o — NIN=1)
S0 | nn = A(2A—1)’
g NZ
S10-0 f Ien = A(A—T)
m—; m Data extracted from
! ] “He(e.epp)/(e,epn)
Eo.e*- 1 (PRL 113, 022501) and
S0 '2C(p,ppn) i
goar 10 . ) 12C(p,op) (Smenge
02 + 320, 1476) assuming
0 Rl L that rpp =
0 1 2 3 4 0 1 2 3 4
p [fm™!] p [fm™]

The fat tail is dominated by “pn”
(momentum dependent)
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Imbalanced strongly interacting Fermi systems

Momentum sharing in imbalanced
Fermi systems

0. Hen,™ M. Sargsian,? L. B. Weinstein,® E. Piasetzky," H. Hakobyan,*® D. W. Higinbotham,® N

2 100 :_ ap fraction o
& L € Al Fe Pb
= 2
@ - 0,
£ sof- m68% C.L.
T E : 095% C.L.
o I pp fraction
£ o = a .
7] : :
10 50 100 A
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LCA predicts that
~90% of correlated
pairs is “pn”, and
~5% is “pp”
(UNIVERSAL: A
independent)
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Predictions for (T,) / (Tn) ratio

X
X
X
X
*
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Predictions for (T,) / (Tn) ratio

1.15 p T T T T T T T T T
1.1 F x 3
VAN [ X
e [ X J
& 1.05 .
V X
~ 1}k ¥ -
A +
= 0.95 F - * ]
iV, [ e ]
0.9 - IPM + _
i & LCAx 1
0.85 [ n 1 n 1 n 1 n 1 n 1 ]
0.4 0.42 0.44 0.46 0.48 0.5
xp,=2Z/A

SRC turn the IPM predictions upside down (minority

component has largest kinetic energy ; dependent on

Jan Ryckebusch (Ghent University) SRC: data and models Rehovot, March 2017 14/ 31



Quantum numbers of SRC-susceptible IPM pairs?

nlll.co stems from correlation operators acting on IPM
pairs. What are relative quantum numbers (n/) of those IPM pairs?

9Be LCA --

160 LCA -~

S T T
g 1He LCA --
— 10 F_ IPM --- { F_ M --- 4 F IPM --- 1
& 100 . 00,00 — ] \\ ootl,htl(g — B 00,00 —
210!
51 -2 !
= / |
10—3 1 I
1 \ - ! \ -~
10-4 1 1 1 1 I 1 1 L= ) [ 1 1 =
102 F T T T — T T T — T T T —
2TA]1 LCA —- 48Ca LCA -- 108Ag LCA —-
— 10' F IPM --- 4 M --- 4 F IPM --- 1
& 100 EET 00,00 — | F=—=. 00,00 — § E--=. 00,00 — ]
10,10 10,10
Other -- 20,20 --- o
2 N L N Other —- ]
! ‘ A v ==
- 1 o | WanES
I |/ I 1 -
] ] 1 1

.l 9
S Sy AL () = nllheor(p)
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Quantum numbers of SRC-susceptible IPM pairs?

nlll.cor stems from correlation operators acting on IPM
pairs. What are relative quantum numbers (n/) of those IPM pairs?

2 e ' ! -
107 ¢ 8Ca LCA —- ]
10t F IPM --- 3

F =2 00,00 —

Major source of SRC: correlations acting on (n =0/ = 0) IPM pairs
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Relative two-nucleon momentum distribution in
LCA: tail is dominated by "3-body” SRC effects

Jan Ryckebusch (Ghent University)

“1He Argonne =
LCA -
IPHDIT ——

2 RBe Argonne =
LCA
IPML ——
Zb

LCA -

IPM —— ]
2b ——
3b - -]
3 4 El
Kkiz [fm— 1] ki [fon— 1)
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Relative two-nucleon momentum distribution in
LCA: tail is dominated by "3-body” SRC effects

T T
“He A goulle = oS S HBe A -gonne

Correlo’rlons Through the mediation of a ’rhlrd por’ncle
5=0,T=1, L=0 SlT1L1

kn@:' an ;

S=1,T=0,L=0 S=1, T=0, L=2
uncorrelated correlated

Feldmeier et al., PRC 84 (2011), 054003
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Nucleon knockout data and nuclear models (1)
The quasi-free one-nucleon knockout case
m Link between A(e, €' N) cross section and single-nucleon

spectral function can be derived
d®c (
de' dQ. dQndEp

&, &'N) = KoenS (Em, Pm)

m Factorization is approximate: relativity, final state

inferactions, spin effects, . .. A(e, € p) OBSERVABLES
NUCLEAR STRUCTURE

n(k)




Nucleon knockout data and nuclear models ()

The quasi-free two-nucleon knockout case

m Connection between SRC driven A(e, € NN) observables
and high-momentum part of two-nucleon momentum
distribution?

NUCLEAR STRUCTURE A(e, € NN) OBSERVABLES

Two-nucleon momentum Measurements with specific
distribution kinematic cuts
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Nucleon knockout data and nuclear models ()

The quasi-free two-nucleon knockout case
m Connection between SRC driven A(e, € NN) observables
and high-momentum part of two-nucleon momentum
distribution?

NUCLEAR STRUCTURE A(e, € NN) OBSERVABLES

distribution
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Exclusive SRC-driven A(e, & NN) (1)

m SRC-prone IPM pairs: close-proximity (nyo = 0, h» = 0) state
m The EXCLUSIVE A(e, € NN) cross sections can be factorized
[PLB383,1 ; PRC89,024603 ; PRC96,034608 |

u(f) u(p)
/Y () 7 i), )
%(Em - %) ““ N @’a(ém)
A — N (B .
) ))

ZRA: Zero-range approximation
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Exclusive SRC-driven A(e, € NN) (1)

H A(e, €NN) cross section factorizes according to

dés
de’ dQe dQ dQydTp,

(e, €'NN) = Koo (ks k-, q)FP) (P)

F(P) (P): FSI corrected conditional probability to find a
dinucleon with c.m. momentum P in a relative
(n]z = O, /]2 = O) state

H A dependence of the A(e, €' pp) cross sections is soft
(much softer than predicted by naive Z(Z — 1) counting)

A(e, €pp) - Npp(A) ( Ta(e, €p) )1_2
12C(e,epp)  Npp (12C) = \Tc(e, €p)

C.m. width of SRC susceptible pairs is “large” (in p-space)
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12C(e, e pp) @ MAMI (Mainz) (Physics Letters B 421 (1998) 71.)

= = = = = DA
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Effect of FSI on factorization of A(e, €pN) c.s.?

A(e,e'pp) A(e,e'pn)
20 T glﬁ\s&n 0827A1-"' - %&19 100 20 A - %{%{ASXGUAM Al - lZIlI‘IJIASXGOAm
8 12
050 '
0.95 0.4 0.50 0.6
B 000 - 0.0 - 8 000 =g -
S 00 W 800 a0 @0 £, 0 0 600w o
i A I 856Fe o~ A o Sy T AL

4 15
) : 0 = —
0 300 600 0 300 600 0 300 600 0 300 600
‘PIZ‘ MeVie ‘Plg‘ MeVie
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A(e, €NN): Effect of the final-state interactions?

Opening-angle distribution of “He(e, € pp)

70 ) 0FSI 1e3
—— no e
60 -l—‘L ---- Phasesp.
50':'1?"- noFSI le4
40F [-1- — FSI ]
30 "™ — o = 130MeV |
20} =
10} S harw ST
O 2 2
—1.00 —0.98 —0.96 —0.94

COs~Yy

H FSI (eikonal model) reduces the cross sections
H FSI marginally affects the angular distributions

(FSI preserves factorization properties)
Jan Ryckebusch (Ghent University) SRC: data and models Rehovot, March 2017

23 /31



C.m. motion of correlated pp pairs

PHYSICAL REVIEW C 89, 024603 (2014)

(a) 2C p (b) 27A1
7l—00 [x5]__

— all nl

7l—00 [x5]

_— all nl

(d) 2°%Pb .
721—=00 [x5]
—  all 7l

0.0 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Pz [GeV] P 2[GeV]

Width of c.m. distribution is a lever to discriminate between
SRC-prone and other IPM pairs (Erez Cohen’s talk)
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Mass dependence of the A(e, €' pp) cross sections

PREDICTION: A dependence of A(e, €' pp) c.s. is soft
(much softer than predicted by naive Z(Z — 1) counting)

100

10

Ale,e’pp) 2Cle,e'pp)

Ae,€Pp) _ Nop(A) <

12C(e, €pp) ~ Npp (1°C)

Ta(e, €p) ) e
Tac(e, €p)

|12=0+FS|
I12=1+FSI
|12=2+FS|

10
mass number A
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Mass dependence of the A(e, €' pp) cross sections

PREDICTION: A dependence of A(e, €' pp) c.s. is soft
(much softer than predicted by naive Z(Z — 1) counting)

Ale.€pp) . Nop(A) < Ta(e, €p) )1—2
)

12C(e,€pp) ~ Nep (12€) Tec(e, €p
_wop ey
S lz%T_FASSI — ] Data compatible
S ]  with absorption on
i 10 kb i SRC-prone
RS F ] (N2 =0,112b,=0)
S #1  IPM pairs
= & * | PRC92, 024604
1 bLa . A | e (2015)
10

mass number A
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A dependence of number of pp and pn SRC pairs

EIalllpaiII'sl e
“ L & S,P pairs < ]
o= [ V Sn-o pairs v
< —ZRA <'><.> v T
= 88
10F E
Q 3 v E
m [ B8 A\ 2 ]
ol | T i
1S) @ PP
R 3
5 oy
(= i 555 v i
© 10t A <
= : o3 V'¥ ]
= .
!  § pn
1 L nnnnll =
10 100 A
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m Analysis of A(e, € pp)

and A(e, €'p) (A='2C,
27Al, 5OFe, 298pPp) in
"SRC” kinematics
(Data Mining
Collaboration @JLAB)

FSI corrections
applied to the data

Reaction-model
calculations in the
large phase space:
importance sampling

Relative number of
SRC pp-pairs and
pN-pAirs
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pP(A, NN A — 2) with radioactive beams

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

Pa-2 Piof

f ast nudeon

Thomas Aumann’s talk
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CONCLUSIONS ()

m Nuclear SRC can be captured by general and rather robust
principles applicable o NMDs (models) and to 2N knockout
m LCA: efficient and realistic way of computing the SRC
contributions to NMDs
B Magnitude of EMC effect and A(e, €')/D(e, €') scaling factor
(xg = 1.5) can be predicted in LCA
H A < 12: LCA predictions for fat tails are in line with those of
QMC
LCA predictions for (Ty) and radii are “realistic” (consistency
checks)
1 Natural explanation for the universal behavior of the NMD tails

m MAJOR contribution to SRC strength: correlation operators
acting on IPM pairs in a nodeless relative S state
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CONCLUSIONS (I

m Insights from study of SRC contribution fo NMD has
implications for SRC-driven A(e, &€ NN)A — 2 and
P(A,PNN A - 2)
H Scaling behavior of cross section (~ F(P)) (CONFIRMED!)
Bl Very soft mass dependence of cross section (CONFIRMED!)
Peculiar c.m. width of the SRC-susceptible pairs
(CONFIRMEDY)
m Generadlly applicable techniques for quantifying SRC:
two-body effects in neutrino reactions, role of SRC in exotic
forms of hadronic maitter, . ..

m SRC induced spatio-temporal fluctuations are measurable,
are significant and are quantifiable
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