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Talking about nuclear correlations
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m Momentum correlations: P®) (B4, Bo) # PC

m Whole is different from the
sum of the “parts”

m “Parts” can be effective
degrees of freedom

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

) (31) PO (Be)

m Spatial correlations: P®) (7, i) # PM (7) PO (%)

Bl short-range: P
B long-range: P(
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Unified framework for SRC

(1. 72) # O for |7y — 1|
2 (R, 1) # 0 for |, — 2| &~ Ra (nuclear radius)

~ Ry (nucleon radius)
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Research goals: comprehensive picture of SRC

m Learn about SRC physics (nuclear
structure AND reactions) in a
unified framework

m Develop an approximate flexible
method for computing nuclear
momentum distributions

m Study the mass and isospin
dependence of SRC
m Provide a unified framework to
establish connections with
measurable quantities that are
sensitive to SRC
Inclusive A(e,e') at xg > 1.5
: , : : H Two-nucleon knockout:
“hammer events” in (v,,, u~pp) A(e, &'pN), Alvyu, 1~ pp)
(arXiv:1405.4261) Sh @y azy oz
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Nuclear correlation operators (1)

m Shift complexity from wave functions to operators

1
TN

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

Q\%S\( f[ L +7(i,j)}) :

i<j=1

| W) G| o) with, N = (0| GG | o)

m Major source of correlations: central (Jastrow), tensor and
spin-isospin

A

1(i,J) = =ge(ry) + for (1)1 - &7 - 75 + o (1) Sy - 7
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Nuclear correlation operators (ll)

m Expectation values between correlated states W can be turned
into expectation values between uncorrelated states ¢

~ 1 ~
VIQ|v)=—(o|Q o
(V[Q|v) N< | | ¢)

m “Conservation Law of Misery”: Q¢ is an A-body operator

Ot — G QG — (fj 1-16.0)) @ ( S =Ttk 0)])

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

|

K. Wilson’s OPE: W'(R— )w(mg)chn(?)on(ﬁr) (17|~ 0)
n

N =~y

Low-order correlation operator approximation (LCA)
m LCA: N-body operators receive SRC-induced (N + 1)-body

corrections
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Norm N = (¢ | GIG | ¢): aggregated SRC effect

m LCA expansion of the norm N

2 ~ Al A N
N =1+ 2 nastal | T(1,2) + T1(1,2)1(1,2) +1(1,2) | af)nas.

a<fp

El | o8)nas: normalized and anti-symmetrized two-nucleon IPM-state

H ) extends over all IPM states | &) =| Nolojomj, ta),
a<f

m (N — 1): measure for aggregated effect of SRC in the ground
state
m Aggregated quantitative effect of SRC in A relative to 2H
N(A) -1 measure for SRC effect in A

2y _ _
Ra(A/"H) = N(2H) —1  measure for SRC effectin 2H

m Input to the calculations for R (A/?H):
El HO IPM states with iw = 45A~1/3 — 25A4-2/3
B A-independent universal correlation functions [gc(r), fi (1), f,-(r)]
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Central, tensor, spin-isospin correlation function

lgc(ke)I? (Ff®)

Ifyr (k1p)I? (Fm®)
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Unified framework for SRC

m the g¢ (ki2) looks like the
correlation function of a
monoatomic classical liquid
(reflects finite-size effects)

m the g (ki2) are ill constrained

m |f-(ki2)[? is well constrained!
(D-state deuteron wave
function)

m |fir(Ki2)[? ~ [Wp(ki2)[?
m very high relative pair
momenta: central correlations

m moderate relative pair
momenta: tensor correlations
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a(A/2H) from A(e, €) at xg > 1.5 and Rx(A/2H)

’H
© H M WA GO N ®
T
L ]
X
X

Magnitude of SRC
relative to

az(A/*H) —e—
Ry(A/?H)  x
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Unified framework for SRC

Kl A < 40: strong
mass dependence
in SRC effect

H A > 40: soft mass
dependence

H SRC effect
saturates for A large
(for large A
aggregated SRC
effect per nucleon is
about 5x larger
than in2H)
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Magnitude of EMC effect versus Ro(A/?H)

0.6 T T 1 1 1
108A _

0.5 F g% A
g 56Fe L. -7
%0.4 - -7 %197Au-
E IZC P & .
K03t Be I -~ d
| /%/z 27A1 Ca

0.2 //{ j

O 1 // 1 4He 1 1 1 1

' 2 3 4 5 6 7

Ry(A/?H)
LCA can predict magnitude of EMC effect for any A(N,Z) > 4
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Single-nucleon momentum distribution nl'l(p)
m Probability to find a nucleon with momentum p

d2Q o al )= BRI T
o) = [ G55 [ &F A pye B

xW*(ry, l_p) V(T Fa_p).

m Corresponding single-nucleon operator i,

a?Q, _
fp = AZ/ P ip-(F/=1i) —

m Effective correlated operator A5°*
(SRC-induced corrections to IPM 7, are of two-body type)

m Normalization property [ dp p?nl'l(p) = 1 can be preserved by
evaluating \V in LCA

Al iy,

M>
U:‘

i=1
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Single-nucleon momentum distribution nl'l(p)

m Probability to find a nucleon with momentum p

a2Q S ae 1) = B 7
n[1](p) — /(27T)ﬂ37 /d3r1 d3r1’ d3(A 1){,.2_A}e ip-(r{—ry)

XV (F, l_p)V(F, Fo—p).

T P o T I o " ™ o " 1
— > — — & ¢ — — — &
B °° ﬁ °° °° o
(a) (b) (c) (d)

(a): IPM contribution
(b)-(d): SRC contributions
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nl'l(p) for light nuclei: LCA (Ghent) vs QMC (Argonne)

QMC: PRC89(2014)024305

4He Argonne =

LCA —

x
Yxy
Xx
Xy

o, 'Be Argonne
LCA —

2C Argonn

e «x

p [fm™]

p [fm™]

p [fm™]

LCA: JPG42(2015)055104

B p < pr =1.25fm": nl'l(p) is “Gaussian” (IPM PART)
B p > pr: nl'l(p) has an “exponential” fat tail (CORRELATED PART)
H fat tail in QMC and LCA are in reasonable agreement

Jan Ryckebusch (Ghent University)

Unified framework for SRC

CEA, April 2016

11/29



Major source of correlated strength in nl'l(p)?

4‘He LCA ——

B 1.5 <p <3fm~'is dominated by tensor correlations

B central correlations substantial at p > 3.5 fm~!
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Major source of correlated strength in nl'l(p)?
10! = T T T

N ‘He LCA —— |

100F N IPM - - - 7

p [fm™]

A 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 correlations: pp, nn and pn

nl'l(p) = n,[;,l(p) +n(p) + nE,J(p) v, (P) = ”5\111]N2(P)/”[1](p)

T T T
‘He LCA ---

o - mcuea— | Wy, (p): relative
Emi ] contribution of Ny N>
Sy pairs to nl'l(p) at p
%103 o [ ] Naive}li’ZM:1 :
e ——— ]
s = | Iaro s R 2}
32 6T n —e— 1 F n —e— | _ 2NZ
I S e b - Ton = AA-T)"
(Y S— ] m Data extracted from
ol T L = “He(e, & pp)/*He(e, €' pn)
p [fm~1] p [fm~1] (PRL 11 3, 022501 ) and
'2C(p,ppn) ;
The fat tail is dominated by “pn” 2 (p,pp) (SC|'ence 320,
(momentum dependent) 1476) assuming that
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Isospin dependence of correlations: pp, nn and pn

nl'l(p) = n,[;,l(p) +n(p) + nE,J(p) v, (P) = ”5\111]N2(P)/”[1](p)

SN merca - ] [ wagrca - | W Iy n(P): relative
R\ e 1R o contribution of Ny N-

pairs to nl'l(p) at p

m Naive IPM:
o Z(Z-1)
pp = AA=T)’
ro = NIN=1)
nn = AA=T)*
_ _2NZ
rpn — m

m Data extracted from
“He(e, & pp)/*He(e, €' pn)
(PRL 113, 022501) and

vl vl ZCeppn) (Science 320
The fat tail is dominated by “pn” 14%(g}pg)s,suming that
(momentum dependent) Fop & Ion
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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

LCA predicts that

& 100] Dpfraction - , ~90% of correlated
4 < Al Fe Pbl  pairs is “pn”, and
g 50 [@68% C.L. ~5% is”pp” (A
& " pp fraction i independent)
P = -
w . L

10 50 100 A
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Quantum numbers of SRC-susceptible IPM pairs?

nl'l.co stems from correlation operators acting on IPM pairs.

What are relative quantum numbers (n/) of those IPM pairs?

102 E T T T ™ [ T T T ™ [ T T T ™
4He LCA -~ 9Be LCA -- 160 LCA --
= 10* Feo IPM --- {1 E IPM --- 4 F IPM --- o
= N, 00,00 — Fos 00,00 — 1 E7x 00,00 —
B 100 Ay N N -
= AN Other —- Other —-
107t
S I
= 10-2
2 10 / |
10—3 1 I
- n n n n 1 R S 1. i S
102 F T T ™ [ T T T ™ [ T T T ™
2TA1 LCA -- 48Ca LCA -- 108A¢ LCA -~
.- E M --- 4 F IPM - 1
By 00,00 — ] E-==o 00,00 — ]
A 3 10,10
20,20 --- 4
= __ Other -~

1 k)
an Zn’l’ n£7/:7|ncic/)/rr(p) = n[ﬂ,COI’I’(p)
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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?

2 L 1 1 1 1 -
107 ¢ BCa LCA -- ]
10t F IPM --- 3
I 00,00 —

Major source of SRC: correlations acting on (n =0 /= 0) IPM pairs
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Two-nucleon momentum distribution (TNMD)
nt?l <R12, /312>

m Belongs to the class of four-point correlation functions (two tagged
nucleons)

m Corresponding two-nucleon operator i, ,p,,

m In LCA: effective correlated operator ﬁ,ﬁg',“,m (SRC-induced
corrections are two-body (“2b”) and three-body (“3b”) operators)

m Relative TNMD: distribution of the relative momentum of the
tagged pair

n® (kiz) = /d3/312d29k12”[2] (/?12,/312)

m No direct connection between nl2 (R12, 1312> and SRC
dominated two-nucleon knockout cross sections
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Relative TNMD: tail is dominated by “3-body” effects

T T T T
“1He Argonne = 2 RBe Argonne

W
[
N TR |

10t 12C Argonne = E E
= o LcAa — 4 3
g 1@ IPM ——
—10 - 2b —— 3 4
z a3

PRTY| IRPTY EPRTY| ERTTT T |

Y

kyz [fm—1] ki [fon—1)
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Relative TNMD: tail is dominated by “3-body” effects

Jan Ryckebusch (Ghent University)

T T T
“He Argonne

LOCA
. [ § 5.V, gu—
.. (=] S
N5 3b
.\
\\_

T T
S HBe Argonne
LCA

‘;nI :

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

Correlations through the mediation of a third particle:
5=0,T=1, L=0

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

SlTlLl

Feldmeier et al., PRC 84 (2011), 054003

Unified framework for SRC
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Exclusive two-nucleon knockout A(e, € NN), . ..

m The (virtual) photon-nucleon

interaction is a one-body
operator

m Two-nucleon knockout is the
hallmark of SRC (one hits a
nucleon and its correlated

partner)

A(e, €pN)
E A(Vﬂvﬂ_pp)
E A(p, pNN)

H
j
£

“hammer events” in (v, u~pp)
(arXiv:1405.4261)

Jan Ryckebusch (Ghent University)
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Exclusive A(e, € NN) along the LCA lines

m SRC-prone IPM pairs: close-proximity (ny2 = 0, /1> = 0) state

m The EXCLUSIVE A(e, € NN) cross sections can be factorized
[PLB 383,1 (1996) and PRC 89, 024603 (2014)]

u(pn) u(ph)
7 u(f) J (i u(pe)
VolRia - ) A Velfi)
W(éu ity %) > Y wﬁ(ém)
Y )

ZRA: Zero range approximation
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Exclusive A(e, € NN) along the LCA lines

m SRC-prone IPM pairs: close-proximity (ny2 = 0, /1> = 0) state
m The EXCLUSIVE A(e, € NN) cross sections can be factorized
[PLB 383,1 (1996) and PRC 89, 024603 (2014)]

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

d8o , (D)
dI a0, a5 dSapdTy, & & NN) = Koonw (v ke, @) Fy , (P)

F,(HD_},2 (P): FSI corrected conditional probability to find a dinucleon
with c.m. momentum P in a relative (ny> = 0, /j» = 0) state
HA Adependence of the A(e, € pp) cross sections is soft

(much softer than predicted by naive Z(Z — 1) counting)

Ale.€pp) _ Nop(A) ( Ta(e, €p) )1‘2
12C(e, ¢pp) Ny (12C) Tzc(e, e'p)

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

1 1
=200 400

[=] =] =
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A(e, € NN): Effect of the final-state interactions?

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

70
60
50

40F  H-d-
30

20¢
10}

0
—1.00

13}

=

—— noFSI1le3
Phasesp.
noFSI le4

— FSI 4

o = 130MeV |

—0.98 —0.96 —0.94
COs~Yy

El FSI (eikonal model) reduces the cross sections
H FSI marginally affects the angular distributions
(FSI preserves factorization properties)
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C.m. motion of correlated pp pairs

PHYSICAL REVIEW C 89, 024603 (2014)

300 T T T T T T
250 (a) 2C i (b) 27A1 i
200 7l—00 [x5] 7l—00 [x5]
= — all nl —  all 7l
A& 150} + E
=~ 100} + -
50} + -
300 t ¥ t + + ¥
250+ (c) ®°SFe 1 (d) 2°%Pb i
200 2l—=00 [x5] 72 l—=00 [x5]
=) _— all »l _— all »2
& 1s50F + -
=
100} + -
50} —+ -

0.0 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Pix>[GeV] P2 [GeV]

Width of c.m. distribution is a lever to discriminate between
SRC-prone IPM pairs and the other IPM pairs
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C.m. motion of correlated pp pairs

DATA IS PRELIMINARY! (COURTESY OF O.

m Analysis of exclusive
HEN AND E. PIASETZKY) y

A(e, € pp) for 12C, 27Al,
e This Work 4 Colleetal ] = S6Fe, 208Pp by Data
[ = HalA/BNL v Coleetall, Mining Collaboration at

— Moniz et al. (% Ke) ® Ciofi & Simula Jefferson Lab

m Distribution of events
Y oY N against P is fairly
l = Gaussian
ﬁ B 0. m. Gaussian widths
- o | from a fit to measured
10 102 A c.m. distributions

o, ., [MeVic]

150

100
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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)

Ae.€pp) _ Ne(A) < Tale. €p) )12
)

2C(e, &pp) ~ Npp (12C) Tec(e, ep
T T T T T T
| 1,,=0+FSI i
_100F  2_i4Fs|
\§: |12=2+FS|
N’\
S
S
S
~ 10 F E
&
N’\
S
<
1 kL . . PP | A
10 100

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)

Ae.€pp) _ Ne(A) < Tale. €p) )12
)

12C(e, epp) ~ Npp (12C) " \ Tuec(e.€p

T T L L 0

| nl=00+FSI .
TOF i
B I=2+FS|
% CLAS —=—
s DATA COMPATIBLE
‘:>\ ok i WITH ABSORPTION
& | ] ON(m2=0,h2=0)
3 *1  PaiRrs
< & & ; arXiv:1503.06050

1 =1 A N N N M | M
10 100

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

relative number of SRC pairs

Jan Ryckebusch (Ghent University)

E ® all pairs = 3
L & S,P pairs <& ]
[V Sn-o pairs .<-> \&
[ —ZRA O v i
10} ge .
E wv E
i B "'I ]

9 Y PP
1f 3
i ° ]
v
| LS |
: . vv¥ ]

) 4

2 pn
1 N -
10 100 A

Unified framework for SRC

m Analysis of A(e, € pp)

and A(e, €'p) (A=2C,
27Al, 58Fe, 208Pp) 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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CONCLUSIONS ())

Stylized features of nuclear SRC: The mass and
isospin dependence of the magnitude of the 2N and 3N
correlations can be captured by some general
principles
m LCA: efficient and realistic way of computing the SRC
contributions to nuclear momentum distributions (NMD)
El Magnitude of EMC effect and A(e, €')/D(e, €) scaling factor
(xs 2 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)
B Natural explanation for the universal behavior of the NMD tails

m Number of SRC-prone pairs in a nucleus A(N, Z) is proportional
with the number of pairs in a relative (n2 = 0, /12 = 0) state
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CONCLUSIONS (Il)

m Insights from study of SRC contribution to NMD has implications
for exclusive A(e, & NN):
Bl Scaling behavior of cross section (~ F(P)) (CONFIRMED!)
B Very soft mass dependence of cross section (CONFIRMED!)
Peculiar c.m. width of the SRC-susceptible pairs (CONFIRMED!)
m Aggregated effect of SRC: “universal” correlation operators acting
on close-proximity pairs in a nodeless relative S state

m Generally applicable techniques for quantifying SRC: two-body
effects in neutrino reactions (T. Van Cuyck’s talk), role of SRC in
exotic forms of hadronic matter, . ..

m SRC induced spatio-temporal fluctuations are measurable, are
significant and are quantifiable (scales are set)
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