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Research goals

m develop an approximate flexible
method for computing the nuclear
momentum distributions for
AN, 2)

m use this method to 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 2 1.5
H magnitude of the EMC effect
HE two-nucleon knockout:

“hammer events” in (v, 1~ pp) Ale, &oN). Alviu, u~pp)
(arXiv:1405.4261) m learn about SRC physics in a
unified framework

Qe
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Correlated operators |

m shift complexity from wave functions to operators

1
TN

| @) is an IPM single Slater determinant

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

m nuclear correlation operator G
A~ ~~ A ~
G~3| ] [1+/(i,j)} :
i<j=1

m central (Jastrow), tensor, spin-isospin are the major source of
correlated strength

A

1(i.J) = —9olry) + bor (1)1 - &7 - 7+ i (1) ST - 7
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Correlated operators |l

m expectation values between correlated states can be turned into
expectation values between uncorrelated states

(WQ|v) = (o] Q| )

z| =

m conservation law of misery:

A A
PN N Ao\t A A
Q=G QG- (Y [1-T00]) @ (> [1-Tk )

i<j=1 k<I=1
Qe is an A-body operator
m truncation is required:
low-order correlation operator expansion (LCA)

m LCA: N-body operators receive SRC-induced (N + 1)-body
corrections
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The LCA method explained

m the LCA effective operator corresponding with a one-body
operator 37, Ql(/)

A
Qeff ~ QLCA  _ Zﬁm(i)

s {aigi )+ [80.p]' + e}

i<j=1

m two-types of SRC corrections (two-body)
Kl linear in the correlation operator:

QG j) = (@) + ()| 1. j)
H quadratic in the correlation operator:
QIS (i, jy =1, ) [QU() + QU ()]G ).
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Norm N = (¢ | GiG | &)
m LCA expansion of the norm N/

2 N ~ A ~
N =145 nastad | T(1,2) +71(1,2)1(1,2) +1(1,2) | aB)nas.

a<f

Kl | @8)nas: Nnormalized and anti-symmetrized 2N IPM-state

B > extends over all IPM states a = Nyl jomj, t.,
a<f

m (VM — 1) is a measure for aggregated effect of SRC on IPM ground
state

m aggregated quantitative effect of SRC in A relative to 2H
N(A) —1
21y
R2(A/ H) - N(ZH) 1

m input to the calculations:
El HO IPM states with /w = 45A~1/3 — 25A4-2/3
B A-independent universal correlation functions
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a(A/2H) from A(e, €) at xg > 1.5 and Rx(A/2H)

Magnitude of SRC
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Stylized features

250

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)

Data Mining, August 2014 7/30



Magnitude of EMC effect versus Ro(A/?H)
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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 class of single-point correlation functions
m definition of nl'l(p)

Q S 3o
n[1](p) — /d2 )g/dSr d3 /dS(A 1) {I’z A}e ip-(r{ —ry)

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

m corresponding single-nucleon operator 7,

A
~ 1 szP —ip-(r/—r)
nP_A;/(zﬂ.)Se Z

m effective correlated operator Ai;°* (SRC-induced corrections to
IPM ny, are of 2-body type)

m normalization property [ dp p?nl'l(p) = 1 can be preserved by
evaluating AV in LCA
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nl'l(p) for light nuclei

T T T T T T T T T

10" fxe ‘He Argonne « { Fe,  ’Be Argomne « 1 [ 2C Argonne 3
— LCA — LCA — LCA —
z 10°F 1 ; 1
=
8107
:10—2

107

p [fim™] p [fm™] p [fim]
Argonne (QMC): PRC89 (2014) 024305 LCA: arXiv:1405.3814

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
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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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Isospin dependence of correlations: pp, nn and pn

nlll(p) = n,[;,l(p) +n(p) + nE,J(p) v, (P) = nmNz(p)/n[ﬂ(p)

T T T
‘He LCA ---

0 - Twcica - | W Iy n(p): relative
& ] contribution of Ny N>
B, pairs to nl'l(p) at p
108 - mina na}ivze I1PM:
e —— A (S
o8 ﬁ hjﬁ\ I'nn = 4{\4\/%%__11*)),
32 6T n —e— 1 F n —e— | _ 2NZ
igi [ P 1t op - ] Ton = &A1)
(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 “pn” dominance is momentum 2C(ppp) (OCIENCE 320,
dependent! 1476) assuming that
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Quantum numbers of IPM pairs prone to correlations

nltl.com stems from correlations acting on IPM pairs. What are relative

quantum numbers (nl) of those IPM pairs?

102 L
10!

T
1

nl'l(p) [fm?]

T T
4He LCA
IPM
00,00

9Be LCA --
IPM ---
00,00 —
Other --

T T T
160 LCA --

IPM --- 3
00,00 —
Other --

48Ca LCA --
IPM ---
N 00,00 — }

T T
108A¢ LCA -~

IPM --- 3

00,00 — ]

10,10
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__ Other -- |
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;
Lo (p) =

n[1],corr(p)
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Quantum numbers of IPM pairs prone to correlations

nl'leo™ stems from correlations acting on IPM pairs. What are relative

quantum numbers (nl) of those IPM pairs?

T T
1He LCA

IPM
00,00

T T T
9Be LCA --
IPM ---

00,00 — ]

T T T
60 LCA --
IPM --- 3
00,00 — ]
Other --

10870 ,CA —-
IPM --- 3
00,00 —
10,10

20,20 - - -

p [fm™

p [fm™1

major source of SRC: correlations acting on (n =0 /= 0) IPM pairs
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Tan’s contact: Ann. of Phys. 322 (2008) 2971-2990

pn pairs in a relative s-state

m physical picture from LCA: for 1.5 < p < 3 fm~" the correlations
are due to tensor-induced short-distance scattering between IPM

/

A\

m
2 sz

A'Ha\/c 7
* (¢

T
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Tan’s contact: Ann. of Phys. 322 (2008) 2971-2990

m physical picture from LCA: for 1.5 < p < 3 fm~ the correlations
are due to tensor-induced short-distance scattering between IPM
pn pairs in a relative s-state

m in tensor-dominated momentum range: nuclear Hamiltonian can
be captured by the stylized Hamiltonian

= 3 [ Rl [ R U] 0

T=p,N

/dsmsmg(m;)w;(é—;)wn( R) e (R) Aer (7

m Physics of a two-component and strongly correlated Fermi gas
subject to an s-wave contact interaction is described by Tan

m landmark of a contact interaction: nl'l(p) ~ Cp—*
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p* scaling of the nl'l(p)

Jan Ryckebusch (Ghent University)
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1 2

reduced momentum k'

®m momentum scale: k' = p%

m IPM is approximately Gaussian: stochastic collisions

m fat tail is the landmark of strong correlations (some approximate
2 scaling is observed)

30
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Average kinetic energy per nucleon

A X (Tn) (MeV) (Tp) / (Tn)

IPM (p) IPM (n) LCA (p) LCA(n) Perugia UCOM[IPM LCA
2H 0.500] 14.95 14.93 20.95 20.91 1.00 1.00
“He 0.500) 13.80 13.78 25.28 25.23 19.63 |1.00 1.00
%Be 0.444| 15.81 1658 28.91 27.33 0.95 1.06

2C 0.500| 16.08 16.06 28.96 2892 324 22.38(1.00 1.00
60 0.500| 15.61 15,59 29.48 29.43 30.9 23.81(1.00 1.00
27TAl 0.481| 16.61 16.92 30.93 30.26 25.12/0.98 1.02
40Ca 0.500| 16.44 16.42 31.23 31.18 33.8 27.72/1.00 1.00
48Ca 0.417| 15.64 17.84 33.04 30.06 27.05/0.88 1.10
56Fe 0.464| 16.71 17.45 32.33 31.13 327 0.96 1.04
10809 0.435| 16.48 17.81 33.55 31.16 0.93 1.08

E SRC increase (Ty)!
H minority component has largest (Ty)
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Predictions for (Tp) / (Tp) ratio

1.15 p———7————
1.1 F X .
N [ X ]
= [ X
~ 1.05 ] - -
V X
>~ 1 - ¥ -
A s °r
5 0.95 F + * .
V] [ + ]
0.9 F IPM + .
[ + LCAx
0.85 [ - 1 - 1 - 1 - 1 - 1
0.4 0.42 0.44 0.46 0.48 0.5
xp,=27Z/A
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Nuclear rms radii

A IPM LCA UcoMm Expt

4He 1.84 1.70 1.35 1.6755 + 0.0028
9Be 2.32 2.13 2.5190 + 0.0120
12¢ 2.46 2.23 2.36 2.4702 + 0.0022
160 2.59 2.32 2.28 2.6991 + 0.0052
27 A 3.06 2.72 2.82 3.0610 + 0:0031
40Ca 3.21 2.84 2.93 3.4776 + 0.0019
48Ca 3.47 3.05 3.20 3.4771 + 0.0020
S6Fe 3.63 3.20 3.7377 + 0:0016
1087g 4.50 3.94 4.6538 + 0.0025
197 Ay 5.73 5.21 5.4371 + 0.0038
208pp, 5.83 5.28 5.5012 + 0.0013

El effect of SRC on rms radii is modest
H we use global HO parameterization!
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Two-nucleon momentum distribution(TNMD)
nt?l (R12, '512>

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

m corresponding two-nucleon operator n,,p,,

m effective correlated operator ;% (SRC-induced corrections are
two-body (“2b”) and three-body (“3b”) operators)

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

nt? (kp) = /d3l312d2§2k12n[2] (E12, /512)
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Relative TNMD: tail is dominated by “3b”

Jan Ryckebusch (Ghent University)
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Relative TNMD: tail is dominated by “3b”

T T T T T
10" “He Argonne = S HBe Argonne
2 10° F LCA - LCA -
&= E i PN ——

10— PRk 2b —— e
= R 3b

—10 2 F o, 3 =
= e — R

=103 F \ T e E o E

\ o
10— - =

Correlations through the mediation of a third particle:

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

Sy

\nI ; ‘;nI ;

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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Relative TNMD: quantum numbers of tagged pairs #
quantum numbers of correlated pair
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Correlated part of relative TNMD: dominated by
s-wave scattering!

- - . . r . T r v
10 F e LCA —— 1 F Be LCA —— ]
5= 10" F~ e - - 4 e PN - - -
= " 00,00 —— 2 00, 00 ——
(e
S ao0 P ’ {1 = 222 -
_;;:1071 = x - - S 3
33
= 10—2 F . - - > -
= \ -
= 103 F ~ - 3 \-‘ S~ -
-
10— 4 A1 M i L 1 P M
I . — - 9 . —— v -
1O 120 LCA —— 160 LCA ——
= 10t F~_ PN - -- 4 o IPNM - - -
= 500 . 00,00 — : 00,00 — ]
o Other — — Other — —
=
=101 F 1 F =
3
= 10 2 F E = 3
T 10— F i F 3
10—+ 2 -
2 T T T T T T T T
107 F 27a1Lea —— 1 F 40Cad40 LCA —— §
= 10" fF—_ IPM - - 4 - PN - - -
= _t 00,00 —— g 00, 00 ——
(s - ~
= 10°% N0, 10,10 3 10, 10 3
“i01 F "_\T\\ Other —— 2 Other —— o
= i \‘
= 102 F ™o S 3 3 3
= i e
102 F H SN 3 [ 3
: S
10— " - e o -
() 1 2 3 4 5 0O 1 2 3 4 5
ko [f—1] i [fa—1]

Jan Ryckebusch (Ghent University) Stylized features Data Mining, August 2014 22/30



Exclusive two-nucleon knockout A(e, € NN)

£

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

Jan Ryckebusch (Ghent University)

Stylized features

m The (virtual) photon-nucleon

interaction is a one-body
operator

m Two-nucleon knockout

A(e, €NN) is the hallmark of
SRC (one hits a nucleon and
its correlated partner)

m Four particles in the final
states!

m The ninefold A(e, € NN)
differential cross sections is

small and difficult to measure!

[m]

=
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Exclusive A(e, € pp) reactions

The fact that SRC-prone proton-proton pairs are mostly in a state with

relative orbital momentum /> = 0 has important consequences for the
EXCLUSIVE A(e, € pp) cross sections (PLB 383,1 ('96))!!

E The A(e, €pp) cross sections factorizes according to
d80' / —1
de'dQ. dQ dQ0dT, (e, €'pp) = E1p1Eopafrec

XNy Ny (Kt K=, Q)Fhy ., (P)

Fh, .n, (P): probability to find a diproton with c.m. momentum P
and relative orbital momentum /> = 0!

B The A dependence 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, ep) )1‘2
12C(e,epp) ~ Ny (12C) Tioc(e, €p)
Jan Ryckebusch (Ghent University)
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12(:(9 € pp) @ MAMI (Mainz) (Physics Letters B 421 (1998) 71.)

=200

400

[m]

=
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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,
S6Fe, 208Pp by Data
Mining Collaboration at
Jefferson Lab

m distribution of events
against P is fairly
Gaussian

B 0. m.. Gaussian widths
from a fit to measured
c.m. distributions

Y
[¢2]
(=)

LA L Y B O Y O L

N
=
.t
)

m theory lines: Gaussian
fits to computed c.m.
distributions for
/1=0,1,2
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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

Ale,e’pp) 2Cle,e’pp)

Jan Ryckebusch (Ghent University)

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

100 |

10

A(e, €pp) Nop(A)

2C(e, &pp) ~ Npp (1%C)

TA(e> e/p) ) -2
T2 (e, €p)

nl=00+FSl|

[=1+FSI

[=2+FSI
CLAS —a—

= AN M M PR S SRR |

PRELIMINARY DATA
(COURTESY OF

O. HEN AND

E. PIASETZKY)
COMPATIBLE WITH
ABSORPTION ON

li> = 0 PAIRS!

10 100
mass number A
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Mass dependence of pp correlations

100g
@) ! A
S 10F . E
I AT -y
> [
< If
. _
017 ~100

Effect of final-state interactions in the eikonal approximation!
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Opening-angle distribution of “He(e, & pp)

70

— nloFSIle3
GOR. Phasesp.
SOFT noFSI le4
40 -1, — FSI '
30,"': — o0 =130MeV |
0f -
18- piow ST
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COSs7Y
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