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Income distribution in the USA, 1983-2001

Adjusted gross income in 2001 dollars, k$
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Introduction

STYLIZED FACTS OF NUCLEAR SRC?

Kl How can one quantify

m the number of 2N pairs prone to SRC?

m the mass and isospin dependence of 2N

SRC?

m the number of 3N triples prone to SRC?

H How to connect this knowledge to
electron-scattering observables?

m Inclusive A(e, €') at 1.5 < xg (2N)

m Inclusive A(e, €') at 2.2 < x5 (3N)

m The magnitude of the EMC effect

m Exclusive A(e, €' pp)
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Electron scattering and nuclear SRC (l)

m Lots of nuclear-structure activity in computing
E One-body momentum distribution n (k) k*dk: probability of
finding a nucleon with momentum in [k, k + dk]
H Two-body momentum distribution n, (ki2, P12) k2,dki2 P2, dPy2:

combined probability of finding a pair with relative and c.m.
momentum in [/(127 Kio + dk12] and [P12, Pis + dP12]

m The mean-field (?) and correlated () parts can be separated
mk) = n k) +nl" (k)
no (kiz, Pr2) = nY (kiz, Pio) + ) (Kuz, Pi2)
m In practice: perturbative (cluster, virial) expansions are required to
compute the nﬁ” (k) and ng) (K12, P12) for A > 4

m Nucleon-nucleon short-range correlations are highly “local” which
naturally truncates the expansions (2N > 3N)



Electron scattering and nuclear SRC (1)

m One-body and two-body momentum distributions are not directly
observable and the obtained information on SRC is indirect.

m Need for an effective approximation scheme to link the
electron-scattering data to SRC information!

m Unitary Correlation Operator Method (UCOM): correlations are
dynamically generated by operating with G on IPM wave functions

m Realistic wave functions | W) after applying a many-body
correlation operator to a Slater determinant | V)

V) = 1 Glv).

(W[GiG|v)

m The G reflects the full complexity of the NN force but is dominated
by the central and tensor correlations



Electron scattering and nuclear SRC (lll)

m Dominant contributions to nuclear correlation operator

G~3§ f[ (19 (r,,)+?(i,j))] (#.)) = fir () Sy 7)
i<j=1

m A one-body operator O = -2, Ql'l(/) recieves SRC corrections
(NPA 672 (2000) 285)

Qe — Gt QG ~ Q+Z([9“1 +§[11(j)]

i<j=1

x |~gelr) +10.))] + h.c.) .

Electron-nucleon coupling receives two-body, . .. contributions

Two-nucleon knockout A(e, & NN) is the hallmark of SRC
m Many models for g¢ (r;) and i, (r;)



Electron scattering and nuclear SRC (IV)
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Adopted conventions: ki» =| k1 — ko | /vV2and rp =| 7, — 1 | /V/2
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Electron scattering and nuclear SRC (V)
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Mass and isospin dependence of SRC

very high relative pair

momenta: central correlations

moderate relative pair

momenta: tensor correlations

e (K12)[? ~ [Wp(ki2)[?

|fi(k12)|? is well constrained!

(D-state deuteron wave

function)

the g¢ (k12) looks like the
correlation function of a
monoatomic classical liquid
(reflects finite-size effects)

m the g (ki2) are ill constrained!
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Correlated part of pn two-body momentum distribution

In two-nucleon cluster approximation: how much does each pair
relative orbital configuration (n/) contribute to the correlated part of the

two-body momentum distribution ng) (K12, P12) ?
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Correlated part of pn two-body momentum distribution

In two-nucleon cluster approximation: how much does each pair
relative orbital configuration (n/) contribute to the correlated part of the

two-body momentum distribution ng) (K12, P12) ?
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Correlated part of pn two-body momentum distribution
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m integrated effect of the tensor correlations is larger by a factor of
~ 10 compared to central correlations

m effect of tensor correlations strongest for pn pairs with

(n=20,/=0)!

m effect of central correlations strongest for pairs with

(n=0,/=0)!
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Quantifying 2N correlations (1)

m Suggestion: significance of 2N correlations in A(N, 2Z) is
proportional to the number of relative S states

m Requires transformation from (7, r2) to (F12 = "f’ Riz = "\2’2)

which can be easily achieved in a HO basis (ag = (Nalajata))

|OzaOéb; JRMR nas Z Z Z Z Z \/Tczaab

LM; nl NA SMs TMt
% |:1 . (71)/+S+T:|
x C (aaabJRMR; (nlN/\)LMLSMS TMT)

x ||l (F2), NA (Riz) | LM, <;;) SMs, (;;) TMT> ,

\nl (Fi2)) (’N/\ (ﬁm) >) is the relative (c.m.) pair wave function
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Relative orbital momentum (/i) distribution for pn
pairs
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Relative orbital momentum /i distribution for pp pairs
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Number of pairs with /;o = 0 (SRC-prone pairs)
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m Number of pairs prone to SRC: a robust power law ~ A!-44+0.01,
m Strong isospin and spin dependence!
m Some asymmetry N # Z effects!
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Connection between stylized facts of SRC and
observables?

m Dispersion of “IPM” nucleons: low virtualities v = p*p,, — M,%, (p*
is initial momentum of the “active” nucleon)

m SRC induce spatio-temporal fluctuations from mean-field
quantities

m Dispersion of “SRC” nucleons is two-nucleon like and accesses a
much wider range in virtualities v

m The fluctuations induced by SRC can be probed with reactions
which select large virtualities

m In A(e, &) reactions one has v ~ —p2, (missing momentum of the
hit nucleon)

m Large virtualities in A(e, €’) for 1.5 < xgand 0.3 < x5 < 0.7 (EMC
effect) and under those conditions the IPM part of the momentum
distributions runs out of steam - small things (SRC) can become
big!
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Virtuality of the hit nucleon in the deuteron

Relation between minimum missing momentum |pﬂ’”\ and (xg, @?) in

deuteron
1200 -
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A(e, €) for 1.5 < xg and 2N SRCs (1)

20 (XB, QZ)

——————r A/D SN
2 (AID)= 4 o e )
6 [
3He 12¢ U
S m Assume that signal is
o et dominated by the pn
G 4 5, mmd Y correlations!
sl Lt | | m Assume that
< o o
= S A . Uepn(oza Xg) ~ 060(027 XB)
I e : 4 m Very naive counting (all pn
N R anad| K ] pairs contribute): a; ~ A
0 R < u SuggeStion'
08 1 12141618 1 12141618 2 ax(A/D) ~ an(S (A, Z)
X X (number of deuteron like pn
Hall-C, PRL108,092502(2012) | pairs)

Jan Ryckebusch (Ghent University) Mass and isospin dependence of SRC INT SRC Workshop 2013 18/37



A(e, €) for 1.5 < xg and 2N SRCs (ll)

Corrections to the ratio’s of
cross-section data which
affect the extracted value of
a»(A/D): unlike the 1009
deuteron

m A — 2 fragment can be
left with excitation
energy

m Pairs have c.m. motion

Effect of A — 2 excitation energy

800

400
F(P12)~3(P1o) @

m Final-state interactions 200 |
on the ejected two
nucleons (?) 0 05 1 s 2 25

m Contribution of the pp "
and nn correlations
(small)

Talk of W. Cosyn (Feb.20)
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MC simulations of breakup of 2N
correlated pairs in '2C fore = 5.766 GeV
and (Q?)=2.7 Ge\®



A(e, €) for 1.5 < xg and 2N SRCs (ll)

Corrections to the ratio’s of

cross-section data which

affect the extracted value of

as(A/D): unlike the 1000

deuteron

m A — 2 fragment can be

left with excitation
energy

m Pairs have c.m. motion

Effect of c.m. motion of pn pairs

800

600 [

kyz [MeV]

m Final-state interactions 200 | i " e
on the ejected two
nucleons (?) o5 05 ]

Xg

m Contribution of the pp . .
and nn correlations MC simulations of breakup of 2N

(small) correlated pairs in '2C for ¢ = 5.766 GeV
2\_
Talk of W. Cosyn (Feb.20) a”d<om>‘257 GeV®
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A(e, €) for 1.5 < xg and 2N SRCs (V)

Corrections for c.m. motion have been appliedto g GC.m. corrections
the computed values of ax(A/D) from a
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Mass dependence of the pn SRC

m One has

o’(e,epn) _ Npns=1)(A)

1 o'He(e,€pn) ~ Npy(s—1) (*He)

1 Npn(s=1): number of
| (h2 =0,S = 1) pn pairs

—_
o
o

10 |

A(e,e’pn)/ 4He(e,e’pn)

1 b PRI | MR |
10 100

mass number A
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Mass dependence of the pn SRC

—_
o
o

A(e,e’pn)/ 4He(e,e’pn)
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m One has

oA(e,€pn)  Npns=1)(A)
J4He(e, e'pn) an(3:1) (4He)

Npn(s=1): number of
(hoa =0,S = 1) pn pairs

At 1.5 < xg: dominance of pn
tensor correlations in A(e, €)

10 100

mass number A O'A(e, e) - UA(e, e'pn)
o'He(e, @) o'He(e, e/pn)

A x ao (A)
4 x a (4He)
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Mass dependence of the pn SRC

an(S:1 )(A)

Non(s—1) (*He)

(ho = 0,5 =1) pn pairs

At 1.5 < xg: dominance of pn

m One has
S=1 |12=b — . A
el —e— o’ (e, €pn)
E 100 f  ratioof ay —aA— 4 U4He(e, e'pn) ~
L
$
D .
= Npn(s=1): number of
~
= 10F
& i
2
N
<
1k 1 1

10 100

mass number A UA(e, e’)
o*He(g, @)
MASS DEPENDENCE OF THE
“CORRELATED” STRENGTH IS
MUCH SOFTER THAN NZ!
Jan Ryckebusch (Ghent University) Mass and isospin dependence of SRC

tensor correlations in A(e, €)

o(e, €pn)
o*He(e, e pn)
A X a (A)
4 x ap (“He)
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Magnitude of the EMC effect and 2N SRCs

Magnitude of EMC effect ~ number of SRC-prone pairs!

0.6 r v r r
055 } (FosAg

05 ¢}
0.45 } 56
0.4}

0.35 } 12 o % Al
C .4
0.3} t7 40ca ]

025 .4~
0.2 % gBe
015} ¢

(2/A) Npn(s=1)
%an(sz1)(A, Z): per nucleon number of SRC pn pairs (measure for
the magnitude of the pn SRC in A2)
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Magnitude of the EMC effect and 2N SRCs

Magnitude of EMC effect ~ number of SRC-prone pairs!
0.6 ' r r ' r r
055} 108Ag({>

0.5}
0.45 } 56

04t 27 %
0.35 | Al % t T

126 %
0.3} %Be 4) ““““““ 0
0.25 }4He {) ““““ - Ca

02 b %

0.15 ¢

-dR/dxg

(2/A) (N, + N + Npp)

2 (Npn(s=1) + Non(s=0) + Nan + Ngp): per nucleon number of SRC NN
pairs (measure for the magnitude of the NN SRC in A2)
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Quantifying 3N correlations? (l)

3N correlations induced by products of 2N correlation functions
(ftT(Hz)Sm) [fLs(fzs)Lzs . 823]

SOTlLO SlTlLl

!
:
' ' : ;
' N ' ' N !
) 0 A U
\ g A !
\ o A !
\ o A) U
. ’ A} !
. ’ Al Y
N L oL

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

uncorrelated correlated

Feldmeier, Horiuchi,Neff, Suzuki: PRC84,054003 (2011)
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Quantifying 3N correlations? (1)

=

()3 I “
|
(ﬂmp ! {(92)3) |
”1”

m seek for those wave-function
components where all three nucleons
are “close”

m requires transformation from
(FI ) F27 Fé) to (Ft]Z) F(12)37 R123> (JaCObI
coordinates)

o = ,71_?2, "§12:F1+F2
V2 V2
2 Riz — V25
M2z = /3
R, - YR+l
V3
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Mass dependence of number of ppn triples with
(ha =0, 123 =0)

1000 f
100

10

Number of ppn triplets

1 10 100

m Number of ppn triples prone to SRC effects (/2 = 0, [12)3 = 0) :
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A(e, €) for 2.2 < xg and 3N SRCs

a)
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m Quantify scaling behavior:

3 o 3 O'A (XB, QZ)
33 (A/ He) = ZO’SHe (XB, Qz) )

m Assume that signal is
dominated by the ppn
correlations!

m Assume that
epn(QF, XB) ~ 0 es (P, Xp)

m Very naive counting (all ppn
triples contribute): as ~ A2

m Suggestion:
as(A/3He) ~ %Nppn(A)
(number of ppn triples with
h2 =0, l12)3 = 0)



A(e, €) for 2.2 < xg and 3N SRCs
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m Quantify scaling behavior:

3 o 3 O'A (XB, QZ)
 (A°He) = o g, )

m Assume that signal is
dominated by the ppn
correlations!

m Assume that
epn(QF, XB) ~ 0 es (P, Xp)

m Very naive counting (all ppn
triples contribute): az ~ A2

m Suggestion:
as(A/3He) ~ %Nppn(A)
(number of ppn triples with
h2 =0, l12)3 = 0)



A(e, €) for 2.2 < xg and 3N SRCs (ll)

§14 T - .
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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.epp) _ Nop(A) ( Ta(e. €'p) )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.)
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The pp c.m. momentum distribution
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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,
56Fe, 208pb

m distribution of events
against P is fairly
Gaussian

B 0. m.. Gaussian widths

from a fit to measured
c.m. distributions

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

N
=
-

)

More on the A(e, € pp) results from CLAS Data Mining: O. Hen (Expt),
M. Vanhalst (MC simulations) (Wed, Feb. 20)
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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.epp) _ Nep(A)  ( Ta(e.€p) \'™*
12C(e,€pp)  Npp ('2C) ~ \ Tizc(e, €'p)

'I1'2'=b|'+FS(; T

3 L

all+FSI %

Ale,e’pp) 2Cle,e’pp)
(6]

o

o

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)
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CONCLUSIONS ()

Stylized features of nuclear SRC: The mass
dependence of the magnitude of the 2N and 3N
correlations can be captured by some approximate
principles
m The number of SRC-prone pairs in a nucleus A(N, Z) is
proportional with the number of pairs in a relative S state (/;2 = 0)!
(2N pairs are prone to correlations when they are “close”)
m The number of SRC-prone pairs follows a robust power law for
pp,pn,nn: Constant x A'!-44+0.01
m Technique can be extended to count the number of SRC-prone

nucleon triples in a nucleus
(3N triples are prone to correlations when they are “close”)
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CONCLUSIONS (Il)

Experimental evidence for this stylized features of nuclear SRC?
m Inclusive A(e, €') at 1.5 < x5 (2N):
The a (A/D) can be predicted and these predictions are not

inconsistent with trends and magnitude of the data (corrections for

c.m. motion, FSI)
m Inclusive A(e, €') at 2.2 < x5 (3N):
Fair prediction for the a; (A/3He)
m The magnitude of the EMC effect:
The % is proportional with the predicted number of
B
SRC-prone pairs!
m Exclusive A(e, € pp):

El scaling behavior of c.s. (~ F(P)): CONFIRMED!
B very soft mass dependence of c.s.. CONFIRMED!
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Universality of SRC (1)
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