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Embedding nucleons in an environment

300 | m Nucleon-nucleon interaction is
| multifaceted
S m Self-bound nuclei for a variety of
v 200+
5 ; L(N2)
3 | m Bound neutrons are “stable”
g joo | effees i m Two-component Fermi liquids with a
8 e orge (~ 50%) packing fraction
p Repulsive medmmrangepal‘t . . :
8 5 1,0,0,0 m Nuclei possess a rich dynamics
9 0 H ‘Long-range” correlations
¢ “Fh"“'““g P extending over size of the nucleus
- Clow” (E, ) or @)
100 H ‘“Short-range” correlations (SRC)
T R el extending over size of the nucleon
0 05 10 15 20 25 (“high” (E, ) or &)
Separation (fm) SHORT-LONG: SCALE SEPARATION
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Central research questions of this presentation

m Is there a comprehensive picture
of nuclear SRC? (Quest to learn “\]\(MIA 7~
about stylized facts of SRC) - /

H Variation with mass A What
H Isospin (flavor) composition of You
SRC (pp&nn&pn)
Neutron-to-proton asymmetry Measure
(N/2) dependence of SRC Is
m How to forge links between All
nuclear models dealing with SRC There
and observables? Recent data Is

from electron-nucleus scattering
(A(e,e'),A(e,e'N),A(e, e'pX))

m Are there connections between
nucleon and quark medium
modifications?

After WYSIATI (“What You See Is All
There Is”) D. Kahneman, “Thinking, Fast
and Slow” (2012).
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Universal physics from short-distance correlations

B Vicszek model for understanding
emergent collective motion from
local interactions: neighboring
particles tend to align their velocities

EH Competition between an aligning
. force and a stochastic force

HE Two different energy (“time”) scales
emerge:

m Particles in high-density zones tend
to align their velocities (liquid
phase, SRC nucleons)

m Particles in low-density zones move
in a disorderly fashion
(gas phase, IPM nucleons)
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OUTLINE

H Low-order correlation operator approximation (LCA) to
compute effect of SRC (nuclear structure & nuclear reactions)

H Apply LCA to the computation of nuclear momentum
distributions (NMDs) for 15 A(N,Z) : 4 <A <208 ; 1 < % <154
CHECK: Compare LCA results to ab-initio ones

B Aggegrated effect of SRC and its evolution with A and N/Z
CHECK: a, data from A(e, &)

A Isospin composition of SRC (pp&nné&pn)
CHECK: A(e,e’pp),A(e, e'pn), A(e, e'p) data for '°C, 2/ Al, *°Fe,
208pPp in “SRC” kinematics

H N/Z asymmetry dependence of SRC
CHECK: A(e,e’pp),A(e, e'pn), A(e, e'p), A(e, e'n) data for '°C,
27 Al, 5°Fe, 298Pb in “SRC” kinematics

A Size and generative mechanisms of the EMC effect
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Single-nucleon momentum distributions
m Probability to find a nucleon with momentum p

nl(p) = /dQQ)'f;j/de’F ABF PANF_ A e B EH =) W (), o)V
m Simplest model: Fermi gas (exclusion principle):

nl(p) ~0(pr—p) Pr~ 250 MeV/c
m Sophisticated models: Ab-initio quantum Monte-Carlo

" — AVIS m Variational quantum

95000, ~~ AVISHUIX Monte-Carlo

o " calculations from the

S 10 R Argonne group:

2 "‘m.,,m" PRC96,024326 (2017);
1. e arXiv:1903.12587

! i m Computationally very

00 L0 2.0 3.0 10 5.0 expensive and no

k (B) predictions for A >.40
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Single-nucleon momentum distributions in LCA

P

(Ghent University)

T: :J‘ ® ™ Single-nucleon momentum
o distrioution nl'l(p)

A = - — -
) = W/dzﬂp/daﬁ P AN E_a)

x e PO v @ B W B )

(d . ,
- m Universal correlation operators

---------------- W) =G[®) /y/(9]GIG o) ,

i, p+q ~; MW G Central g¢(r). spin-isospin f,(r),
i il ¢ tensor f;.(r) correlations

N_____— m Truncation at O (G?): SRC part of

- nll(p) = 2-body contributions

m Quantify the pp, nn, pn and np
contribution to Al'l(p)
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nl'l(p) in LCA: from light to heavy nuclei

102
o
Iil
=) 10°
N—
=)
]
10—2
. = FAT TAIL
1 1 1 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0

0.0 0.5
Nucleon Momentum p [fmfl]
LCA: JPG42 (2015)055104 & PLB 792 (2019)21 & arXiv:1907.07259

B Momentum dependence of fat tail of nl'! is “universal”
IIHE Seminar, ULB-VUB
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H Two distinct momentum regimes ("IPM” and "SRC")
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Probability distribution P(p) ~ p?nl'l(p)

10!

Probability distribution P(p)
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Probability distribution P(p) ~ p?nl'l(p)

T T T T T T T T
10° Argonne

101

Probability distribution P4 (p)

103 J
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Nucleon Momentum p [fm—!]
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Probability distribution P(p) ~ p?nl'l(p)
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Probability distribution P4 (p)
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Cumulative momentum distributions

CDF of P(p)

CDF of P(p)

_____________ S—
- ocveceeTeivesTveTS
coveTeTT™
P

.
-] A
7
4004 i J s 208pp, 1
- 0.4 y H -
i --- IPM iPF
e =« Argonne | L H --- IPM 7]
LCA : | LCA
1 1 1 0.0 1 1 1 1
2 3 4 5 o 1 2 3 4 5
Nucleon Momentum p [fm—1'] Nucleon Momentum p [fm—1]
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Indirect evidence of SRC.: only a fraction of the
nucleons are IPM like

UNIVERSITY OF

1.0 —r—rrrr '\Illalenge rllulcllepll'}§l
, 0.8 7Li 16 . 48Ca g 208pp, |
Shell model (ee’p) ] o S gt E e
0.6 ) o .
N =
l(/S/: S 0.4
= 0.2F ,
A
Ip =00 : =
1P3/2 %o 1.0 Statels abcl)ve Fermi etlisze .
% o0sf 1
2
=)
‘::; 0.6 1
£04r E
Qsl/z g
J < 021 eC  Sus. 90 ]
0.0 rogontedCael

Mass number, A
Lapikds, NPA 553 297c (1993);
Donnelly et al. Foundations of Nuclear and Particle Physics (Cambridge Uni Press 2017)

Slide courtesy of Arnau Rios
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Ratios of probability distrioutions: PA(p)/P9(p)

=z

PA(p) = Pép(p) + Pén(p) + ’Drlmqn(p) + Prlwqp(pz .

PA\(p) (proton part)

PA(p) (neutron part)

w
T

'

PA®) / )

[

0

FERMI
MOTION

(PA®) + PA®) / P(p)

s FERMI
MOTION

0 ! 1 1 1 1

0

1 2 3 4 5

Nucleon Momentum p [fm’q

N=Z:*He, °C, 1O, ©°Ca
N#Z:QBG,ZAL AOAI’, ASCO, 56Fe, 63CU, 84Kr, 108Agl ]24)(6, ]97AU, 208pb

(Ghent University)
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Ratios of probability distrioutions: PA(p)/P9(p)

PA(p) = Pép(p) + Pén(p) + ’Drlmqn(p) + Prlwqp(pz .

PA\(p) (proton part)  P4(p) (neutron part)

2.0 2.0
T T T T T Ly Toar LI
BBe AOCa IUSAg
l‘ZC /ASCa l24xe
315 B 1oF
N N
E E 27A1 63Cu ?U!‘Pb
~ 1.0 ~ 1.0} -
— —
& &
< g <&
AT 05 A o0s5 -
0.0 1 L L L 0.0
0 1 2 3 4 5 5
Nucleon Momentum p [fm’q Nucleon Momentum p [fm’q

N=Z:*He, °C, 1O, ©°Ca
N#Z:QBG,ZAL AOAI’, ASCO, 56Fe, 63CU, 84Kr, 108Agl ]24)(6, ]97AU, 208pb
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Measurable signal of the A-to-d scaling of the
momentum distributions?

8 _I e 12¢ ‘__ f 2I7A| ‘_

o 1 %j

of ,-omfﬂ + i
(]

# This work - -

i "%‘"ﬂ RN .

i:( 8+ 6Fg h 208pp, |
6 -+ ¢ + -
ak o g +—— o’ +—
2 ; .o... - .. 4

L (]
'o..# .“'Q'.'

Xg

In selected kinematics the A-tfo-d

(e, €) cross sections approximately

scale!
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08 1.0 12 14 16 1.8 2008 10 12 14 16 18 20

SRC SCALING FACTORS
THEORY:
Sz =1 9APPA(P)

R(A) = 7 aP)
EXPERIMENT:
exp _ 20%(e€)
aPP(A) = 25522

15<x<1.9; @ ~2GeV?
< )

Aggregated impact of
SRC on a nucleon in
A(N, Z) relative to the
deuteron!
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a(A/?H) from A(e, €) at xg > 1.5 and LCA
Aggregated quantitative effect of SRC in A relative to d

f n— 1 dpPA (p) q&®P _ 20%ee€) . - 2

=7+ LCA,all -+ LCA,nn 4
5 | -* LCApn § Exp n A S 27: soft A
& 6F-a- LCA, pp . T dependence
S 5 -
g I -'\!) S i B A > 27: SATURATION

4= s ntriow - ,
S PRI (e ee e, Ca isotopes:
N "] a, (°Ca)
g 2 oL - g 48
S pn contribution ~ ap (*°Ca)
<1k e h T
3 T & POPEE T . o S

(0] I | L Lo gl L=

10! 102
Mass Number A

DATA: N. Fomin et al., PRL108(2012) ; B. Schmookler et al., Nature566(2019)
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a(A/?H) from A(e, €) at xg > 1.5 and LCA

Aggregated quantitative effect of SRC in A relative to d

fp>2 fm—1 dpp (p)

DA = o)

aP(A) = 5529} (155x519; @~2GeV?)

od(e,e)

LCA, all -+-  LCA, nn
-e- LCA, pn § Exp
- 4- LCA, pp T

-~
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DATA: N. Fomin et al., PRL108(2012) ; B. Schmookler et al., Nature566(2019)
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Nuclear momentum distribution: pair composition

Pair composition: nl'l(p) = nEl(p) + nble) + nble) + nhl(p)

n[p”(p) (proton part) nH](p) (neutron part)

1O 1y ' ' 1 F e i ' ' -SRC pair fractions
1
nbe(P)

Iop(P) = (o)

-IyN are
momentum

dependent
-DATA: O. Hen et al.,
4 Scienced346(2014)

Nucleon Momentum p [fm~!] Nucleon Momentum p [fm™']
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Pair composition of SRC: LCA versus experiment
(Science,2014)

SRC Pair fraction (%)

Momentum sharing in imbalanced
Fermi systems

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

100} ap fraction - .
E Cc Al Fe Pb
50 = [68% C.L.
¥ y 095% C.L.
I pp fraction
o ® . = - .
10 50 100 A

(Ghent University)

Getting closer to the hard core

LCA predicts that
~90% of correlated
pairs is “pn”, and
~5% is “pp”
(UNIVERSAL: A
independent)
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Pair composition of SRC: LCA versus experiment

Ty
o LCA

o LeA
15 - 15 -
B Exp: A(e, ¢'pp)/Ale, ¢'np) B Exp: A(e, e'pp)/Ale, ¢'np)
<) <) ©
% 10 - % 10f o © o o -
g g ; 0% 400
g g o
2 20 g o j, i ’ %
s o § OOEOOOO ! 1 sk i
320< p <590 MeV 610< p <950 MeV
0 o a gl " MR | " 0 gl " " sl
10! 10? 10! 10%
Mass Number A Mass Number A
LCA: Ratios from computed M. Duer ef al., PRL122(2019):
nlll(p) for 15 nuclei Ratios from measured
] oen A€, €'PP)

5 dp p? npp(P)

20¢p A(E, €pN)
1 1
o app? [nhl(e) + nhd(p)]

PI<Pm<Pn

for A='2C, 77Al, 5Fe, 28Pp
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Fourth moment of nl'l(p) from LCA

1 1 ap et [rblp) +nbl(e)]
1 1
Mo [N p2 [nbl(p) + nbA(P)]

Fourth moment of nl'l(p): (T,) =

N

O
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— e & -
g
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Nuclear Physics of Neutron Stars: Physics Today
July 2019

wHEAVEN o
on EART Al g

Despite a length-scale
difference of 18 orders of
magnitude, the internal
structure of neutron stars
* and the spatial distribution of
neutrons in atomic nuclei are
profoundly connected.

Jorge Piekarewicz and Farrukh J. Fattoyev

Medium modifications as a function of neutron-to-proton ratio
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Nuclear Physics and Neutron Stars
[sospin asymmetry

£ UNIVERSITY OF
¥ SUR
Nuclear “trencadis”
N=Z,7]=0

n #0

metric nuclei

sym

Neutron stars

Lead 208 e
1 =(126-82)/208=02

Experimentally unknown!
Slide courtesy of Arnau Rios
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SRC induce inversion of kinetic energy sharing in
neutron-rich nuclei

Ratio (Th = p3/(2Mn)) / (T = P5/(2Mp)) from computed nl'l(p)

13— T T T | I
@® with SRC (LCA)
A IPM a=2/3
1.2 . -
5 .
;S‘ \QP/ ’ A--1
= Q@?\ﬂ}" A__."' -
~ 11} LM, AACG =03 o
g | st
1ok .: ® LCA (with sSRc)
TTo--0e0e-. 0. 9. .
a = —0.08
0.9—1 1 1 1 1 1
1.0 1.1 1.2 1.3 1.4 1.5 1.6
Neutron Excess N/Z
(Ghent University) Getting closer to the hard core

After correcting for
SRC in LCA,
minority
component has
largest kinetic
energy (strongly
depends on N/Z)
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SRC induce inversion of kinetic energy sharing in
neutron-rich nuclei

Ratio (Th = p3/(2Mn)) / (T = P5/(2Mp)) from computed nl'l(p)

13— T T T | I
@® with SRC (LCA)
A IPM a=2/3
1.2 . -
5 .
;S‘ \QP/ ’ A--1
= Q@?\ﬂ}" A__."' -
~ 11} LM, AACG =03 o
g | st
1ok .: ® LCA (with sSRc)
TTo--0e0e-. 0. 9. .
a = —0.08
0.9—1 1 1 1 1 1
1.0 1.1 1.2 1.3 1.4 1.5 1.6
Neutron Excess N/Z
(Ghent University) Getting closer to the hard core

After correcting for
SRC in LCA,
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component has
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energy (strongly
depends on N/Z)
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Measurable signals of kinetic energy inversion

m Nature 560, 617-621(2018) (CLAS Collaboration, Jefferson Lab):
A(e,e'p) and A(e, e'n) at high and low nucleon momenta

m A(e,e’p) and A(e, e’'n) can be connected to probabilities to
find nucleons in certain momentum ranges

Electron

= — Proton

scintillation  £\octroma
ccccccc

gnetic
calorimeter
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Weight of neutrons relative to protons in nl'l(p)

Pr 2 (1]
Jo" dep*n (P

IPM: 5 > 1] .
F
Jo" dpp?ny (P)

%5 L8 | Lea: nl;]/ngll 0 < pr) .
= V EXP: A(e,e'n)/A(e,e'p) (p <pr) Y
“'& 1.6}~ 7
2 .
Sl Rty A | = DATA: M. Duer et al.,
; S ‘_A" Nature 560 (2018)
B ,L0C A FeA } 617
=] g
Nﬁ ’YA”V‘ |
g: 1.0-Y& 7]
P 208Pb
RS 1 1 1 . L

1.0 1.1 1.2 1.3 14 1.5 1.6
Neutron Excess N/Z
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Weight of neutrons relative to protons in nl'l(p)

1 1 GeV 1
J&" app?ntl (p) 0.4 Gev APP?NL (o)
IPM: 5 0 ) SRC 1 =5y 0 .
Jo" dpp?n b (P) Jo.acev doP?N b (P)
S 1.8F 7 T T T 1 T ]
= e LCAn[li/mlll (p>2fm™) | m DATA: M. Duer ef al.,
£ Lol & e nll/mf) (b < pr) T Nature 560 (2018)
& U m EXP: A(e,e'n)/A(e, ¢'p) (p > 2fm™") 617
:3 V¥ EXP: A(e,e'n)/A(e,e'p) (p < PF)_ A A . .
£x14f r-T - m Relative weight of
~ 3G 21p] SO ot the protons and
&, C AT o i neutrons is very
Ee L AT ..e--® - in “IPM”
S Var-T* _ee0®" different in “IPM
Ng: 1.0 -i-*—’-%“”' - and “SRC” regions!
3 L 2008 0 PM: 0.93Y +0.07
SSoslL—1 111 B SRC: 0.29% +0.71

1.0 1.1 1.2 1.3 14 1.5 1.6
Neutron Excess N/Z
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N/Z asymmetry dependence of the SRC?

Superratio of A(e, &N) for A=Al, Fe, Pb relative to C(e, €N)

1. GeV o 1]
d n
R’S\IRC/IPI\/I(A) _ Joacev 9PP Ny (P) N = p.n)

J§" dop?n{l(p) -

& T T T T T T m DATA: M. Duer ef

Ho 1.8 @® LCA: neutrons SRC/IPM - al., Nature 560
EXP: A(e, €” C, Al, Fe, Pb

P (e,e'm)on G, AL Fe, P 2018) 617

> 1.6 -

e ]

-

O 1.4 -

= A/C

S 12k Fe/C |

© e ) | N )

Blolg o he Sec, e

o T

&

/0.8 ? 1 1 1 1 1

0 1.0 1.1 1.2 1.3 1.4 1.5 1.6

Neutron Excess N/Z

(Ghent University) Getting closer to the hard core IIHE Seminar, ULB-VUB 24 / 32



N/Z asymmetry dependence of the SRC?

Superratio of A(e, &N) for A=Al, Fe, Pb relative to C(e, €N)

1. GeV o [1]
dpp“ny (P
R’S\IRC/IPI\/I(A) — Jo4 Gev N (P) (N =pn)

J§" dop?n{l(p)

9 —— m DATA: M. Duer et
—~ 1.8 A LCA: protons SRC/IPM - al., Nature 560
.8 ® LCA: neutrons SRC/IPM ” -
g 16k V EXP: A(e,e'p) on C, Al, Fe, Pb Pb/C _ (20] 8) 617

;,g | ® EXP: A(e,e'n) on C, Al Fe, Pb v m Weight of the
0 4] i A - minority

= AlC aah component in
Sz | R0 4 . the tail (SRC)

9 e A o+ o Yo¢ ° o part of nl'l(p)
= o 8 + ° - increases with
Q ) * the asymmetry
& 0.8 1 1 1 1 1

0 1.0 1.1 1.2 1.3 1.4 1.5 1.6 N/Z

Neutron Excess N/Z
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Quark-gluon structure of a bound nucleon

m EMC effect (1980s, CERN): quarks work differently in nucleus

m Is the quark-gluon structure of protons and neutrons equally
modified?

m Variations across nuclei? Asymmetric matter?

m Generative mechanism for the medium modifications of the
quark structure?

m Recent suggestion: EMC effect is connected to "SRC pairs”

I nature

Letter | Published: 20 February 2019

Modified structure of protons and
neutrons in correlated pairs

The CLAS Collaboration

Nature 566, 354-358(2019) | Cite this article
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Quark modification & nucleon pairs

DISA(e,¢) & d(e,€)at0.2<x <07

d 2F\(x,&2)
B dREMC(Aa X) . AFS(XaQQ)

ax ax

Short-distance
neutron-protfon pairs
may be responsible

for the bulk of the EMC :
effect L
Alternate views: PRL 12,10 F £ #‘;é'i """"""""""""""" 5[
123, 042501 (2019) & fte 3 #J; ;‘j H g
RE L2 @ " £
+5—; £ EMC effect ‘I*o* H
08 L 1 1 1 1 1 A 1 1
00 0.1 02 03 04 05 06 0.7 0.8 09 1.0
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Quark modification & nucleon pairs

DISA(e, &) & d(e,e)at02<x <07

_— TN M R N ~ A

(Ghent University)

vo r a

Isospin dependence of EMC effect"

Getting closer to the hard core

1 1

T T T T 1 T T T T T T T T T ] T T T T T T T 1 T T T T
[ *He/D iBe/D + 12+C/D “AI/D +| ’
R E e EEr.Ln N\ L T
i ++“++‘+++++ .."."0 ++ *’ ¢.+¢‘°co +— k ."”0 b
i ) et ]|
[ “°Ca/D Fe/D %Ag/D 197Au/D ‘ ]
C b y ]
I A A, - -*++’++ ----- i 'W*, “““ -1
| 0‘9" ++ ’o.... ¢+ “’ “0.. + ]

i I T N T O A T |’ 11 I T A | ‘I++I ] [ | 7“M| 1

02 05 08 0.2 05 0.8 02 05 08 02 05 08

v

Size of EMC effect depends on A(N Z) EMC effect *I‘I:ro* j i

1
0.3 04 05 06
X

IIHE Seminar, ULB-VUB
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Predict size of EMC effect and learn about
generative mechanisms

m Per-proton probability to find a high-momentum proton in
A(N, 2) relative to D: A-to-D medium modifications

A P5(p)

aP(A) =
2(A) hi{thZPB(p)

Can be computed in LCA!
m Size of EMC effect is connected to "SRC” nucleons

Renc(AX) _ ZOE(A) + NCIQ(A) 1 l4m ZO?(A) - NGE(A)
ax 1 A 2 A
ISOSCALAR ISOVECTOR

Connects measured size of EMC effect to computed SRC
scaling factors!
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Proton and neutron modifications in nuclei

Proton & neutron SRC scaling factors m Per-proton dynamical
modification is larger

j ) IPI A ) ) T ) =
B I than the per-neutron one
-a- al [LCA] o
551 . 4, [LCA] R i pee~-,f 7 forN >Z
sop ¥ o +3 ; AA-—A‘* . m SRC scaling factor ax(A):
2T AV, A=~ A"
. A

(Zag(A) + Nag(A))/A

~
o
1
<
S—
N
1

'
(=]
T
%
"
-
1

0

T 1T T T T T T T 1T
¥ Exp [0 LCA, all
ab-initio LCA, pn

w
o
1
-
1

ay from P4 (p)/P%(p) at high p

w

(=)

A |
T
1

10t 10?%
Mass Number A

Measured SRC scaling factors from:

2 o’\(e, &)
exp _ZZ \=>J <y <
EP(A) = 3 5607 1BEXS 1)

ay from P4(p)/P%(p) at high p
- ~N w - L%
T ] T T T
Fo po—T
%o oom—
—
C e —

;,A_
He
.

for @2 ~ 2 GeV?
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Size of the EMC effect

- T

6 LCA (s+v)

\i~/z -©- LCA(s)

2 0.5 # Exp: Hall C@JLab I
? # Exp: SLAC [F
E.g @ Exp: CLAS@JLab
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10t
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Meausured size of the EMC effect displays ®

102

stronger variations across A(N, Z) than

SRC scaling factors!
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Getting closer to the hard core

x [EGAG] sospin
blind generative
mechanisms

m LCA (s+Vv): also
isospin-dependent
generative
mechanisms

m flavor dependent
nuclear effects
influence the size of
the EMC effect

u and d quark
distributions are
affected differently
by the medium
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SUMMARY

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

m LCA: suited for systematic studies of SRC
contributions to nl'l(p) and SRC-sensitive
reactions

H Reasonable predictions for a, factors

H A < 40: LCA predictions for fat tails in line
with QMC ones

H Natural explanation for the “universal”
behavior of the fat tails of NMD

m Distinct isospin and N/Z SRC effects: in line
with A(e, € pN) findings

m EMC effect: connections between nucleon
SRC and quark medium modifications
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