Short-Range Correlations
and the Quarks Within

Or Hen (MIT)

International Symposium on
Clustering, January 24t 2020.




Short-Range
Correlations
(SRC)




r-space
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together in the nucleus |
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Why SRC?




Why SRC?

Required for a high-resolution,
first principle, description of
nuclear systems &

Processes.
NN interaction from QCD High-density High-g processes

& QCD in nuclei systems (e.g. OVBP decay)




Today: SRCs Across Scales
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Looking For Correlations
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Realistic 12C
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Breakup the pail



Breakup the pair =

ct ‘initial’ state
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Jefferson-Lab National Accelerator Facility

*Virginia, USA.

e Electron beam.
[12 GeV; ~80 uA; polarized]

* 4 experimental halls.

* Approved program
for coming decade;
Leading to EIC.
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Breakup

—— Scattered

Incident electron

electron

Knocked-out
proton

Correlated partner
proton or neutron

state
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Low Pair C.M. Motion
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Consistent \w combining two mean-field nucleons
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np pairs predominate

N OO JLab CLAS, indirect
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ﬂ) Short-Ranged

Tensor Attraction
Affects np but not pp




Also seen in ab-initio pair distributions

Sargsian PRC (2005)
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Going neutron rich:
What do excess neutrons do?”

don’t
correlate?
correlate with
: ?
correlate with each other:

core protons?




Proton vs. Neutron Knockout

M. Duer
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Same # of high-momentum p & n
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Going neutron rich:
What do excess neutrons do?”

don’t
correlate?

correiote with

. ar?
correlate with each otrer:
core protons?



Correlation Probability:
Neutrons saturate Protons grow
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Going neutron rich:
What do excess neutrons do?”

correiote with

: ar?
\/ correlate with each oth=r:
core protons?



Protons ‘Speed-Up’ In Neutron-Rich Nuclei

Duer Nature (2018)



Interim Summary

 Nuclear momentum
distribution has two
distinct regions.
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Interim Summary

® This Work A JLab Hall A, direct
O JLab CLAS, indirect

* Nuclear momentum

distribution has two
distinct regions.

Fe Pb
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Interim Summary

 Nuclear momentum
distribution has two
distinct regions.

* #SRC-protons =
#SRC-neutrons,
independent of
neutron excess.
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Interim Summary

 Nuclear momentum
distribution has two
distinct regions.

* #SRC-protons =
#SRC-neutrons,
independent of
neutron excess.

 The fraction of correlated
/ neutrons

/ saturate
with neutron excess.




Many-Body System
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Probing the NN Interaction

Measure one- and two-nucleon
knockout cross-sections.

Compare with calculations using
different NN interactions.

See which one works best



Probing the NN Interaction

What’s needed?

e Data

e Ab-initio
cross-section
calculations



First high-Q? A=3 Studies
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Great success for few-bod
physics!

But... Data statistically limited due to
Tritil{m safety issues




What About Heavier Nuclei?

What’s needed?

v" Data (\w high stat)



What About Heavier Nuclei?

What’s needed?

v' Data

e Ab-initie v" Factorization \w
€ross-section spectral functions
cateulations from NN interaction

d*o
d{d de; dS,y de

— p,1€/106NSN(p17 61)



What About Heavier Nuclei?

What’s needed?

v' Data

e Ab-initie v" Factorization \w
cross-secton spectral functions
cateulations from NN interaction

d*o
d{d de; dS,y de

— p,1€/106NSN(p17 61)



High-Momenta => Pairs Spectral Functions
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Pairs < Scale Separation




SRCs from Quantum Monte-Carlo (QMC):
Pair Distance Distributions
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Cruz Torres and Lonardoni et al., arXiv: 1907.03658 (2019)



Many Body = Constant x Two-Body

r [fm]

51

Cruz Torres and Lonardoni et al., arXiv: 1907.03658 (2019)



NN,« NN,« o
pu T (r)=0CY X [N n(T)]

1 T 1

Many Body = Constant x Two-Body

2

r [fm]
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Cruz Torres and Lonardoni et al., arXiv: 1907.03658 (2019)



Factorization is Scheme Independent

AV18+UX AV4'+UIX,
1.2 -

-NN -°H -°He
‘He -°Li -'Li

r [fm]

Cruz Torres and Lonardoni et al., arXiv: 1907.03658 (2019)
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Factorization is Scheme Independent

NN,O:( ) N N,«

pa () =Cy " x oy (r)]

r [fm] r [fm]
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Cruz Torres and Lonardoni et al., arXiv: 1907.03658 (2019)



Scale & Scheme Independence
Momentum—Position Equivalence
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Scale & Scheme Independence
Momentum—Position Equivalence

Small-r Hig_h-k
“A/d [=]*AV18+UX = || N°LO(1.0fm)
S 7 [a) e AVALUIX, < oJNPLO(12im)
)] | ' ' | . ; .
2 S T A R 1
© ; ; ; . ' i :
= 3 : : A. : ‘ '
o Whog 4 2 )
T L T B -
N  pns=
'H °He *He °Li "c ™0 “ca

Cruz Torres and Lonardoni et al., arXiv: 1907.03658 (2019)

56



Scale Separation

NN, NN,
pyC(r)=C4 " % o (1)]?
Total Dist. = Constant x Two-body

(Low-Energy) (High-Energy)



Generalized Contact Formalism (GCF):
Pairs Spectral Functions

SP(p,e) = CP™°71.8571(p,e) +
cp“ 0. 5570(p, &) +
2C37 770 - 5550 (p, €)

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
+ many works by Claudio Ciofi; Jan Ryckebusch; Frankfurt Strikman; ...



Generalized Contact Formalism (GCF):
Pairs Spectral Functions

SP(p,e) = CP™°T. - Son(p, ) +
CP"S 0. 5570(p, &) +
2677 -

1

Low-Energy x 'High-Energy

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
+ many works by Claudio Ciofi; Jan Ryckebusch; Frankfurt Strikman; ...



Generalized Contact Formalism (GCF):
Pairs Spectral Functions

SP(p,e) = CP°T1.S51(pe) +
i Spa’ () +
ZCppS 0 SS O(p,&')

Each pair is convoluted with c.m. motion:

1 d
Sap = ppm (27133 Slf (p2)] logy (1 — P2)/2|° ngp (01 + p2)

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).



Generalized Contact Formalism (GCF):
Pairs Spectral Functions

SP(p,e) = CYVT1-Ss3l(p,e) +
CP"S 0. 5570(p, &) +
2C37 770 - 5550 (p, €)

Each pair is convoluted with c.m. motion:

1 d
Sab = 7= (27133 61f (p2)] \|<Pab(P1 Pz)/2|“ ab(pl + Pz),

Relatlve c.m.

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).



Generalized Contact Formalism (GCF):
Pairs Spectral Functions

SP(p,e) = CP°Th.S52l(pe) +
™™ S50 (p,e) +
ZCppS 0 SS O(p’&.)

Each pair is convoluted with c.m. motion:

1 d
Sab = 7= (27133 61f (p2)] \|<Pab(P1 Pz)/2|“ ab(pl + Pz),

AV18 / NZLO / ... Gau55|an

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).



Probing the NN Interaction

What’s needed?

v' Data

*  Ab-initie v’ Factorization \w
cross-section
caleulations

O'
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ko/dEde / del p1€10' N (pl 61)



Theory-Data Comparisons

Experiments usually correct data for detector acceptance and
reaction mechanism effect before comparing with theory.

Model Dependent Corrections

64



Theory-Data Comparisons

Experiments usually correct data for detector acceptance and
reaction mechanism effect before comparing with theory.

Model Dependent Corrections
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Theory-Data Comparisons

Experiments usually correct data for detector acceptance and
reaction mechanism effect before comparing with theory.

Model Dependent Corrections
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Theory-Data Comparisons

Experiments usually correct data for detector acceptance and
reaction mechanism effect before comparing with theory.

This often leads to ‘model dependent data’ €

Model Depe Corrections

67



Theory-Data Comparisons

Experiments usually correct data for detector acceptance and
reaction mechanism effect before comparing with theory.

Instead, we bring theory to data!
[theory based simulation forms ‘pseudo-data’ that is overlaid on exp-data]

Pseudo
Data

!

Theory

68



Reaching the Repulsive Core
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Reaching the Repulsive Core

1 I I I I
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Reaching the Repulsive Core

I Data
= AVI8 _
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Reaching the Repulsive Core
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Nucleon Distributions Sensitivity

103-_ a 120(67 e,p) 4
" 1025_
‘g ]
8 1 Data
Lotk == AV18
| = AV4
] == N2LO (1.0 fm)
102: l l
10
£
= ]
o
o 1005_
10—15_

04 05 06 07 08 09 10
v Pmiss [GGV/C]
Schmidt et al., Nature (2020)



Relativistic Effects:
nght COne FOrmahsm (Frankfurt & Strikman)
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Spectral function Sensitivity
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on data
completes
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pn consistent with theory!
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Observation of scalar core

Measured cross- SECtIOnS

FC(e, e'pn)/C(e, €'p)
[ This work
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A. Schmidt et al.
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Interim Summary

Counts

§  Data
—— AV18

* Nuclear momentum — Ave

distribution has two — Mooy

—— N2LO (1.2 fm)

distinct regions.

* #SRC-protons =
#SRC-neutrons,
independent of
neutron excess.

* The fraction of correlated
protons / neutrons

grow / saturate
with neutron excess.

+ Allow probing NN
interaction up to 1 GeV/c.



Generalization of the Atomic Contact Formalism




Generalization of the Atomic Contact Formalism

While two body
interactions can differ....

... Many tools
can be shared




Generalization of the Atomic Contact Formalism

Correlation
- 0 Atoms

probability X O Y -+ Li Atoms
-#- Nuclei

ke = 2.5x108 eV/c
p=10%m3

PRC 92, 045205 (2015)

Dimensionless
Interaction Strength



No accident...

Contacts are low-energy objects, governed by mean-field
dynamics => consistency \w atomic results not surprising!

- ‘K Atoms
- °Li Atoms
-# Nuclei

ke = 2.5x10% eV/c
p=10% m3

PRC 92, 045205 (2015)




Many-Body System

NN Interaction







A Tale of Scale Separation & Confinement




strong binding
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EMC Effect:

1.2 - 1
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Aubert et al., PLB (1983); Ashman et al., PLB (1988); Arneodo et al., PLB (1988); Allasia et al., PLB
(1990); Gomez et al., PRD (1994); Seely et al., PRL (2009); Schmookler et al., Nature (2019)



EMC Effect:

Iron / Deuterium
Structure Function

EMC Region

0 0.2 0.4 0.6 0.8 1
Xp

Aubert et al., PLB (1983); Ashman et al., PLB (1988); Arneodo et al., PLB (1988); Allasia et al., PLB
(1990); Gomez et al., PRD (1994); Seely et al., PRL (2009); Schmookler et al., Nature (2019)
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‘Global’ EMC Data

Effect driven by nuclear structure
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Bound = ‘quasi Free’ + Modified SRCs

LOG MoMENTUM DISTRIBUTION
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Bound = ‘quasi Free’ + Modified SRCs
FA = (Z-nfc)EP +  nérc (" + F3)
+ (N - nquC)F?

LOG MOMENTUM DISTRIBuTION

NuvcLEoN MomeEnNTuM
Schmookler, Nature (2019)
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Schmookler, Nature (2019)
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Bound = ‘quasi Free’ + Modified SRCs
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‘quasi Free’ + Modified SRCs
F{ = ZEP + NF} +  népc(AE] + AF})
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SRC Universality!
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SRC Universality!
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CLAS12 + BAND
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CLAS12+BAND: DIS \w Tagged Neutrons!!

Q2> 2 GeV?, W2 > 4.8 GeV?
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(1) Atomic nuclei have 2 ‘phases’
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(2) Correlated phase
significant across scales
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