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Understanding nuclei from QCD is a
monumental challenge for the 20t century

1. Many-body problem.

2. Traditional mean-field
approximations challenged by
strong many-particle correlations.

3. Fundamental interaction
extremely complex.

4. High density.



Understanding nuclei from QCD is a
monumental challenge for the 20t century

(scattering) Ground-state measurements complicated by
strong initial- & final-state interactions.

High-energy scattering

Nucleus &




Understanding Qe
nuclei is very \EEmme
Important

e Most of the visible
mass in the universe.

 Formation of the
elements.

* Burning of stars and
formation of galactic
structures

* Lab for (new)
interactions.
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N Short-Range
Correlations
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r-space

Nucleon pairs that are close,
together in the nucleus |



k-space

. l high and low c.m.

momentum compared to k.

N

r-space

Nucleon pairs that are close
together in the nucleus |



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)




Many-Body System

NN Interaction

Nucleon
Sub-Structure
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Today: SRCs & CT

Many-Body System
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Nucleon
Sub-Structure



Today: SRCs & CT
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Nuclear Transparency

T(A) - Uexp(eaelp)
o PWIA(ea 6'1?)

d°c B
dE{edQe/dEz’dep, -

OPWIA = p/E;(TfCS(p, E;)

Ratio of experiment / theory = Transparency measurements
really depend on our understanding of the nuclear wave function!
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Realistic 12C
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Transparency

Mean-Field Transparency
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Reduced Correlation Contribution in

Transverse Kinematics
Opwia = Frino®, / S(k, E) Pk d E,

Independent Particle Shell Model:

/SkEdEd% ‘/SIPSMkEdEdk

Correlatlon correction factor
=> Q? (+kinematics) dependent




Reduced Correlation Contribution in

Transverse Kinematics
Opwia = Frino®, / S(k, E) Pk d E,

Independent Particle Shell Model:

/SkEdEdf‘k ‘/SIPSMkEdEd E

Correlatlon correction factor
=> Q? (+kinematics) dependent

Transverse Kinematics:

S(ks = 0) = / S(ks, ks = 0, E)d2k,dE

1 &k
) 5(k; = 0) = / S(k, E)@dE,
L

Reduced sensitivity to high momenta

P. Lava et al.. Phvs. Lett. B. 595. 117 (2004)



Reduced Correlation Contribution in

Transverse Kinematics
Opwia = Frino®, / S(k, E) Pk d E,

wn

Independent Particle Shell Model: % AQ-l 8Gey? F(y=0) scaling
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Inverting th g for them!

Scattered

Incident electron

electron

Knocked-out
proton

Correlated partner
proton or neutron



Breakup

E —_ | Scattered

Incident electron
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A(e,e'p) Transparency in SRC

Dominated Kinematics
- Large @7, x.>1 region dominated by 2N-SRC pairs

= Spectral function scales according to the number
of 2N-SRC pairs.

Transparency ratio of SRC protons in nuclei can
be expressed as:

T(Al) 0A, (e,e'p)/(#np *Oep T 2#pp ' Uep)Al
T(As)  Oag(eep)/ ([ #Hnp - Ocp + 2#pp - 0ep) a,

number of \
ber of
no-SRC pairs  €P—¢p off-shell num |
P >a cross section pp-SRC pidirs




Scaling Data Can Constrain
Relative SRC Abundances
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Transparency in SRC Dominated

Kinematics

0 A, (e,e’'p) /Al
0 As(e,e!p) /AQ .

T(A) 0A1(e,e’p)/<A1 -az(Ar))

T(As) ~ Omeen/(Az -aa(Az)) |22/ 4)

Theory Independent Observable!
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SRC Transparency Ratios
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Difference Between Mean-Field and
SRC Transparencies

IP| [GeV/c]
Hen et al., PLB (2013)



A dependence
[ T(A) A° Parametrization ]
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A dependence
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Full Understanding \w SRC Guidance

proton neutron
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Full Understanding \w SRC Guidance
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Going Inverse:
Towards Colliders & Radioactive Beams
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Key: Suppress Final State Interactions
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FIG. 1: Color online. The recoil neutron momentum dis-
tribution for (a) Q% = 2 4 0.25 GeV? and (b) Q* = 3 +
0.5 GeV?. Dashed, dash-dotted and solid curves are calcu-
lations with the Paris potential for PWIA, PWIA+FSI and
PWIA+FSI+MEC+NA, respectively. Dotted (red) curves
are calculations with the AV18 potential.
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Scale Separation and re-interactions




Scale Separation and re-interactions
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BM@N (Detector)
Extracted beam

High-Energy lon Beam
@ JINR Nuclotron
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SRC @ BM@N







SRC @ BM@N: Fragment
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Fragment Tagging Suppress FSI
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12C p-shell measurement
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Patsyuk and Kahlbow al.,
Nature Physics (2021)
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12C p-shell measurement

Patsyuk and Kahlbow al., 47
Nature Physics (2021)



* First observation of ISI/FSI
suppression using fragment

detection.

e First observation of SRCs with
bound residual A-2 system:

JINR Results

» Direct measurement of pair c.m.

motion

> Establishment of factorization!

Patsyuk and Kahlbow al.,
Nature Physics (2021)
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Many-Body System

NN Interaction




EMC Effect:

12 | + q
' Original | 1
L1 F Expectation ]

Iron / Deuterium : '
Structure Function s {f """" j
0.9 F 7
0.8 | Experimental .
: Observation 1
0.7 | T
06 3 (= L 2 " 1 N 1 X 1 FEEE .
0 0.2 0.4 0.6 0.8 1

Xg

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
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‘Global’ EMC Data

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

= SRC = Bound - ‘quasi Free’
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All Nucleons
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SRC quark-gluon structure
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SRC quark-gluon structure




SRC quark-gluon structure
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SRC quark-gluon structure

Parton
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SRC quark-gluon structure
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SRC quark-gluon structure

Parton
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SRC quark-gluon structure

Parton
e Information

Nucleon
Information



SRC quark-gluon structure

Parton
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CLAS12 \ \ e
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Spectator
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CLAS12+BAND: DIS \w Tagged Neutrons!!

Q2> 2 GeV?, W2 > 4.8 GeV?
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Next Steps in SRC studies \w electrons

7 Jefferson Lab

 CCE

https://www.ecce-eic.org



JINR 2021: New Setup
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12C(p,2p)X at 3.5 GeV/c/u

increased statistics: x20

improved missing-momentum resolution (60 -> 25 MeV/c) — New ToF-Calorimeter

direct proton/pion ID

increased (multi) fragment detection efficiency

| Two-Arm Proton Detector

ToF-Calorimeteg

s Piyadin, I. Kruglova
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