Experimental study of cold
dense nuclear matter
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Short-Range Correlations (SRCs) — local nuclear
density fluctuations by close proximity nucleon pairs

Momentum space: high
relative and low c.m.
momenta, compared to the
Fermi momentum (kF)

P1>pe P,>pe P17 P,
Pe ~ 250 MeV/c




Nucleus is the densest matter on Earth

o, Hykniom 3 Internal structure of a neutron star
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Even denser nuclear systems exist in nature — e.g. neutron stars



Densest nuclear matter in the lab

Heavy ion collisions SRC — short-lived density fluctuations

p=(2-5)pg

20% of nucleons

Hot dense nuclear matter Cold dense nuclear matter
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SRC historically connected to JINR
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SRC studies relevant for many fields
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SRC @ JINR
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BM@N at Nuclotron

2018 and 2022
experiments




Quasi-free (p,2p) scattering in inverse kinematics

T t t Scattered proton
arget proton A-2 residual

nucleus

Knocked-out proton

- Access to neutron-rich/exotic unstable nuclei (impossible with a fixed target)

- High cross section compared to e-scattering



Quasi-free (p,2p) scattering: detection A-2

Tarcet broton Scattered proton
BetP A-2 residual

nucleus

Knocked-out proton

Suppressing ISI/FSI using fragment tagging and accessing the ground
state distribution of nucleons in 12C
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Quasi-free (p,2p) scattering

T t t Scattered proton
arget proton A-2 residual

nucleus

Knocked-out proton

Reconstruct initial nucleon momentum P, from scattered particles
I:,miss = Pl + PZ B Pbeam

~ 90° c.m. scattering
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Flastic (pp’pp) Scattering near 90° Automodel behavior

Constituent counting rules
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Pilot experiment at BM@N in 2018

MF: 12C(p,2p)''B
SRC: 12C(p,2p)i°B,%Be
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Quasi-free (p,2p) scattering
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Single proton knockout

IncIu5|ve 12C(p,2p)
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contaminated by
inelastic scattering (IE)
and ISI / FSI
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Heavy-fragment identification ®)  Nuclear Fragments

119 BM@N
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Single proton knockout

IncIu5|ve 12C(p,Zp) Exclusive 12C(p,2p)*1B

 fragment tagging
removes ISI / FSI

* select quasi-elastic
scattering (bound 11B)
under large
momentum transfer
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Initial proton momentum
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T. Aumann, C. Bertulani, and J. Ryckebuéyéh, Phys. Rev. C 88 (2013)
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Recoil fragment momentum

| (b) BM@N

C(p.2p)''B
« Quasielastic |
o Inelastic

Fragment not impacted by
proton multiple scattering
- fragment tagging selects
quasi-free unperturbed
single-step reactions



Access to ground-state properties of 1%C
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We show that for the first time we can probe
a single—step knockout reaction



First study of SRCs in inverse kinematics
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Hard breakup of SRC pairs

Scattered proton

Target proton

A-2 residual
nucleus

np pair: 12C(p,2p)1°B

pp pair: 1°C(p,2p)1°Be

Knocked-out proton

SRC partner
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ldentifying SRCs

BM@N (a)a*C(p,2p)'"'B/ +'"Be
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23 np SRC-pairs
2 pp SRC-pairs

-> np dominance

[ Single nucleons

U n-p O n-n & pP-P

R. Subedi et al., Science 320 (2008)
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Scale separation in high-momentum regime

M. Alvioli, C. Ciofi degli Atti, H. Morita, Phys. Rev. C 94 (2016)

1013 T nuclear wave function can be factorized
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Strong pair correlation

nucleon momentum not balanced by A-1

-> NN back-to-back emission

Counts

miss
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Experimental evidence for factorization
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New observable: Fragment (SRC pair c.m.) momentum
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SRC studies in many-body dynamics entering new era
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- QE (p, 2p) knockout SRC

2018 Post selection suppresses
distortion

2022 + Absolute cross section
 Quenching
e Attenuation

All at high momentum transfer

* np-dominance
e Scale separation (factorization)

All at low statistics

* Improve statistics

* Detect recoil n/p
 Multi-fragment reconstruction

* Fragment distribution 2
“SRC origin” = SRC pairs are
(2p)? (1pls)? (2s)
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Experimental Setup

12C + p- 2p + fragment(s)
ToF-Calorimeter
TOF400 proton

CSC DCHTOFDCH ~ Scint.

wall
MWPC , e FHCAL
12C > ] |
L
Si
~ LAND
Ofo
+ Laser calibration system c'*?/‘,}7
Qk
@f@% proton
/‘

KN 30



LC+p-> 2

"C <1

Experimental Setup

p + fragment(s)

To

TOF40C

N

yrimeter

2022 New detector systems >
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' Two-Arm Proton
Detector
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-Arm Proton




dE2 [arb. units]

Analysis Status

Fragment ID Reaction vertex

i 12
inc. beam - pure +°C reconstructed
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Next: proton ID + momentum -> 12C(p,2p) quasi-elastic
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Analysis Group
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