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MM Nucleons in Nuclei

» Strong Force vs Nuclear Force

U Nuclear force is a “weak” strong force, but too complicated for
QCD in description of Nuclei

O Suprisedly, shell-models work very well
v Sum of nucleon-nucleon(NN) Interactions = mean field v"

v Modern NN potentials, e.g. AV18 — T,

TABLE I. Argonne V18 spin-isospin operators in
coordinate space.

V=3V(@i)+ I VA3t ¥ VO3 k) +]|..

i <j i <j <k Term Spin-isospin operator in r space
0, I
0, (t1-12)
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Short-Range : 0, (@1-02)(1) - 1)
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MM Nucleons in Nuclei

» Short Range Correlations (SRC)
3 2 or more nucleons highly overlapped = high-density but cold!

L SRC nucleons carry high relative momenta (A-independent)

O Experimental signals:

v Look for back-to-back nucleons after breaking up SRC
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LM Nucleons in Nuclei

» Studying SRC is important

 Short-Range forces are the extreme cases of NN & NNN forces

[ SRC could be important in forming neutron-rich nuclei

Nucleon density in neutron-rich nuclei

Neutrons

Proton
QoS cluster

—

Neutron skin

Density

Hen, Science 371, 232 (2021)

Short-ranged

o cluster

Radius
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1 SRC in forming ultra-heavy neutron stars?

0.5

L SRC in the mass matrix for neutrino-less double beta decay?
Wang, Zhao, Meng, arXiv: 2304.12009, Song, Yao, Ring, Meng, Phys. Rev. C 95, 024305 ’\
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°/28 easuring SRC w/ eA
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(NI Measuring SRC w/ eA

» Exclusive SRC Results

O Exclusively count np-/pp-/nn-SRC pairs 2 np make up 909% of SRC pairs

)
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Knocked-out
proton

Correlated partner
proton or neutron

O. Hen et al., Science (2014), M. Duer et. al., Nature (2018),

R LVL0] el —— ~
S8 C Al Fe #np [ (#np + #pp) Pb 1 Cautions:
8 60F- . O 68% C.L. .
L wf 11D Dominance B 95% C.L.
S 2F #pp / (#np + #pp) .
& o " | N , , , | e
0 20 40 60 80 100 120 140 160 180 200 A

Exclusive results are statistics lmited

=  Mixed with mean-field and long-range NN signals
Complicated FSI corrections

=  Limited stable nuclel
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B. Schmookler et. al. Nature (2019), A. Schmidt et. al Nature
(2020) + many others
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LI Measuring SRC w/ eA

» Inclusive SRC Measurements:

TEZE

7 Tsinghua University

3 QES inclusive cross-sections: ... Nucleon momentum distribution
Pmax | X :
908 (92 5, ) = 2 kdk [ S E)dE,
dE'dQ Q »xb] = 4T0enN i »y s Si
Pmin :E;nin :

_____________________

“links” to momentum distribution
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(I Measuring SRC w/ eA

»2N-SRC

O SRC plateau at Q2>1.4GeV/c
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O Compared with exclusive SRC

Korover and Denniston et al.,CLAS,
PRC 107, LO61301 (2023) 27

 Non-Universal in light nuclei?
S. Li, R. Cruz-Torres, N. Santiesteban, Z. Ye,

et. al, Nature, 2022, 609: 41
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Nature (2019)
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I Measuring SRC w/ eA

>SRC vs EMC 1.2 e
d EMC: Inclusive DIS A/D XS ratio drops linearly in 0.3<x<0.7 ol o BCDMS

= 40 years after discovery, still unknown! /;S ' +‘1’¢% £ % ? il
. . 1.0 ¢_ .............................. el ]
(d Connection with SRC? ?: iq; E #s f # }{{ § :
. . . . P -
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O C12-21-004 w/ new Tritium target (+ 224 Tritium-SRC) = 15 e N
@ CLASI2 Projection \\::
SIDIS Measurement of A=3 Nuclei with n5 y e . 0.7 - o ]

CLAS12 in Hall-B

Conditionally approved in PAC49
On behalf of the spokespeople:
D. Dutta, D. Gaskell, O. Hen, D. Meekins, D. Nguyen, L. Weinstein*, J. R. West, Z. Ye,
and the CLAS Collaboration




SR Measuring SRC w/ eA

»3N-SRC

d Much higher relative momenta

O Much denser cluster (Neutron-Star, Nuclear Matter)

» Bi-neutron-stars merger: neutron star > 2.4 solar mass

— Short-Range 3-body force?

U Inclusive Measurement: XS links to the 3N-SRC tails
3N-SRC (2<x<3)

(Guy/4)/(G2yy /3)
N (%) [N N

Or—t

a,(4,°He)=K -

30,

3He

o New E08014 (23,25, 1.5<Q’<1.9 GeV?
o E02019 (18, Q*=2.7 GeV?)

E_ « CLAS %

. i
- ) i

;_ 800800 00 @0 & @O‘g T }
s,

“7. Ye. Phys. Rev. C 97, 065204 (2018)
T S T S N SN EN SO T N N (T 1 |

1.0 1.5 20 25
X

Missing 3N-SRC?
o CLAS result has big background
Higinbotham & Hen, PRL 114,169201 2015)
o Q?too low to see 3N-SRC?
o Much bigger FSI?
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C. Ciofi degli Atti and S. Simula, Phys. Rev. C 53 (1996).

Momentum Distribution
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R "Muti-messenger™ era

» Upcoming Jlab RC Experiments:
: : SRC studies with hadrons
0 ALERT- SRC: measure C.M motion & Studies with leptons <¢_j ~

of pairs (Mean-Field vs SRC)
= (THU) Haojie Zhang’s Ph.D thesis
experiment

1 Real photon scattering (check Jetierson [ab HallD
universality) ———

-—
o

 Future EIC with much higher
energy: SRCin J/Psi, tagged DIS

photor beam "N
\
" il »
liamon 2 gt
r N
N X \
B A ral drift
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\ | elactron \ 1 3
L l net Ireon
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Jefferson Lab
Halls A, B, C

SHMS Wy To Beam

Tagged o
DIS

(1 Precision Frontier of SRC:
PA reaction - next



R Measuring SRC w/ Inverse-pA

» Advantage vs eA Scattering

O Bigger cross-sections =2 Precision and discovery

4 Easier detection of fragments =2 Suppress mean field contribution

O Better controlled FSI = Reduce theoretical systematic errors

d Secondary ion beams =2 Large asymmetric nuclel, radioactive isotopes

Normal kinematics
or Electron beam Knockout
proton
Scattered
roton
Spectator ’
R nucleus

TEZE

7 Tsinghua University

p R —— p
. Z
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- P
Pem =
‘_‘_‘_@ R Precoil N
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I

Inverse kinematics

lon beam

proton

A \'\ ;’ proton
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SRR Measuring SRC w/ Inverse-pA

> JINR BM@N SRC Experiments Bu@N The NICA facility
U Pioneer experiment at BM@N a .

e Test run in 2018, results publised
o 12C beam, 3.5 — 4 GeV/c/nucleon

* Identify fragments: Si
GEM
114 TC *
BM@N 811 Target
10- : MWPC x
) 48 GeV ¢~ K
> - e oot '2C ions
]
: L2
BC
E 8
7 .
i Target proton Scattered proton '
6 eet P A-2 residual
2 3 4 5 nucleus
Zeff

* Detection of two outgoing nucleons
 Reconstruct initial nucleon momentum:
Pmiss = Pl + P2 - Pbeam

Knocked-out proton
C N\

M. Patsyuk et al. Nature Physics 17, 693 (2021)
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SRR Measuring SRC w/ Inverse-pA

» JINR BM@N SRC Experiments

. . a
U Single nucleon quasi-free knock-out . N qe
= i * "2C(p,2p)
* Select bound !'B = - C(p2p)"B
« Large momentum tails mixed with SRC w/o tagging * € a0t ~= Simuetion
o) o
B = Suppress Initial-&Final-State Interaction 0 oo °
L1 o 20
S 2@
E(:/ [ ) ///114/]—\\\ *e —
. . g 1 g QE‘/// | 0 ! pddte | "0y,
U Selection of 2N-SRC Pairs S el U 0 o0z 04 06 08
' . E,. [GeV] Priss (GEV €7

Scattered proton BM@N  (a)?C(p,2p)" "B/ +''B 73

Target proton B 0.4 ) 2 np & 2 pp SRC-pairs
eam e J < . nucleus = ool ¢ BM@N
A_‘\“‘ ;o @ A S 100

lkvw\l\ Lq'é 0| )
Knocked-out proton SRC partner L TR .-_h'l (‘%
BT (ON | 1 =
np pair: 12C(p,2p) °B ‘§ 5 M
pp pair: 12C(p,2p) '°Be S N
0.4 0.6 0.8
M. Patsyuk et al. Nature Physics 17, 693 (2021) p . [GeVic] ‘
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R Measuring SRC w/ Inverse-pA

» JINR BM@N SRC Experiments

O 2018 run firstly demonstrated advantage of inverse-pA reaction in SRC study
M. Patsyuk et al. Nature Physics 17, 693 (2021)

2022 Experimental Setup

12
C+p- 2p + fragment(s) 2022 New detector sy@

]rimeter

O 2022 run completed
v" JINR, GSI, MIT, Tel Aviv, Tsinghua ...

cint.
jall

\J
I &
T
—
(@]
“T1
l o
o
T
= >

MWPC e o FHCAL
v Improve statics x100 B <} il i N
v" Detection of n & p recoils i
v' Multi-fragment reconstruction 3

N LAND
v" Absolute cross-section (in preparing) 2%,
+ Laser calibration system Qr,b
% proton
{O/:S 18
. e -
fx’a\ TIPS, =




» JINR BM@N SRC Experiments
O Preliminary results of 2022 run, under analysis by:

Counts

Goran Timur
Johansson Atovuallev Nepochatykh
(TAU) (JINR) (JINR)
300 1000p
250 800}
200F m# ! Data )
: * Simulation i
150 i
E 400_
1005— } _l_H -
50/ ++,"r 200(
.y LT i
o 7 PP IR IR B ottt e ne ) 0 -
0 01 02 03 04 05 06 0] ~1
Pmiss (GEV/C)

Sergey

Yaopeng Vasilisa
Zhang Lenivenko
(Tsinghua U) (JINR)

N R IR R
-0.8 -0.6 -0.4

cos(8(P s pfrag))

[(doydt)/( [ doydt) Ipara / [(doydo)/( [ doyde) Jsim

N
n

N
o
L

=
w
1

.
o

o
(&)
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ng SRC w/ Inverse-pA

Maria Patsyuk
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Julian Kahlbow

(JINR) (MIT)
_}_
T
++ """ > ST A

max(t, u) [GeV?]

v" X10 more statistics vs 2018 run
v’ First extraction of absolute XS
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LR Vicasuring SRC w/ CEE@HIRFL

» CEE@HIRFL-CSR HIRFL-CSR beam

O HIRFL-CSR comparable with GSI: * P 2.8GeV

o D2C*: 1 GeVlu ;
v 5 5
1.0GeV/u @10°pps vs 1.25GeV/u@1x10°pps . 38U 0.5 Gely | &

EZE

nehua University

1 CSR External-Target Experiment (CEE):

v" Physics Goals: QCD phase boundary at low T, nuclear E.O.S.
at p>2p, regime, Interplay with Neutron Star Physics

v Expected to commission in early 2025

eToF.

Online Event Display

® Ap/p: <5%,At/t: <50ps
® Max. Rate: 10 kHz
® Proton acceptance: ~ 85%

wzz

e
)= Pr g




SRC w/ CEE@HIRFL

» CEE@HIRFL-CSR HIRFL-CSR beam

O HIRFL-CSR comparable with GSI: © P 2.8GeV

o 2C*T ] GeV/u ¥ i
v V 5 V S ' o
1.0GeV/u @10°pps vs 1.25GeV/u@1x10"pps WU 0.5 GeVlu | Vi

1 Using CEE w/ additional changes:
v' Liquid hydrogen (LH2) target
v Replace ZDC w/ a new detectors for A-2 fragments
v" Possibly a new dipole

CSR lon

® Ap/p: <5%,At/t: <50ps
® Max. Rate: 10 kHz
® Proton acceptance: ~ 85%

f'\ ) e [ L
0O =
P JIIIHI\IL P
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SRC w/ CEE@HIRFL

» CEE@HIRFL-CSR

4 Goals:
v' Precision nuclear wave functions
v" Define MF & SRC transition regions
v" Check FSI corrections
v" Other quasi-free knockout & pickup reactions

Scale Separation: 9 > Prelaive > Pem

e

e, /

q>1.5GeVic
(q.w)
N

Korover PRC 107, L061301 (2023) NUCLEON MoMENTUM

Transition

8 prnnqligs < Pmiss < 600 [MeV/c]

6 4
= 40 +80 +120
™ ¥ 160 200 250 8350 5.
" Prelative ~ 300-700 MeV/c 5 ©000q,00,t
--------- 3 60
A q° 5’ SRC
—
A-2 Pem ~100-150 MeVi/c 3 55l
8 8
=2 4 1]
o A (e,e') o
a o Schmookler et al. 5 o
“ogo Nature (2019) 0 @@
PRC 92 (2015), PLB 780 (2018), PLB 791 (2019), PLB 792 (2019), JPG 47 (2020), Nature Physics 17 (2021), 0 . ‘ . . ‘ . . .
PAC 104 (2021), PRC 53 (1996). PRL 119 (2017) 0.8 1.0 12 1.4 16 1.8 0 100 200 300 400 500 600
XB Pmiss (MeV/c)

" g [T




R Wieasuring SRC w/ CEE@HIRFL

» LH2 Target:
U Under development by Hongna Liu, Beijing Normal University (BNU)

Target Chamber&Cooling et folder D=0.52cm

)

cold head
Density@20 K=0.073 g/cm3

Slow Control System

Ethernet |
Local
.*‘1 '.‘_\ s:AMD'A Database
r~e "‘:"‘m. I
4.2K =S = ‘
. j B i ; Redundant CPU
‘/,,, = L s ‘ PLC
! 5 :’:‘44" N _ —— —
i - S i e 1 (COPEECCEEEeees Ceeeeen eeeeeeey Ceeeeeryeeerre s
: I [:[;; *‘1 L‘ == RIO 1 RIO 2 RIO 3
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SRC w/ CEE@HIRFL
» CEE@HIRFL-CSR

L Monte-Carlo simulation of SRC w/ CEE@HIRFL

[1EM

Scattered Proton#1 : Scattered Proton#2

TPC+MWDC . TPC+MWDC

0 (Deg)

P(GeVie) ' ' P (GeV/c)
——— - CEE-MWDC
80 S S 25 - = S
g (’ Recoil Neutron | . - '.(’ (A-2) System‘ Phi-Theta of Primary Track(Through MWDG)
70 \~_______,I 2;_ ZDC __"_._-.-"______‘,l

Missing-Mass

T
1.5
P (GeV/c)

165 17 175
P (GeV/e)

theta [deg] Theta

120+ (p,ppn)10B+

L
]




SRC w/ CEE@HIRFL

» CEE@HIRFL-CSR
U Fragment detection w/ standard CEE setup

v" Fragment-Detector at 4m downstream

v Same magnetic field as 0.5T

3 combined_Eloss_fX
e B Entries 4000
% B ' ' Meanx  -55.85
8 B I I Meany  0.7158
W 25 : : StdDevx 5.417
— L 1
2 I
- : 0.04
B 1
1.5 1
N ' 0.03
1 '_
B 0.02
0.5~ 0.01
980 I 0
1

X/cm
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[1EM

[ Not yet considered:

= Detector resolution & efficiencies
= Background

AP

P
S

] [



SRC w/ CEE@HIRFL

» CEE@HIRFL-CSR
U Fragment detection w/ standard CEE setup

v" Fragment-Detector at 4m downstream

v" Increase magnetic field to 1.0T

3 combined_Eloss_fX s
> °F i | Entries 28209 |-
% N i I Mean x -97.7
7] L | | Mean y 0.6481
L 25— I I
m 250 | i StdDevx  9.832 |

- I B StdDevy 0.5434 [©
- I.‘\' I
B L 1 - |
?C C12 g
- = -.-. I
B e |
B -
1 .5 — M | 3
1 —
0.5—
0 0

150 -140 -130 -120 ~100
1
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[1EM

U Continue Improvement
- Add a new dipole?
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CERMRI Measuring SRC @HIAF

» HIAF-High-Energy Station

O HIAF construction to be completed in 2025 (see Dr. He Zhao’s talk on Aug. 5th) :
= (C12, E=51 GeV/c (4.25GeV/c/u) = similar to NICA

¥ Tsinghua University

= 1.8x102pps (fast extr.), 4.5x10M1pps (slow extr.) vs. 3.5x10% pps at JINR
= LH2=0.073g/cm3 x 15cm

» Total Luminosity = 3x10% cm™ s (slow ext)

High Energy Fragment

Separator (HFRS) :

= Secondary radioactive
beam

High-Energy Station (HES):
 CEE+, CHNS, ...
e A general-purpose full

acceptance detector?

]"r —-—
= g ||| P — Y
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» HIAF-High-Energy Station
L Precision frontier for SRC in HES:
=  Mapping 2N-SRC at all kinematic

= Search 3N-SRC

Scattered Proton#1

P (GeV/c)

Scattered Proton#2

2
P (GeV/c)

Recoil Neutron

6 8
P (GeV/c)

(A-2) System

47 48 49 50(51 52 53 54 55 56
C

ring SRC @HIAF

PR E

.
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J Monte-Carlo Simulation (12C%" at 51GeV/c)
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I-day @ (4.5 18)x101pps
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EEAMI . Measuring SRC @HIAF
» HIAF-High-Energy Station

U Precision frontier for SRC in HES

= Mapping 9N-SRC at all kinematic

= Search 3N-SRC

U Challenges:

= CEE@]1.0T won’t easily separate C12 and fragments
= [ H2 Target at high luminosity

= FEE,DAQ
. ’ i e e O A brand new detector? .
> LH . ntri
é CEE@l.OT, 8#1 tagger dis. ,\E,,eta:i 3?5353_2 )C hadron calorimeter
,_,—8J 25 12C+ at 4.25qu/ u zt:aggvx 0'57_322 g u detector
c12 StdDevy 05838 [

beam PID
0.0C ' /
0.0C \
beam tracking
0.0C

Dipole magnet
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ek uring SRC @HIAF
» HIAF-HFRS B

) . Resolving power 800, 700, 1100 S 3
O Radioactive ion beams are produced at HFRS ' d

Momentum acceptance +2.0%
Physics Opportunities ") Angular acceptance + 30 mrad (x)
: + 15 mrad (y)
Beam size £ 1 icy
+2 mm (y)
Total length 192 m
126 T
[ Inflight decay of unbound nuclei } Nuclear size and matter distribution ]
I
[ Isospin symmetry breaking ] [ Evolution of single particle state J
: New forms of collective motion and shape coexistence
o | ] _
K New isotopes and neutron drip Iine] g 18 o
Clustering, halos and giant neutron halos with > two neutrons ] -8 ' N
=~ What are the limits to nuclear existence (particularly in the neutron rich side)? E 1.6~
| = What are the new forms of nuclear matter that might appear far from the stability line? w r
8 ~ What are the new forms of collective motion at region far from the stability line? € 14 —
> How do the quantum levels evolve in the very neutron-rich regions? E N
~ How do dynamical symmetries manifest in exotic nuclei (particularly along the N=Z line)? % 1.2 —
. o £ = 25 : E I
by Hooi-Jin Ong@IMP = ¢ S i i ;
© -
E’ 20 I [ | 5 o8- AC FelC i
15} +12c Al l , o1 T o0l | | Pb/C |
. . s 1 — 12 14 16
d Study 2N-SRC w/ radioactive 1sotopes from HFRS S 1ol \ i [ _ Neutron Excess [N/Z]
<
(%]
Nature, 560 (2018) 617-621.
. . 754 [1) . Q L i ]
v" Neutron-rich nuclei vs fixed “isoscaler” nuclei ~ § 3 3”% we  Nature, 2022, 609: 41
0 1 1
10! 10? A ]'_ ) [ P
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Summary

» SRC allows fully studies of nuclear force, quark & gluon in nuclel, neutron stars, etc.
» 2N-SRC well studied (np-dominate); 3N-SRC remains unseen

» Inverse kinematic pA reaction =2 Precisely study SRC

» Initial exploration with JINR & GSI & CEE@HIRFL,

» Precision frontier SRC study with HIAF = more simulation and optimization on ongoing!

O Most of simulation works done by TMEG undergraduate Haocen Zhao, & also graduate: Haojie Zhang, Yaopeng Zhang
O In close collaboration with: Eli Piasetzky (Telv Aviv), Maria Patsyuk (Dubna), Hongna Liu (BNU), Or Hen&Julian

Kahlbow & Hang Q1 (MIT), Xionghong He & Hao Qiu & Yapeng Zhang (IMP), ...
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Measuring SRC

* Nucleus-scattering with high momenta

%4 %

Tsinghua University

J Quasi-Elastic Scattering (QES): Knock out a nucleon but not breaking it

Beam Particle:

o Electron Inclusive Measurement:
= Pro: Precise, low background o o Only detect scattered electrons, A(e,e’)
=  Con: small cross-section (EM) Q Scattored & Measuring response of internal structure to the
o Proton: Incident electron momentum-transfer
=  Pro: large cross-section (Strong) Sean P o Less (not zero) Final State Interaction (FSI)
= (Con: Less precise, high background f‘V‘\} ,

“Target”: ~§ | J &
o Fixed (Gas, Liquid, Solid) L A

*  Pro: Luminosity=Density, most of

Knocked-out

stable nuclei (atoms) available proton

= Con: Knocked-out nucleon, residuals o
hard to escape Correlated partner (Semi-) Exclusive Measurement :

o Ion Beam: SR o Also detect knocked-out high-momentum nucleon,

=  Pro: detector final state particles w/ A(e,e’pN)A-2
high momenta o Can detect paired nucleon in opposite direction

=  Con: Luminosity=current, limited ion o Strong FSI (experimental & theory corrections)
beams o A-2 system in ground state o

I e
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SR Measuring SRC w/ eA

» Two Types of Detector Systems Hall-B CLAS6/CLASI2

(Low-Precision, Full Acceptation)

= SRC has small reaction rates = Precision vs. Coverage

Hall-A HRS / Hall-C HMS
(High-Precision, Limited Acceptance);

" Electromagnetic
Calorimeter

Detector BigBite Spectrometer
Add third-arm to detector p/n

]"r —-—
= g ||| P — Y
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Measuring SRC

e SRC Event Selection

Benhar, Day, Sick, Rev. Mod. Phys. 80, 189 (2008)
O Conditions: Knock-out nucleons, mitial and final nuclear 0.8 [

systems both in ground state 2 QLS tail on the low-E side

O Quantities:

2
Momentum Fractions: x = 9
2myv

Four Momentum Transfer:  Q? = 4E,E’sin?(6/2)

0.4 =

02

inclusive cross section

NN L ESENE = I B
200 400 600 800

o.o L i\ 1
0 1000

L Remove mean-field contribution =2 k>Kp. i

o Directly measure high-P knock-out nucleons = strong FSI 1.2
o 1< x < A2 quark” takes addiion momenta from nucleon-motion 14
08}
L Control FSI in semi-(exclusive) measurements (very hard!): S 0sf %
o High-Q? to minimum the time of escaping—> less re-scattering o oal

o Measure knocked out nucleons at special kinematics with min/max FSI ol

o Combine with theories models for additional corrections

0

I 20 X

2
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LR Measuring SRC w/ eA

» Isospin Dependence
NN Interaction Forces

O Tensor Force is strongly attractive 00 'i ' ' | rensor
400 L Central part ——— |

| = Full

- A - A - g 'l )
—S12 = —3(01 - 7)(02 - ) + (01 - G2) wr |2 |
200 - — i
- _ )
30,0, 100 Q i
: ®
Auractive ==0 2> Repulsive ° < |~

Tensor Force
L 1

\
1
1
1
1
1
1 -300 -
1
1
1
1
1

———— e ————

0 0.5 1 L5 2 2.5 3

U Tensor force favor neutron-proton pairs
Proton = T=1/2, Neutron=> T=-1/2

Isospin Singlet: T =0, n-p pairs v~ Stable! due to Pauli Principle
Isospin Triplet: T =1, p-p (T =1), n-p (1,=0), and n-n (T',=1)

]lI[ aa
Y|P Ve _sifsims.
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IN-SRC

* Much Harder to Measure . D2
v P1

d Many final-state combinations after breaking up 3N-SRC > |

Ps

p1| = P21+ |p3]

)

©
d Impossible w/ eA exclusive measurement—> need g
detect 3 high-P nucleons at all possible momenta UV-’ s
v —> 2
S
mp " ‘ ’
Y
o
| -
 Inclusive Measurement: XS links to the 3N-SRC tails Y ‘ D3
<
3 Q | —
3N-SRC (2<x<3) 10° S P4l = |p2i|* |Pai]
[ Blue - Fe
102 3 ]{ 3 Mage. - C
a\(AHe) = K -4 : fommi Red B >
O-3He .
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R Measuring SRC w/ Inverse-pA

» Other ongoing/future Experiments

U 3rd Gen experiment in HyperNIS@JINR: non-nucleonic d.o.f in Deutron

A

(0_+0,.—20))

zZzZ

aunpol

L SRC w/ rare radioactive isotope at R*B@GSI
16C(p,2pN)A-2* in 2022.

Future:

110,120,132S

(N/Z =1.20, 1.40, 1.64)

fragment (A-2)*

o projected
data

— — — Paris

Cd Bonn

L |
0.50 0.75 1.00

HADES

Scattered proton

SRC at HADES@GSI
= 4.5GeV p on fixed nuclear

targets oming proto
= Search for 3N-SRC signals
in A(p,2pNN)

Scattered proton



R Measuring SRC w/ Inverse-pA

» Other ongoing/future Experiments

4 (p, d) pickup reaction (slides from Hooi-Jin Ong@IMP)

(p,d)-type reaction: nucleon’s internal momentum selectivity

K. Sekiguchi et al., PRL95, 162301(2004)

SRC Workshop 2023 Tensor-force project @IMP

U Bremsstrahlung y generated from SRC

(Y.H. Qin & Z..G. Xiao, Physics Letters B 850, 138514 (2024))

Probe for high-momentum nucleons

Forward deuteron in (p,d) reaction is equivalent to P,-P,=Pp
backward elastic scattering of p+d, which is dominated g
g of p+d, which is dominate a ®)

by a neutron pick-up. 3 = —

50.0 T T P,

|;
:—g (mb/sr) i i3 s
A Reaction at “backward” angle « —Y ' o
5 : (-Pp)
wof & P at forward occurs via the pickup of a (Py,=0) 4 P, ;
sof °«>e “high-momentum” neutron :
] _pha 2 2 i (p-Pyori2)
, d at[forward R ){BD B Jz|(“’(’)""(p et}
80 K: phase space constant, B},: deutron binding nergy, M: nucleon mass
L0 G%ﬁ by G. F Chew and M.L. Goldberger Phys. Rev. 77 (1950) 470.
.5 0O
° . d(p,d)p exchange
*° o apt
ol slo 1éo 180 @—== = G'- 3 c
Oem (deg) W T R . 3o
. by Hooi-Jin Ong

by Hooi-Jin Ong *

light-ion
detectors

Image: RIKEN-SAMURAI spectrometer

project @IMP

¥ detectors
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DALI2 array

heavy-ion



