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Nucleon-nucleon interaction

V() A

Repulsive

P e

r [fm]

Attractive

* Dominated by the scalar interaction

e Scalar = 0: strong
spin/isospin dependent
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Nucleon-nucleon interaction

V() A ~eoulsi NN models:
epulsive _ _ _
~ contain experimentally determined parameters

> large model dependence at short-distance /
high-momentum

— ‘| ) i —
r [fm] \\ Deuteron
. 20N
Attractive PN
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E/ \'\‘m
10°7 \\\\,:\
NI~ AVIS
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* Dominated by the scalar interaction 102 N g
\ N2LO(1.0)
 Scalar = 0: strong ., N3LO(600).
spin/isospin dependent 01 03 05 07 09

k [GeV/c] 3
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Short-Range Correlations (SRC)

* Nucleon pairs in close proximity

2N-SRC
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Short-Range Correlations (SRC)

* Nucleon pairs in close proximity

* Large relative (ke>kr) momentum and
small (ke.m.<ke) motion

(relative to the Fermi momentum k-~250 MeV/c)

kre=(ki-k>)/2 k.m=Ki+k;
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~ ) Wigner, Mayer and Jensen

b sl
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Nuclear Shell Model ;’
=
7 1963 Nobel Prize =

=

1st successful description

e ground-state energies
 excitation spectra
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NUCLEON MomMENTUIM>
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High-momentum tail
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Probability distribution P(p)
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Universal!
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IPM: Independent Particel Model

Nucleon Momentum p [fm~1]

Ryckebusch et al., Phys. Lett. B 792 (2019)

« « Argonne: QMC with AV18 nucleon-nucleon interaction

. LCA: Low-order Correlation operator Approximation

Nucleon Momentum p [fm~!]
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High-momentum tail

574 TECHNISCHE
=&/~ UNIVERSITAT
/'~ DARMSTADT




s TECHNISCHE
=\ UNIVERSITAT
P DARMSTADT

Why do we care?

nucleon-nucleon interaction

OA(e,e’p)ch F

| Mean-Field Theory

T T T T

48
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short distance structure of nuclei
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nucleon-nucleon interaction

OA(e,e’p)/ OwmF

08

06

0.4

0.2

00—t

T T T T

| Mean-Field Theory
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short distance structure of nuclei
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asymmetric nuclear matter
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Why do we care?

nucleon-nucleon interaction
short distance structure of nuclei

T UL
10— 100% 10¢ S
| Mean-Field Theory \ Deuteron
48 \
w l %0 4 ia %2 102 \\\
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6 + + e N
= 0 ¢ + ++ ¢ 4160-70% S 100 T
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o2 ] _ N3LO(600).
VALENCE PROTONS 0.1 0.3 0.5 0.7 0.9
Bk ] k [GeV/c]
10 10?

target mass
Lapikas, NPA 553 (1993)

asymmetric nuclear matter

quark-gluon structure of
bound nucleons (EMC effect)
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How do we study SRC?

Incident
electron

 Hard knockout reaction \/
> high-energy (several GeV)

> large momentum-transfer
* Breakup the SRC pair

Nucleus
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How do we study SRC?

Incident Scattered
electron electron Detector

« Hard knockout reaction \/

> high-energy (several GeV)
> large momentum-transfer

* Breakup the SRC pair
Nucleus

~

Detector



How do we study SRC?
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Incident Scattered
electron electron Detector

Hard knockout reaction \/

> high-energy (several GeV)
> large momentum-transfer

Breakup the SRC pair

Triple coincidence measurement
A(e,e’NN) N=pin

Reconstruct the initial state

Nucleus

~

Detector

Detector
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SRC @ Jefferson Lab

D
"

“® Located in Virginia, USA 18] f.é,a
® Electron beam (12 GeV) g

] ¥

i
= : |

® 4 experimental halls
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CEBAF Large Acceptance Spectrometer

Scintillators

Drift chambers

electron
beam

Calorimeters

Large-acceptance Open (e,e’) trigger Low luminosity

17
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Do high-momentum nucleons come in pairs?

Scattered Ye S !

electron
4 T 12 N\
200% C T .
/@ ®
[ ]

o, .
Knocked-out I

e
E

proton = 1
& N FUUOT SURRUNT SUUURRURN RUSRRUY SUURRRUIRY FUURRUURRRRUN ISR
o 100% .
e

Incident
electron

€=

2t 7

(75, )
%)
&

95% Exclusion

I 50% .
0% : : . : ' :
400 500 600 700 800 900 1000
Missing Momentum [MeV/c]
Correlated

partner I. Korover et al., PLB (2021)
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Do high-momentum nucleons come in pairs? Yes!

Scattered Back-to-back = SRC pairs

electron
: _ 12~ 56 \
/ 200} Afe.eop) Data C Fe
: v\ e 27A| I 208Pb
L o \
_@ 'L‘\

Knocked-out
proton

Incident
electron

100

507 > :
/ Nixed-Events™ 5 =%

-Phase-Space

0T =09 08 07 08 05 04
cos(Yy)

Correlated
partner O. Hen et al., Science (2014)
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Do high-momentum nucleons come in pairs? Yes! ¢ - v
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Scattered
electron
Incident 1 :
electron large relative and
~— /@ small center-of-mass motion”
(75, ) | N
%) K”grcoktf)ﬂ'c’”t 50| C A B 0.=157 +7 (141 +7)MeVic
- |7 RN 0,=160+7 (146 +7) MeV/c
25 y ‘*r"' 0r=159+5 (143 +5)MeV/ic
- ) R

-500 -250 0 250 500
Pé.m. [MeVic]

Correlated

partner E. Cohen et al., PRL (2018)
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Do high-momentum nucleons come in pairs? Yes!
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Scattered
electron

Incident
electron

€=

Correlated
partner

Q@

Knocked-out
proton

Consistent with Mean-Field calculations

— 200
&
>

50

@ This Work
m BNL (p,2pn)
v Hall-A (e,e'pp)

A Hall-A (e,e'pn)
MR R A |

\

z; Ciofi and Simula
-- Colle et al. {AII Pairs)
— Colle et al. ('S, pairs)
Ferml Gas AIFPalrs

10

102 A /

E. Cohen et al.,

PRL (2018)
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What kind? Predominantly neutron-proton pairs

No A dependence -> Universal!

/ 10— ® This Work A JLab Hall A, direct \
= | O JLab CLAS, indirect V(r) A
e I TAl scalar
=1 ¢ Pb
s | [ I
A T [ T = ~5%
2 | o |
3 | avg ™ 1 — >
O & f
[ N3LO, ;i E r [fml
0 A TR ] | ! L | ! I A v | !
10 10°
\_ N -/

MD, PRL (2019); MD, Nature (2018); Hen, Science (2014); Korover, PRL (2014);
Subedi, Science (2008); Shneor, PRL (2007); Piasetzky, PRL (2006); Tang, PRL (2003);
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What kind? Predominantly neutron-proton pairs

No A dependence -> Universal! Also seen in ab-initio pair distributions
/ 10[~ @ This Work A JLab Hall A, direct \
L 0O JLab CLAS, indirect
| ¢ A
% | ]l re Pb
S |
E Sgﬁ ].J_ = — ~5%
o L
E N2LO !
& - AV18 1) e
[ N3LO, . E

0L : — : l * ' ;
\ 10 A 10° / q(fm)
Schiavilla et al., PRL 98 (2007)

MD, PRL (2019); MD, Nature (2018); Hen, Science (2014); Korover, PRL (2014); Sargsian et al., PRC 71 (2005); Ciofi and Alvioli, PRL 100 (2008)
Subedi, Science (2008); Shneor, PRL (2007); Piasetzky, PRL (2006); Tang, PRL (2003);
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What kind? Predominantly neutron-proton pairs

No A dependence -> Universal! Also seen in ab-initio pair distributions
/ 101~ @ This Work A JLab Hall A, direct \ Fa. 300-600
L O JLab CLAS, indirect P 5 MeV/c
s | c TAI op | : window
@ [ ]l re -
e |
C 5= GCF ].J_ = — ~5%
o |-
< N2LO, ...
Q| Av18 -8 .
[ N3LO, . E

ob——— : — : ' 1 ' E
\ 10 A 102 / q(En |JI
Schiavilla et al., PRL 98 (2007)

MD, PRL (2019); MD, Nature (2018); Hen, Science (2014); Korover, PRL (2014); Sargsian et al., PRC 71 (2005); Ciofi and Alvioli, PRL 100 (2008)
Subedi, Science (2008); Shneor, PRL (2007); Piasetzky, PRL (2006); Tang, PRL (2003);
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What do excess neutrons do?

5~ DARMSTADT

/=

Momentum distribution

neutrons
protons ’
don’t correlate?
correlate with core protons? &
correlate with each other?
| ’
ke ke 3k

Nucleon Momentum

25



Comparing proton & neutron dynamics
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High-momentum fraction

1.8

1.6

1.4

1.2

1.0

0.8

0.6

—_

Correlation probability

Neutron excess, N/Z

MD et al., Nature 560 (2018)

— Protons grow Neutrons saturate
o e

- P !

B Neutrons

[ A/C  Fe/C i

B Pb/C

[ | . . . | |
0 1.2 1.4 16

Protons ‘Speed-Up’in
neutron-rich nuclei
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Comparing proton & neutron dynamics
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High-momentum fraction

1.8

1.6

1.4

1.2

1.0

Correlation probability

Protons grow Neutrons saturate

7

?‘0\.0'(_\? e

; Neutrons
L

. "

Al/C Fe/C -

|III|III
i

(=}
—L
N

1.4 1.6
Neutron excess, N/Z

MD et al., Nature 560 (2018)

Daily Press
son Lab

er n
; eff:\eons to neutro===rr

nu

PHYS #'0RG

Protons may have an outsize influence on the properties of neutron stars

and other neutron-rich objects

Protons strongly influence the behaviour
AF'SWERS of I l

AstronomyNow

W GIZMODO
Surprising Accelerator Finding Could Change the

Way We Think About Neutron Stars
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Nuclear symmetry energy

Phenomenological models
60 examples

Microscopic & ab initio theories
11 examples

. ] T T T
-4 — BHF (Vidana)
~| — BHF (Z.H. Li)

- Chiral EFT-N’LO450
- Chlral EFT-N’LO600

e VMB-WFF2
- VMB-WFF3"

DBHF (Fuchs)
DBHF (Sammarruca)

DD

VMB-APR
VMB-FP A
VMB-WFF1..Z

o here

SRC |mportant

Neutron Star
Observations

plp,

2 3

N.-B. Zhang & B.-A. Li, APJ 902 (2020)
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Phenomenological nucleon momentum distribution n’(J=p/n)
guided by microscopic theories & experimental findings

g FFG
1 _________________
By(|k|/k{)? A+ Bl L . 0 <K <k
A, P F kIF

________________ mlp, 8) = n(p, |k, 8) = .
I I
| G L3 , K < k| < ¢kl
I K|
|
: Ci(ki/|k|)* * parameters assumed to have linear isospin-asymmetry dependence
: K based on predictions from self-consistent Green'’s function (SCGF)

0 k’l.]«

FFG = free Fermi gas

B.-A. Li et al., Prog. Part. Nucl. Phys. 99 (2018) 29



SRC effects on nuclear symmetry energy
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(p) (MeV)

sym

60

50

40

30

20

10

0

1T 1T l LI I LI I I | I T T 1 ] T 1T T 1

FFG = free Fermi gas
—FFG

LI

HMT = high-momentum talil
SCGF = self-consistent Green’s function

SNM = symmetric nuclear matter

PNM = pure neutron matter

N XS W=25%, Xnvr™M=1.5%

7/ based on MDI

0.0 0.1 0.2 0.3 0.4 0.5
p (fm™®) 0,=0.16 fm

Consequence: symmetry energy gets softened

B.-A. Li et al., Prog. Part. Nucl. Phys. 99 (2018) 30
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Going more neutron-rich L) onveRTAT

/Direct kinematics \

Scattered
Target nucleus
proton
Beam %
- ,

HE paktner Knocked-out

\\ proton

e Limited to stable nuclei N/Z<1.5

/Inverse kinematics \

Scattered
proton
Target prpton A-2 residual
A nucleus

SRC partner
e

K Knocked-out proton /

* Radioactive-ion beams
~ larger N/Z asymmetry
~ systematics of isospin-asymmetry
« Kinematically complete measurement A(p,2pN)A-2

31
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15t measurement in inverse kinematics

* BM@N setup, JINR (2018)
* Well known system: 12C
* High-energy: 3 GeV/nucleon

=> Identify SRC signal in
inverse kinematics

Target Z
MWPC K 7
48 GeV/ :

12C lons

Ve

= Y
v
’@
- )

-

Patsyuk, Kahlbow et al., Nature Physics 17 (2021) 32
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15t measurement in inverse kinematics

* BM@N setup, JINR (2018) np-pairs: °C(p,2p)*’B — 23 events np-
« Well known system: 2C pp-pairs: 2C(p,2p)°Be — 2 events dominance
 High-energy: 3 GeV/nucleon * correlated partner not measured
=> Identify SRC signal in
inverse kinematics Back-to-back correlation!

@ o,

n
""""'~9._Pmiss:Pn

Counts

10y

n

cos(Gp _p )

Patsyuk, Kahlbow et al., Nature Physics 17 (2021) 33
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15t measurement in inverse kinematics

« BM@N setup, JINR (2018)
« Well known system: 12C fragment momentum -> ¢.m. motion ‘ﬁ

* High-energy: 3 GeV/nucleon

- - - 200
=> Identify SRC signal in £ 15 i :
i ) ] = i
inverse kinematics S 1 -
| '6' -
10 10>
3 []
] =, 1001
RPC 5 B i DE i R . s ¥ Ciofi and Simula
i \ . 50 JINR “C(p.2p 'B)n .. Colle et al. (All Pairs)
GE,\S,; N i [ @ JLab (e,epN) —Colle et al. ('S, pairs)
N\ y i BNL (p,2pn)X == Fermi-Gas (All Pairs)
Target V), 0 R IR 0 1|0 162
i 1 —0.5 0 0.5 A
\ Lo D [GeV/e] Cohen et al.,, PRL 121 (2018)
48 GevI , By
12, On

- =
i v,

e >
N 'Y

Patsyuk, Kahlbow et al., Nature Physics 17 (2021) 34



SRC @ R’BIGSI
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* Pioneering experiment with radioactive-ion beam
May 2022 (A. Corsietal.)

* R3B setup at GSI
« 16C (12C as ref.) at 1.25 GeV/nucleon

* First fully exclusive measurement A(p,2pN)A-2

recoil
neutron

Fibers B

recoil 3
proton R B

residual
CALIFA (LH, target # fragment

+ Si tracker inside

35



74 TECHNISCHE
S0&7/=\ UNIVERSITAT
7'~ DARMSTADT

SRC @ R’BIGSI

* Pioneering experiment with radioactive-ion beam
May 2022 (A. Corsietal.)

* R3B setup at GSI
P / A(D,20N)A-2 \

+ Si tracker inside

recoil
proton

e 16C (*2C asref.) at 1.25 GeV/nucleon Online spectrum
* First fully exclusive measurement A(p,2pN)A-2 E 1
7 7; 7 16C
il 5 5 E R : 3
reution 5 § ; = A
...... = 4
3=
R residual 2?’
CALIFA (LH, target ' # fragment 1{4 Lok g 2\5 ‘ = 2\7 L Sl ‘ 2|9
RB k | Ao /
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SRC @ R’BIGSI

* Pioneering experiment with radioactive-ion beam
May 2022 (A. Corsi et al.)

* R3B setup at GSI / A(p,2pN)A-2 \

* 15C (12C as ref.) at 1.25 GeV/nucleon Sitracker (FOOT) ~  CALIFA

© e a & @ ©

* First fully exclusive measurement A(p,2pN)A-2

recoil
¥ neutron

g T R Fibers — i
& residual

# fragment k ’

recoil 3
proton R B

CALIFA (LH, target

+ Si tracker inside
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SRC @ R’BIGSI

* Pioneering experiment with radioactive-ion beam
May 2022 (A. Corsietal.)

* R®B setup at GSI / A(D,2DN)A-2 \

e 16C (*2C asref.) at 1.25 GeV/nucleon Fiber detectors Time-of-flight walll

* First fully exclusive measurement A(p,2pN)A-2

recoil
neutron

Fibers B

recoil 3
proton R B

residual
CALIFA (LH, target # fragment

+ Si tracker inside
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SRC @ R’BIGSI

* Pioneering experiment with radioactive-ion beam
May 2022 (A. Corsi et al.)

* R3B setup at GSI
« 16C (12C as ref.) at 1.25 GeV/nucleon

~

-
o

A(P,ZPN)A'Z Online spectrum\

ST

* First fully exclusive measurement A(p,2pN)A-2

~ L
o
E'-) -
= : “Be
. o ~
recoil D gl
¥ neutron © "
5 i ) |
o
I "I
Fiber ) — :
5 2 residual -
CALIFA (LH, target # fragment — . ]
+ Si tracker inside 40 6(

recoil 3
proton RB Trajectory (Fiber)
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SRC @ R’BIGSI

* Pioneering experiment with radioactive-ion beam
May 2022 (A. Corsietal.)

* R*B setup at GSI / A(p,2pN)A-2
« 16C (12C as ref.) at 1.25 GeV/nucleon NeuLAND

* First fully exclusive measurement A(p,2pN)A-2

recoil
neutron

Fibers

i residual
=4 fragment

recoil 3
proton R B

CALIFA (LH, target
+ Si tracker inside
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SRC @ R’BIGSI

» Pioneering experiment with radioactive-ion beam ¢ Main reactions of interest:

May 2022 (A. Corsietal.) 16C(p,2pn)“B (np-pairs)

* R3B setup at GSI 18C(p,2pp)**Be (pp-pairs)
« 16C (12C as ref.) at 1.25 GeV/nucleon » Correlation probability
* First fully exclusive measurement A(p,2pN)A-2 | feavyo”
g ‘ ight ratio
'-§ 1.8;— \/
recoil 2 F
&} neutron S F n?
o) AR = Neutrons ?
15C beam e B ESEa gl'og ]
. R . residual '&o 0 6;27A|/126cFE/12C zoapb/u% 16C f12C
CALIFA (LH, target # fragment T '1_0 5 T Te

+ Si tracker inside

Neutron excess, N/Z

recoil 3
proton R B
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