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Nuclear Physics: Understanding Strong interaction (QCD) at low and
intermediate energy

Intimately related to Big experiments
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High energy nuclear physics

1. J-Lab

2. EIC (Dec. 2019, Jan 2020)

3. JPARC : primary proton beam (30GeV) + pion Kaon
4

. LHC: Heavy Ion Experiment, Exotic hadrons

Low energy nuclear physics

1. FRIB
2. RIKEN
3. RAON
Common

Nuclear Astrophysics: neutron star, nuclear equation of state






1. J-Lab: 12 GeV, 20+ GeV upgrade plan
2. EIC (Dec. 2019 approved, Jan 2020 site)

p/A beam e beam
. Pp:41GeV, 100 to 275 GeV y > - . e: 5 GeVto 18 GeV
N A ——l

Research topics

Mapping quark gluon structure of hadrons (QCD)

Origin of hadron mass

Origin of proton spin

Nucleon Resonances

Current theoretical tools

- Lattice QCD
- Light front QCD (C-R Ji, Ho-Meoyng Choi, Y. Oh etc.)
- Schwinger-Dyson approach

- Instanton models (Hyun-Chul Kim, Seung-il Nam, etc.)



3. JPARC : primary proton beam (30GeV) + pion Kaon

Research topics

- Origin of hadron mass: mass shift measurements, electromagnetic signal

- Hadrons and nuclei with strangeness: H-dibaryon, NA, NNA, ect

Extension of J-PARC Hadron Experimental Facility

- Multistrange system
- Charmed baryons

- May be future heavy ion experiment

Theoretical tools

- Lattice QCD (Through Potential)
- Effective theories (Unitarized)

- Quark model (our group+ others)



Example 1

KEK E325, J-PARC E16
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Effects of medium on spinl/2 particle

= in Vacuum @y’ -7p-M =0

= in medium characterized by n“ =(1,0,0,0)

oy’ —7p-M=0 —225 @y’ -M =S+yV

Positive energy solution E=M +(S+V )~ M +(-400+300) MeV

|

Related to chiral symmetry breaking



Effects of medium on spin 1 particle

= in Vacuum PW (q2 _mZ)A/ =0 where Pﬂv :(qg?v Wj

= in medium characterized by n“ =(1,0,0,0)

P, (07 —m*)=P " (,G)+P.I1"(o0,7)
q’

] PﬂLV _ (qﬂgv _ g'uv _ P/;I'Vj

where P/ —(5, —~

S (0" -m?)=T1(,0)

when g=0then I #I1" — (P], +P;)(g*-m*)=P I (&,q)+P.IT" (,q)

Transverse *—m*)=I1" (o,q
(q ) ( C]) but (HT _HL) ~ Chiral symmetric

%
Longitudinal (q2 — m2) =I1" (a) Ci)



J-Parc will disentangle T and L components > {e and { ©

Disentangling longitudinal and transverse modes of the ¢ meson through dilepton and
kaon decays

In Woo Park,':* Hiroyuki Sako,? Kazuya Aoki,®* Philipp Gubler,? and Su Houng Lee!:

! Department of Physics and Institute of Physics and Applied Physics, Yonsei University, Seoul 03722, Korea
2 Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Naka, Ibaraki 319-1195, Japan
SKEK, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
YRIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan
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(a) 7L~ of kaonic decay in the CM frame (b) 25— of leptonic decay in the CM frame

FIG. 3: Angular distribution of decay rate of ¢ — K™ 4+ K~ and ¢ — e + e~ in the CM frame for each
polarization. T stands for transverse polarization and L stands for longitudinal polarization.



Example 2

Measuring chiral partners

- K, excitation energy measurement at JPARC

Decay mode of K, ('=90MeV)

K1(1270)> K p 42 %

K1(1270)> K* « 16 %

Kaon beam (2GeV)

7 K™

B K- + 1 *—
Kf—)(p_ [ﬂK

K-

7K™
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4. LHC: Heavy Ion Experiment, Exotic hadrons

Research topics

- Properties of Quark-Gluon Plasma

- New hadrons, Exotics

Theoretical tools

- Lattice QCD (Through Potential)

- Duality?

- Statistical and Coalescence model

- Petrurbative QCD, and others




Recent LHCb publication arXiv:2206.15233.....
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Example 3

Discriminating Structure -1

_ L+1 _ 1
Ground state Mesons JP = (S + L)( ! Ground states L=0 (S)

S=0 S=1

P =0 n 7 =1 P
m® =135 MeV {é} ?J m, =775 MeV {é} ‘}

\JL:O uLZO




P-wave Mesons P=(-1)", C=(-1)"
J PC — 0++ S :1
m, " =980 MeV { é) ﬁ}
m;~ =980 MeV
U/
L=1
or
JPC:O++ S=L=0 JPC:O++ - N
1=0 __ / \ =0 0
m,, =980 MeV é) ? m.— =980 MeV K
% N J
m:cozl =980 MeV m'f0=1 —980 MeV ~ .
Mass of 2 diquarks N é) ? y. Mass of 2 Kaon \é’) ?,

compact multiquark

ALICE measured f, —

Loosely bound molecule

=] o =
A& AEol A2+
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Example 4 Exotics from Heavy Ion Collision

IOPScience

Heavy-ion collisions at the LHC—Last call for

predictions

N Armesto!, N Borghini?, S Jeon3, U A Wiedemann?, S Abreu®, S V Akkelin®, J Alam’,
J L Albacete®, A Andronic®, D Antonov'? + Show full author list

Published 18 April 2008 « 2008 IOP Publishing Ltd
Journal of Physics G: Nuclear and Particle Physics, Volume 35, Number 5

Citation N Armesto et al 2008 J Phys. G: Nucl. Part. Phys. 35 054001

Abstract

This writeup is a compilation of the predictions for the forthcoming Heavy lon Program
at the Large Hadron Collider, as presented at the CERN Theory Institute 'Heavy lon
Collisions at the LHC—Last Call for Predictions’, held from 14th May to 10th June 2007.



10.3. Charmed exotics from heavy-ion collision

Our contribution to the volume

S H Lee, § Yasui, W Liv and C M Ko

We discuss why charmed multiquark hadrons are likely to exist and explore the possibility of
observing such states in heavy-ion reactions at the LHC.

Multiquark hadronic states are usually unstable as their quark configurations are
energetically above those of combined meson and/or baryon states. However, constituent
quark model calculations suggest that multiquark states might become stable when some of
the light quarks are replaced by heavy quarks. Two possible states that could be realistically
observed in heavy-ion collisions at LHC are the tetraquark T, (ud€€) [385] and the pentaquark

Y. Phys. G: Nucl. Part. Phys. 35 (2008) 054001 N Armesto et al

Table 10. Possible decay modes of T,.. Additional (¥ ~)'s are possible in the bracket.
Threshold Decay mode Lifetime
nﬂfllfe M:I'L'r = Mu- + Mu D'_ﬁ“ Hadronic d'EiCﬂ}'
PhYSICS IMp+ M, < My_ < Mp- +Mp DDV Hadronic decay
My, = 2Mp + M, D™ (K™n ) 041 = 107" s
DYx~K*mr~) Weak decay

Observation of an exotic narrow doubly charmed
tetraquark

LHCb Collaboration*

Conventional, hadronic matter consists of baryons and The similarity of the ccfid tetraquark state and the =1 baryon con-

mesons made of three quarks and a quark-antiquark pair,
respectively”. Here, we report the observation of a hadronic
state containing four quarks in the Large Hadron Collider
beauty experiment. This so-called tetraquark contains two
charm quarks, au and ad quark This e:ntlc state has a mass

In the mass spectrum nf l:I"l:l"‘;u:+ mesons ]ust below the D +D°

narrow width reveals the resonance nature uf the state.

taining two ¢ quarks and a u quark leads to a relatlanshlp between
the properties of the two states. In particular, the measured mass of
the =5 F baryon with quark content ccu”** implies that the mass
of the cciid tetraquark is close to the sum of the masses of the D°
and D'+ mesons w1d1 quark content of ¢i7 and cd, respectively, as
suggested in ref. . Theoretical predictions for the mass of the ceitd
ground state with spin-parity quantum numbers J*= 1% and isospin
I=0, denoted hereafter as T, relative to the I'*D" mass threshold

Roass — aaa [ [R— % fah
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Theory prediction

PRL 106, 212001 (2011)

PHYSICAL REVIEW LETTERS

week ending
27 MAY 2011

Identifying Multiquark Hadrons from Heavy Ion Collisions

Sungtae Cho,' Takenori Furumoto.

2 Tetsuo Hyodo,* Daisuke Jido,” Che Ming Ko,” Su Houng Lee,'

Marina Nielsen.® Akira Ohnishi.” Takayasu Sekihara.™’ Shi gehiro Yasui.® and Koichi Yazaki®*

(ExHIC Collaboration)

PHYSICAL REVIEW LETTERS 128, 032001 (2022)

Evidence for X(3872) in Pb-Pb Collisions and Studies
of its Prompt Production at ,/syy=5.02 TeV

pp.PbPb

Iyl <0.75 (ATLAS)

Experiment
18 1.7 nb™ (PbPb 5.02 TeV)
- CMS
1.6 Prompt
£ - m PbPb (5.02 TeV)
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R -
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p
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A.M. Sirunyan et al.”
CMS Collaboration
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Can discriminate the structure by observing the PT dependence

Pb-Pb, Suy=5.02 TeV |
0-10%, |y|<0.5

1074} B2

X(3872)

1075}

Tcc if Molecular
structure

10—6 I

1077}

—— | Tcc if Compact

IO_E I —— t 4 .
ompact 44 multiquark

Tee Oor X(3872), DD™ molecule, r=w

109} Tec or X(3872), DD molecule, r=2.2 fm |
7/ Te or X(3872), DD molecule, r=3 fm

1/(2npr) d*N/(dprdy) (GeV/c)™?

_10 i i i i i i i
10775 1 2 3 4 5 6 7 8

pr (GeV/c)
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Prospect -1 _where does vector meson spin come from

(® Spin of composite particle

=1

‘J/W = Poo
ploture from UrGMD dT oc (1+4,c080), A, <(3p,—1)

*0)
*0 (y1<1.0812<p_<54GeVi)- p 050 T Ty | FORAT RARAT ARESR R RS ]
~ 1
0.4 o K”(lyl < 1.0 & 1.0 <p, <50 GeVic) | ; AUCE Prehmmary Pb- pb (S =5 02 TeV
a — " 1109 2 143 1 | 04F Inclusive Jiy — 'y 1

2 2<p <6GeVic,25<y<4 3

_ 03
Scalar: H, = H; — L - 2. 035 \ | Sak ALICE 2022 |
2 s . W —t __

Spin1/2: H, = H; — (L +§) - Q o P K S +
STAR, arXiv:2204.02302 (2022) b
-0.1F ¢ Stat. uncert. 3
H . — C— . filled: Au+Au (209 - 607 Cantrality) Syst, Event plane |
ThEﬁ, Sp|n1 ) H.i" H.' (L + S) Q ‘? 0.25. oFen: Pb+PD {10% - 50% Centrality) | 02L D ys luncen il v ‘.Ap
0 10 20 30 40 50 60 70 80 90 100
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HyungJoo Kim (Yonsei U) (S (GeV)
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Prospect -2 Neutron star equation of state

(® Multi-messanger astrophysics: Neutron star: anomalous property of speed
of sound, quarkyonic matter

LETTER

A two-solar-mass neutron star measured using
Shapiro delay

P. B. Demorest!, T. Pennucci, S. M. Ransom!, M. S. E. Roberts® & J. W. T. Hessels*®

0.0 , . , . . . ,
7 8 9 10 11 12 13 14 15
Radius (km)

To support the massive neutron stars whose masses are larger than two times the solar mass, it was found that

the equation of states for dense matter had to be sufficiently hard.



Prospect -2 Neutron star equation of state

PHYSICAL REVIEW LETTERS 121, 161101 (2018)

GW170817: Measurements of Neutron Star Radii and Equation of State

B.P. Abbott et al.”
(The LIGO Scientific Collaboration and the Virgo Collaboration)

The tidal deformability constrained via the GW170817 observation requires a relatively soft equation of states.

vé
(]
Speed of sound §
1/3
S de

PHYSICAL REVIEW LETTERS 122, 122701 (2019)

Quarkyonic Matter and Neutron Stars

Larry McLerran and Sanjay Reddy
Institute for Nuclear Theory and Department of Physics, University of Washington, Seattle, Washington 98195, USA



Prospect -2 Neutron star equation of state

T """ i e { e S B s e e e e
! ! ! I
! ! L ! ! ¢
! | L A "N ' () I &) (q
v ! ! | ! I ) .
= | "N I ¢y J . ! © | A4 «
ks, ! ' © ! [ «©»
? [ ' N | "N © ¢ I ¢ m €
o . , (T ! i '
S8l @ @ & ! N o Yy
® c | - © i @ © @ e,
= O ! ¢ |
& 6 ' N I 0" N l & ¢ I ¢ 3 "
= = ) " ! N ! ul - B
2 | r N ! 2 o ©
[ I I [
= i | | i i
— ! Hadron Liquid ! Quarkyonic-like ! _ i
. A |
: (Neutron matter) : d+(ud) configuration | Quarkyonic matter : Quark matter
[ i ! i
i ! ! i
i i ! i :
L )
I UB
Hp~my pp = 0(my) up > 0(my)

PHYSICAL REVIEW D 104, 094024 (2021)

Case for quarkyoniclike matter from a constituent quark model

Aaron Park,"” Kie Sang Jeong 2" and Su Houng Lee'*



Prospect -3 : Nuclear Physics and High Energy Physics

(® KSHEP can be a place for collaboration to tackle these problems
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Quark Model perspectives on Interaction at short distance — color-color interaction

H = Zn:[m +_]_Zn:(ﬁﬂ%jc JVif (5 )‘i (o, )Vuss (1)

i i<j i<j mm;

= Color-Color interaction is not important for short range N-N interaction

N 1 2 Ng, Ns,
Z(z,,%;)zz[(zﬁ...mg) —2f—...ﬂﬂ= D (A7) + 2 (4047
i<j <] <]
= Color-spin interaction for 2 body: Q-Q Q-0
Color A S A S 1 8 1 8
Flavor A A S S
N Spin AQO) | st | s | A0) | o 0 1 1
K==2 (44 )oio})— [ [Te el on | « o] 2 [ren 2]
<]

K <0 attraction; K >0 repulsion
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Mass effect in Color-Color interaction: Example Karliner and Rosner

= Coulomb interaction

He, =+ A4 LI

E. ~-mg*

= Color-Color interaction between C and color singlet

O /€

cq

if the color state of cc is attractive, A7 (A7)<0, then since

there will be attraction

H, +Hy = A2 (/1: S
I I

cc cq

J<o

r

cC

(@

<r,
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Mass effect in Color-Spin interaction: Example Tcc (Ballot, Richard 83)

Q-Q Q-Q
Color A S A S 1 8 1 8
Flavor A A S S
Spin A© | s [ s [ A0 | o | O 1 1
K (8)] 43| en| 4 [(e)| 2 [165] 23

Fall apart into two mesons When heavy quarks, could be compact

1 @ c

—16—

28



Indeed many heavy exotics were found
But still not clear about their structure

Compact multiquarks or loosely bound molecules

Will Look at X(3872) and Tcc(3875)

Can they be compact?



X(3872) : W. Park, SHLee, NPA924(2014) 161

Dominant (C =color, S =spin) state?

Color-spin (K factor)

3m
- KD - KD* =

X (3872)

Hence X(3872) could be in {

16i 16 1
2 2
m; 3 m,

IG(JPC):O+(1++)

— ~+140 MeV

32 1
_|_

0

0

3 m.m,

6 /0
©) \@

(ct)®(qa)

(11)®(1.1)

21 21 4 1
3m’ 3m; 3mm,

(8,1)®(8.1)

s 20 MeV
(cc)—>(C =8,5 =1)
(q0) > (C =8.5=1)
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X(3872) : W. Park, SHLee, NPA924(2014) 161

cT)

X(3872) (c€)— 0= H_ =22 ,1Cai 2 G @
(o) > (C =85 =1) r é o

Color-Color ﬂf(/lf)%[(ﬂf #22) =2 —(/15)1

1 1 4
2/12:C:§(p2+q2+pq+3(p+q)) C(p=Lq=1)=3, Cf(pzl,q:o):g

If cc is in (C=8,5=1) zj(zj):g[s—zﬂzgw

No additional attraction from color-color interaction

> X(3872) can not be compact multiquark state
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Tcc(3875) : W. Park, SHLee, NPA924(2014) 161

Color-spin (K factor) |G (J P): 0* (1+) (ud)®(cT)
‘—> ~—-100 MeV
4 _
gt 81 32 1 } PN (3.0)®(3,1)
m; 3m; 3 mm, m.m,
Kaageers) =Ko =Kow = i 41 1 32 1
82 m.m, 3 m; +4m§ "3 m,m, (6’1)®(6’O)
L~ 417 MeV

(ud)—(C=3,5=0)

Hence Tcc(3875) could be in
(cc) > (C =35 =1)
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Tcc(3875) : W. Park, SHLee, NPA924(2014) 161

(ud)— g ° @
Tce(3875) {( §) > (C =35 1) H,. =4, (/Ica r—j ? 0 @

a a 1 a a)2 2 a)2
Color-Color 7 (& )25[(4 w2 ) =2 =(2) }

Hence there is additional attraction

- Tcc(3875) could be a compact multiquark state



Attraction expected from quark Model: S.Noh, A.Park, D.Park Lee (in preparation)

T.(3875) 1°(37)=0"(1")

(S. No, W. Park, SHL, PRD10 (2021)114009 )

K ~K,-Ky. = —100 MeV

T, (3875)

0 F : . . , ' 1 . .
B? my ~ 410 MeV
-500 0 i . ' ]
= -1000 50 o
[+}] = H
=
% 1500 o0 Ly |
> i | A B
2500 | ot KD
_200 i 1 L i I |
0 02 04 06 08 1 12 14
-3000 “ - : - - -
0 0.5 1 15 2 25 3
r [fm]
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Full Quark Model calculation suggests: ex S.Noh, W.Park, Lee, PRD10(2021)114009

= There is a strong short range

attraction for Tcc > Could be compact,

but depends sensitively on parameters:

= The short range attraction for
X(3872) is very weak

- Can not be compact

-2021- Tcc(3875) LHCb coll.
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Production of compact multiquark state in 2017

RHIC (Scenario 1)

Igg;mal I :
= 99 /qqq

8 multiquark ¢ .
Hadronic ©

101

. K(1460)
" . Deuteron
| 7(443

Production rate
normalized to
statistical model

100 s A e a0 L[] - l _____________________________ ﬁ Normal Hadron

Nco al /Nstat

¢ A, Molecule

CS__
h o=
-
o

€ Compact multiquark

102 |

PL(4380) ... ___
P (4450}

Mass (GeV)
Progress in Particle and Nuclear Physics 95 (2017) 279-322
Exotic hadrons from heavy ion collisions”
Sungtae Cho*, Tetsuo Hyodo ", Daisuke Jido®, Che Ming Ko ¢, Su Houng Lee ©*,
Saori Maeda', Kenta Miyahara¢, Kenji Morita”, Marina Nielsen",

Akira Ohnishi ", Takayasu Sekihara', Taesoo Song’, Shigehiro Yasui',
Koichi Yazaki“ (ExHIC Collaboration)
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A simple fit to Deuteron and 3He using (R, ,V) - |l

1. Forr>1.9 fm result are similar to o-> infinity result
2. Both can be fit by choosing R,=0.36 > similar to feed-down effects SHM
3. V(2-dim)=608 fm?2

10! 10!
N Pb-Pb, Syny=2.76 TeV o M Pb-Pb, VSyy=2.76 TeV
0

3 10 deuteron, |y|<0.5 - Helium-3, |y|<0.5
7 D

< 107 < 100

S S

~ 107 =

=, >,

g - 3
"_“c 10-3 4 —— r=1.9 fm f_‘z‘ 10-1 F=oco
2 r=o = +  ALICE, 0-20%

Q194 + ALICE, 0-10% )

U U

z <

— —

10— . . - - - ; ; 102 . . . . . :
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7

pr (GeV/c) pr (GeV/c)
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