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About me

- Afaculty at Sejong University in Seoul, Korea from 2018

- Working for nuclear collision experiments across wide energy scale
- CMS . ~1TeV
* RHIC experiments : ~100 GeV
- LAMPS @ RAON : ~0.01 GeV

C\ 1 CMS Experiment at LHC, CERN

= 1| Data recorded: Mon Nov 8 11:30:53 2010 CEST
{ Run/Event: 150431 /630470

| Lumi section: 173

CMS experiment TPC made for alpha-cluster search
in RIB experiments
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- SJU (Sejong University)

« Four faculties in HEP and NP

- Me (nucl-ex), Saehanseul Oh (nucl-ex), Seyong Kim (hep-th),
Hyunsoo Kim (hep-ex)

- Research invloed
+ CMS (quarkonia, jet, top)
« ALICE (hard probes, ITS3)
« STAR (jet)
- ePIC (ZDC)
« sPHENIX
- Lattice gauge theory
- Rare Isotope accelerator physics
 Active target TPC




- Exotic hadrons
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5-quark states, (c=0) 4-quark states, (c = 2)

- Around 2019, a series of very interesting results were released from LHC
- X(3872) in PbPb at 5 TeV (CMS)
- Discovery of penta-quark Pc and tetra-quark Tcc (LHCb)




Pc brothers discovered by LHCb o
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Decay width of P¢’s

State M [MeV | [' [MeV |
P.(4312)" | 4311.94+0.77568 | 984 2.7+ 37
P.(4440)* | 4440.3 +£1.3*41 | 20.6 £4.9% 57
P,(4457)" | 44573 +0.6%11 | 6.4+ 2.0% 37




- Bizzare history of p’ent;aq'Uarkhuntihg-

( \ Nuclear Theory
arXiv:1012.3781 (nucl-th)
r [Submitted on 16 Dec 2010] I N S P I R E H E P
2sf N =29 Critical view of the claimed ©*
2k M, = 1.547 GeV pentaquark Date of paper
g G = 0.009 GeV _
- E. Oset, A. Martinez Torres
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@ C We use a theoretical model of theyd —» K*K~ n p reaction

5.2.5 :‘ adapted to the experiment done at LEPS where a peak was

F’: - observed and associated to the ®*(1540) pentaquark. The

10 study shows that the method used in the experiment to
E associate momenta to the undetected proton and neutron,
75F together with the chosen cuts, necessarily creates an
E artificial broad peak in the assumed K *n invariant mass in
SE the region of the claimed ®*(1540). It is shown that the
F LEPS fit to the data, used to make the claim of the ®*(1540),
25F grossly distorts the background. An alternative fit, assuming

F I, . ) a background plus a fluctuation, returns a background

A IR B L
1.6 17 18 1.9 2 practically equal to the theoretical one and a fluctuation 20 0 2
M(nK'r), GeV identical to the one seen in the experimental K~ p spectrum

‘
q C a1
y of 20 significance.
‘@: S. Stepanyan, JLAB  CIPANP 2003 - NYC, May 19-24, 2003
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. 2003: Anew state, aka ®, is claimed to be a pentaquark (uudds) by LEPS
- Later ten experiments attempted cross-check without success
« The result in 2003 turned out to be flaw by wrong methodology

- No clear evidence of the existence of penta-quark state until LHCb's
discovery in 2015

2024



https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=pentaquark&earliest_date=2002--2024

New exotic particles atL—HCb |
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New. exotic particles atLHCb |
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o Pes (uuscc) — Jy+ A
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Characterization of Pe v

* Discovered, yet the internal structure and quantum numbers remains
in question

* In particular, the spin and parity can be determined using spin-
polarized collisions

* What the best machine to shed light on it? We all know the answer!

12



Electron lon Collider

e+p/A—e +X

6I

Science mission of EICI]

- Precision 3D imaging of protons
and nuclei

-+ Solving the proton spin puzzle
« Quark and gluon confinement
- PDF modification in nuclei

[1] https.//www.bnl.gov/eic/science.php 13



Electron lon Collider

Science mission of EICI]

- Precision 3D imaging of protons
and nuclei

-+ Solving the proton spin puzzle
« Quark and gluon confinement
- PDF modification in nuclei

- Discovery and characterization of
exotic hadrons?

[1] https.//www.bnl.gov/eic/science.php 14
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High Energy Physics - Phenomenology

[Submitted on 23 Feb 2022]

Production of P.(4312) state in electron-proton collisions
In Woo Park, Su Houng Lee, Sungtae Cho, Yongsun Kim

We study the cross sections for the electro-production of P.(4312) particle, a recently discovered
pentaquark state, in electron-proton collisions assuming possible quantum numbers to be J¥ =
\/E is set to the energy of the future Electron lon Collider at Brookhaven National Laboratory, in order to
asses the possibility of the measurement in this facility. One can discriminate the spin of P.(4312) by
comparing the pseudorapidity distribution in two different polarization configurations for proton and
electron beams. Furthermore, the parity of P.(4312) can be discerned by analyzing the decay angle in the
P, — p + Jhy channel. As the multiplicity of P, production in our calculation is large, the EIC can be
considered as a future facility for precision measurement of heavy pentaquarks.

High Energy Physics - Phenomenology

[Submitted on 12 Feb 2024]
Study on the ¢p-meson photoproduction off the proton target
with the pentaquark-like K*X bound state P;

Sang in Shim, Yongsun Kim, Seung-il Nam

We utilize the effective Lagrangian method within the tree-level Born approximation to explore ¢p-meson
photoproduction, i.e., yp — ¢p. Our analysis encompasses contributions from various sources, including
the Pomeron, f| -Regge, pseudoscalar particles (z, 7), scalar particles (ag, fy), protons, and three-nucleon
resonance states. In addition, we consider a possible pentaquark-like K*Z-bound state P;. The findings
indicate that, apart from the region near the threshold, contributions other than the Pomeron generally have
a limited impact on the total cross section. However, at specific angles, alternative contributions become
crucial, particularly at smaller values of cos 8. The incorporation of P, and other nucleon resonances proves

15



Decay channel of P in LHCb

4= Decay of P,

Jy \ P

proton

16



- Production of P-

4— Decay of P,
— Production of P

Jly

proton

Perhaps we can create P. by J/y + p — p,

17



- Photo-production of Pc i

Vector meson
dominance model

proton

Perhaps we can create Pcby y + p — p.

(1) Z.Phys. A356 (1996) 193-206, Klingl et al.
(2] Currents and Mesons (1969), Sakurai

18



Electro-production of Pc -

electron /

Jly

proton

Perhaps we can create Pcbye +p — ¢ + p,

in the e+p collision
(1) Z.Phys. A356 (1996) 193-206, Klingl et al.

(2) Currents and Mesons (1969), Sakurai
19




Computation of P Cros‘s’_}"sejc’tion at EIC

EIC beam
VMD constant computed
@l@thO@ using J/w — e*e™ decay

width £, = —%F””Fiy,
J

Jly

EIC beam
(proton

8,pp, cOMputed using P decay

width measured at LHCb
(9.8 MeV)

[1] Klingl et al, Z.Phys. A356 (1996) 193-206
[2] Gounatris, Sakurai PRL 21, 244-247 (1968)
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Formalism

\ - Lagrangian (tensor potential & R-S eq.)
( 9ipP. vnJ P_ 1t
> PC Zli/wwp 'uF ¢P JP_? )
9JpPc wv — 1
/ o Vp 5ot Filbp, :
P ?gﬁjiip ¥psn” WWI/% TV = % ,
%ii; b F, sz”ac TV = %_
Interaction strength J/y,
proton and Pe is computed - Fixing interaction strength from I"
from the decay width
measured by LHCb |p |
1—‘PC—>p-|—J/1,1/ 8 f ‘M|2
mP
+ Results in 2 spin x 2 parity cases
o P 1T 1— 3+ 3—
v J 3 3 2 2
giop. 0379  0.169 1.47 0.599
tLq4

o ‘b
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- Formalism

Jly

« Vector meson dominance model

e
_ J
Ly == 295 FoF o,

[’ye_ et — —el/_/WAﬂl//,

+ Coupling constant gy is computed

from J/y—e*e- decay width
- I'=95.9keV x5.97%

- Photo-production strength

egrpp.q° 1

9 4 - m%/l,,

ypp, = —

22



ePIC detector

p/A beam electron beam
— o

Central
Detector

Typical coverage for tracks: || < 4

(1) https://www.sciencedirect.com/ science/ article/pii/ SO375947422000677 23



P.(4312) yields at EIC =

d—"[c-mb/GeV]

B Electron energy = 16 GeV
10~8% Proton energy = 250 GeV
10-10_
~~~~~ 107"%|
7 L S
ey | TS 107" '
o R . P " prlGeVic
<% 3 22 =N 1 2 3 4 10 20 30 40 50 6o Prieevd

TABLE II. Expected number of P.(4312) produced at the EIC with 10 fb_l.
P + = T =

T ;
Yield | 5.67 x 10° | 1.13 x 10° | 4.32 x 10* | 7.15 x 10°

- Thousands of P; can be produced depending on its quantum numbers
per 10 fb-1 ( ~1 month at designed lumi.)

24



- Search in GlueX
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FIG. 4: GlueX results for the J/1 total cross-section vs beam energy, Cornell [15], and SLAC [16] data compared to
the JPAC model [6] corresponding to B(P;(4312) — J/¢p) = 2.9%, B(P;}(4440) — J/vyp) = 1.6%, and

B(P:(4457) — J/ybp) = 2.7%, for

- EIC is better for its higher

the J¥ = 3/2~ case as discussed in the paper.

luminosity

- ePIC is capable of full reconstruction of Minv(e- + e* + p)

25



Pc(4312) yields in ’pola‘riZe'd etp

ePIC coverage
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P.(4312) yields in polarized e+p

ePIC coverage

en=2(0= 159
n=4 (0 =21°

Spin 1/2 scenario

w}:"}: Parallel polarization
‘}:’¢} Anti-parallel

27



Pc(431 2) ylelds N pO|aI’IZed e+p i
r :—:’b[mbl JP\ Spin 3/2 case

—_— (312)*
s (312"

= /=< =" Parallel polarization
e P

= rp-<€ = Anti-parallel polarization

Spin 1/2 case

= /=< }== Parallel polarization
e P
= ;<€ /= Anti-parallel polarization

28



P.(4312) yields in polarized e+p

~ do/dn [RL) — do/dn (RR)
~ do/dn [RL] + do/dn [RR]

BSA (n)

Spin 3/2 /o.8!

L4
-
-.-|

1 1 2 3 4

X = =D

Spin of Pc can be resolved by measuring forward-to-backward ratio!

29



Determination of pa‘rity‘a;t EIC |

IM|? of JIp—>e +e*

0.0012
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0.0008 g Y Jy T
0.0006 AR 7S
0.0004 3 ,

0.0002

‘¢’ ’\- a
05 10 15 20 25 3.0

(a)

- J/ys has spin-1 and its polarity
can be measured from the decay
kinematics

30



Determination of parity at EIC.

IM|? of JIp—>e +e*

0.0012
0.0010
0.0008
0.0006
0.0004
0.0002

Jig T
LE R RN ] J/wL

-
R

0.5 1.0

15 20 25 3.0

(a)

- J/y has spin-1 and its polarity

can be measured from the decay

kinematics

- Parity can be experimentally
determined by polarized e+p

collision at EIC

proton

[M]? of P.»p+Jiy

05 1.0 15 20 25 3.0
(c)

—_— (32" T
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Photoproduction of Ps

, \s =2.60 GeV
07— " ®ee-CT o ‘
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« Calculation predicted a resonance of Ps (uudss) near 2 + K* [1]

- S| Nam showed that if p.(2071) ever exists, the resonance would appear
inthe K™p — K™ ¢p Dalitz plot [1]

« Considering VMD model, the same phenomenon can happen in the
y+p — (p; = )¢+ p process

(1) Khemchandani et al PRD 83, 114041 (2011) 32



- Cross section of ¢ photo-production

Total cross cross section

1.0 Experimental data points
---- Pomeron . .
—-— w.0. Resonances Prel|m|nary J. Ballam et al. PRD 7, 3150 (1973)
084 " Ps D. P. Barber et al., Z. Phys. C 12, 1 (1982)
N2000(5/2+)
----- N2300(1/2+) R. M. Egloff et al., PRL 43, 657(1979)
06{ 4 oxy gota J. Busenitz et al., PRD 40, 1 (1989)
El
b e e EmEEEE -
04 T [] 1
: A
: % naE
0.2 7 e : ! I :
: Y : A :
0.0 : I A . | :
Elab [GeV] : : : : ./v/\\:
e —— v : A f](1 285), 1 :
1 : 1 I 7,1, ag o : : 1
: : : : : Pomeron
: : ' /\\ : ' Most dominant |
. E ' AV Reggeon, E
: : . PS, S t-channel !
: E [1] A. I. Titov et al. PRC58, 2429(1998); 67, 065205(2003)
Nucleon and resonances: [2] S. Kim, SiNam PRC100.065208(2019); 101.065201(2020)

- M O A B R - - .

(1) arxiv:2402.07392 33



Spin density matrix'comzpoheht

0.8.— 10(())0 X |M)‘y=1’)‘¢=0 |2 + |M1y=—1’1¢=0|2
06! cosO = 0.7 } . |

_ b H %Wﬁﬁ — Adair
04 HIM h“” } —— Helecity

| PHH H } ,‘}-ﬁ}-'H , ”%"!'HHIJ —— Gortfried-Jackson

0_2; - ’ tL |'*4 P*" "' '+-|' Irl l

- 1] i b HH’ ¢ " om0 L LbioL

Tk |- | }' H TR A
20 22 24 2.6 * Y

. p(())o reflects the single helicity-flip transition between the incoming

photon and the outgoing ¢» meson [1]

« WIP to find visible signals expected using polarized ep at EIC

(1) arxiv:2402.07392
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- Summary.

Science mission of EICI!
 Precision 3D imaging of protons and nuclei
- Solving the proton spin puzzle
 Search for saturation
« Quark and gluon confinement
* Quarks and gluons in nuclei
- Discovery and characterization of exotic hadrons?

We should seriously
consider it as an
EIC mission

electron 0.8

Vector meson dominance [1, 2]
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