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ePIC - First EIC detector collaborationePIC Detectors: Central Barrel  14
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ePIC detector

ePIC site
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ePIC detector

ePIC Detectors: Central Barrel  14

ePIC Detectors: Central Barrel  14

from T. Gunji
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Far-forward system
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ZDC for neutral particle diffraction measurement

18ZeroDegree Calorimeter 

LYSO Crystals

50 LYSO crystals were produced

8x8 LYSO
crystal array

beam test at ELPH in February 2024

W+Si pad Layers for 
tracking (ALICE-FOCAL)

W+Si pad Layers for tracking (ALICE-FOCAL)
ALICE-FoCAL beam 
test@CERN

Neutron irradiation at 
RIKEN RANS 

from T. Gunji
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Physics topic and hardware development
•In the detector building phase, physics topic and hardware developments 

are not correlated

pfRICH 
EEMC

ePIC Detectors: Central Barrel  14

ZDC

Multiple 
tracking system
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Organization of ePIC collaboration 

• In the early phase, most of funding and efforts go toward engineering aspects 
• A well-balanced investment in hardware development, physical simulation, and 

theoretical research is crucial. -> 정책과제 초기 제안



Korean institutes interested in ePIC (2023)
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Calorimeter (barrel) 
Yonsei U, SKK U, KNU, PNU 
(Dual readout + Si teams)

Calorimeter (ZDC) 
Sejong U, Korea U 
ALICE Focal + LAMPS* 

RWELL 
SNU, U of Seoul 
Korean CMS group

μ

LGAD 
KNU, Korea U 
Korean CMS group

Yonsei (2)

SKKU (1)

KNU(2)

PNU (1)

Sejong (2)

Korea (3)

SNU (1)

U of Seoul (1)



정책과제 (2024)
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• 2024년 정책과제 시절에 남승일, 최호명 교수님을 PI로 하는 이론 그룹을 만들것을 제안하였고, 
advisory committee가 모두 동의하였으나,  현재 과기부가 진행하는 EIC-Korea 프로젝트에서 이론
연구가 빠지고, hardware에만 집중이 된 상태.         

• 이론그룹은 새로운 펀딩 모색이 필요함. (브레인 링크 사업? BRL?)

https://www.nrf.re.kr/biz/info/notice/list?menu_no=378&biz_no=532
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정책과제 (2024)(Personally) Interesting topics 
for both theory and experiment

1. Penta-quark production 

2. Meson PDF
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정책과제 (2024)(Personally) Interesting topics 
for both theory and experiment

1. Penta-quark production 

2. Meson PDF
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Papers on Pc and Ps
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New exotic particles at LHCb
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New exotic particles at LHCb

superceded

• Pc ( )    J/  + p 
• Pcs ( )   J/  + 

uudcc̄ → ψ
uuscc̄ → ψ Λ
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PC brothers discovered by LHCb 

• Decay width of Pc’s
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Characterization of Pc

• Discovered, yet the internal structure and quantum numbers remains 
in  question 
• Spin 1/2?  3/2?  5/2?

• What the best machine to shed light on it?



19

proton

cc̄ Pc

Photo-production of Pc

electron

Perhaps we can create Pc by  
in the e+p collision in near future!  

e + p → e + pc
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Electron Ion Collider

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

e+ 
e- 

p

p e

e
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Pc production in e+p system

e

Pc

p

c

c̄
u
u
d }

Cross section? 
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Pc production in e+p system

Cross section? 

J/ψ Pc

[1] Gounaris, Sakurai PRL 21, 244-247 (1968)
[2] Klingl et al, Z.Phys. A356 (1996) 193-206
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J/ψ Pc

Vector meson dominance 
phenomenology

 computed using  decay 

width measured at LHCb 

gψPPc
Pc

Computation of Pc cross section at EIC

[1] Gounaris, Sakurai PRL 21, 244-247 (1968)
[2] Klingl et al, Z.Phys. A356 (1996) 193-206
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• Vector meson dominance model 

• Coupling constant gJ is computed 
from J/ e+e-  decay widthψ→

(Ee ¼ 16 GeV and Ep ¼ 250 GeV). The differential cross
sections are formulated for possible combinations of spin and
parity. For the technical evaluation, we use the vector meson
dominance (VMD) approach. The interaction strength is
derived from the decay width of Pcð4312Þ measured by
the LHCb Collaboration.
This paper is organized as follows. In Sec. II, we

introduce the VMD model to determine the coupling
strength of a proton, a γ, and a Pcð4312Þ. In Sec. III,
we calculate the cross section of Pc production under four
situations of spin(12 or 3

2) and parity($). In Sec. IV, the
analysis of differential cross sections is presented. The last
section is given for the summary.

II. COUPLING STRENGTH: gγpPc

We consider the pentaquark which is electroproduced
from a proton target; Pc is produced by the interaction
between the proton and a photon (γ) emitted from the
electron. Figure 1(a) describes the process to the leading
order with an effective coupling strength gγpPc

between a
proton, a γ, and a pentaquark. Although our calculation is
carried out only for the Pcð4312Þ in this paper, it can be
generalized to other pentaquark states.
To compute the coupling strength gγpPc

, we use the
VMD hypothesis and assume that the experimental esti-
mate of the Pcð4312Þ width (9.8 MeV) [2] is dominated by
its Pc → pþ J=ψ decay. This approximation provides an
upper bound for gγpPc

because all the measured pentaquark
states could, in principle, also decay into a charmed baryon
and meson such as Pc → Λc þ D̄.

A. Coupling between J=ψ, p, and Pc: gJpPc

The VMD model states that the photon interacts with
hadrons through vector mesons as shown in Fig. 1(b). In the
Pc-creating channels, J=ψ acts as the main player because
it contains a cc̄ pair [9]. Therefore, the first step is to
determine the coupling between Pc, J=ψ , and p, called
gJpPc

. The form of interaction depends on the quantum
numbers of Pc, and we choose the following derivative
effective Lagrangians depending on the spin-parity (JP)
state:

Lint ¼

8
>>>>>><

>>>>>>:

gJpPc
mJ=ψ

ψ̄pσμνFJ
μνψPc

JP ¼ 1
2
þ;

gJpPc
mJ=ψ

ψ̄pγ5σμνFJ
μνψPc

JP ¼ 1
2
−;

gJpPc
mJ=ψ

ψ̄pγ5γμFJ
μνψν

Pc
JP ¼ 3

2
þ;

gJpPc
mJ=ψ

ψ̄pγμFJ
μνψν

Pc
JP ¼ 3

2
−;

ð1Þ

where ψp, AJ
μ, and ψPc

are the fields of proton, J=ψ ,
and Pc, respectively. We also use the convention, FJ

μν ¼
∂μAJ

ν − ∂νAJ
μ, σμν ¼ ðγμγν − γνγμÞ=2, with the gamma

matrices, γμ.
Based on Eq. (1), the decay width can be calculated as

ΓPc→pþJ=ψ ¼ 1

8π

jp⃗fj
m2

Pc

jMj2 ð2Þ

withM being the invariant matrix amplitude, and p⃗f being
the momentum of the decayed particle in the center of
mass (CM) frame: we summarize relevant formulas in
Appendix A 1. The masses of Pcð4312Þ and J=ψ are taken
from the Particle Data Group [10]: mPc

¼ 4311.9 MeV,
mJ=ψ ¼ 3096.9 MeV. By equating Eq. (2) with the LHCb
result, we can derive gJpPc

as summarized in Table. I.

B. Coupling between J=ψ and γ: gJ
Regarding J=ψ → e− þ eþ, we adopt the following

interaction Lagrangians for J=ψ − γ and γ-dilepton inter-
actions, respectively,

LJ=ψγ ¼ −
e
2gJ

FμνFJ
μν;

Lγe−eþ ¼ −eψ̄γμAμψ ; ð3Þ

where gJ is the coupling constant between the J=ψ and
the γ. Using the invariant matrix element given in

FIG. 1. (a) The electroproduction of a pentaquark on the proton
target. The effective proton-γ-pentaquark coupling is described in
the VMD framework. (b) The coupling between a proton, a γ, and
a pentaquark is mediated by the J=ψ meson in the VMD model.

TABLE I. The interaction strength gJpPc
between a Pc, a p, and

a J=ψ in the VMD model.

JP 1
2
þ 1

2
− 3

2
þ 3

2
−

gJpPc
0.379 0.169 1.47 0.599

PARK, CHO, KIM, and LEE PHYS. REV. D 105, 114023 (2022)

114023-2

Formalism for VMD

J/ψ

γ
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Formalism for Pc production
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FIG. 1. (a) The electro-production of a pentaquark on the
proton target. The e↵ective proton-�-pentaquark coupling is
described in the VMD framework. (b) the coupling between a
proton, a �, and a pentaquark is mediated by the J/ meson
in the VMD model.

mate of the Pc(4312) width (9.8 MeV) [2] is dominated
by its Pc ! p + J/ decay. This approximation pro-
vides an upper bound for g�pPc because all the measured
pentaquark states could in principle also decay into a
charmed baryon and meson such as Pc ! ⇤c + D̄.

A. Coupling between J/ , p, and Pc: gJpPc

The VMD model states that photon interacts with
hadrons through vector mesons as shown in 1(b). In the
Pc-creating channels, J/ acts as the main player be-
cause it contains a cc̄ pair [9]. Therefore, the first step is
to determine the coupling between Pc, J/ , and p, called
gJpPc . The form of interaction depends on the quantum
numbers of Pc, and we choose the following derivative
e↵ective Lagrangians depending on the spin-parity (JP )
state.

Lint =

8
>>>>><

>>>>>:

gJpPc
mJ/ 

 ̄p�µ⌫F J
µ⌫ Pc JP = 1

2

+
,

gJpPc
mJ/ 

 ̄p�5�µ⌫F J
µ⌫ Pc JP = 1

2

�
,

gJpPc
mJ/ 

 ̄p�5�µF J
µ⌫ 

⌫
Pc

JP = 3
2

+
,

gJpPc
mJ/ 

 ̄p�µF J
µ⌫ 

⌫
Pc

JP = 3
2

�
.

(1)

, where  p, AJ
µ, and  Pc are the fields of proton, J/ ,

and Pc, respectively. We also use the convention, F J
µ⌫ =

@µAJ
⌫ � @⌫AJ

µ, �
µ⌫ = (�µ�⌫ � �⌫�µ)/2, with the gamma

matrices, �µ.

Based on Eq. (1), the decay width can be calculated
as

�Pc!p+J/ = 1
8⇡

| ~pf |
m2

Pc

|M|
2 (2)

with M being the invariant matrix amplitude, and ~pf
being the momentum of the decayed particle in the center
of mass (CM) frame: we summarize relevant formulas
in Appendix AA-1. The masses of Pc(4312) and J/ 
are taken from the Particle Data Group [10]: mPc =
4311.9 MeV, mJ/ = 3096.9 MeV. By equating Eq. (2)
with the LHCb result, we can derive gJpPc as summarized
in Table. I.

TABLE I. The interaction strength gJpPc between a Pc, a p
and a J/ in the VMD model

JP 1
2

+ 1
2

� 3
2

+ 3
2

�

gJpPc 0.379 0.169 1.47 0.599

B. Coupling between J/ and �: gJ

Regarding J/ ! e� + e+, we adopt the following
interaction Lagrangians for J/ -� and �-dilepton inter-
actions, respectively,

LJ/ � = �
e

2gJ
Fµ⌫F J

µ⌫ ,

L�e�e+ = �e ̄�µAµ . (3)

where gJ is the coupling constant between the J/ and
the �. Using the invariant matrix element given in Ap-
pendix AA-2, we can relate gJ to the decay width of
J/ ! e� + e+:

� =
4⇡

3

↵2

g2J

q
m2

J/ � 4m2
l (1 +

2m2
l

m2
J/ 

)

= 92.9 keV⇥ 0.05971,

, from which we obtain gJ=11.2.

C. Relationship between gJpPc , g�Pc , and gJ

Finally, we can derive g�Pc from gJpPc and gJ using
the Lagrangians given in Eq (3).

g�pPc = �
egJpPcq

2

gJ

1

q2 �m2
J/ 

. (4)

where q is the momentum of the J/ .

2

FIG. 1. (a) The electro-production of a pentaquark on the
proton target. The e↵ective proton-�-pentaquark coupling is
described in the VMD framework. (b) the coupling between a
proton, a �, and a pentaquark is mediated by the J/ meson
in the VMD model.

mate of the Pc(4312) width (9.8 MeV) [2] is dominated
by its Pc ! p + J/ decay. This approximation pro-
vides an upper bound for g�pPc because all the measured
pentaquark states could in principle also decay into a
charmed baryon and meson such as Pc ! ⇤c + D̄.

A. Coupling between J/ , p, and Pc: gJpPc

The VMD model states that photon interacts with
hadrons through vector mesons as shown in 1(b). In the
Pc-creating channels, J/ acts as the main player be-
cause it contains a cc̄ pair [9]. Therefore, the first step is
to determine the coupling between Pc, J/ , and p, called
gJpPc . The form of interaction depends on the quantum
numbers of Pc, and we choose the following derivative
e↵ective Lagrangians depending on the spin-parity (JP )
state.

Lint =

8
>>>>><

>>>>>:

gJpPc
mJ/ 

 ̄p�µ⌫F J
µ⌫ Pc JP = 1

2

+
,

gJpPc
mJ/ 

 ̄p�5�µ⌫F J
µ⌫ Pc JP = 1

2

�
,

gJpPc
mJ/ 

 ̄p�5�µF J
µ⌫ 

⌫
Pc

JP = 3
2

+
,

gJpPc
mJ/ 

 ̄p�µF J
µ⌫ 

⌫
Pc

JP = 3
2

�
.

(1)

, where  p, AJ
µ, and  Pc are the fields of proton, J/ ,

and Pc, respectively. We also use the convention, F J
µ⌫ =

@µAJ
⌫ � @⌫AJ

µ, �
µ⌫ = (�µ�⌫ � �⌫�µ)/2, with the gamma

matrices, �µ.

Based on Eq. (1), the decay width can be calculated
as

�Pc!p+J/ = 1
8⇡

| ~pf |
m2

Pc

|M|
2 (2)

with M being the invariant matrix amplitude, and ~pf
being the momentum of the decayed particle in the center
of mass (CM) frame: we summarize relevant formulas
in Appendix AA-1. The masses of Pc(4312) and J/ 
are taken from the Particle Data Group [10]: mPc =
4311.9 MeV, mJ/ = 3096.9 MeV. By equating Eq. (2)
with the LHCb result, we can derive gJpPc as summarized
in Table. I.

TABLE I. The interaction strength gJpPc between a Pc, a p
and a J/ in the VMD model

JP 1
2

+ 1
2

� 3
2

+ 3
2

�

gJpPc 0.379 0.169 1.47 0.599

B. Coupling between J/ and �: gJ

Regarding J/ ! e� + e+, we adopt the following
interaction Lagrangians for J/ -� and �-dilepton inter-
actions, respectively,

LJ/ � = �
e

2gJ
Fµ⌫F J

µ⌫ ,

L�e�e+ = �e ̄�µAµ . (3)

where gJ is the coupling constant between the J/ and
the �. Using the invariant matrix element given in Ap-
pendix AA-2, we can relate gJ to the decay width of
J/ ! e� + e+:

� =
4⇡

3

↵2

g2J

q
m2

J/ � 4m2
l (1 +

2m2
l

m2
J/ 

)

= 92.9 keV⇥ 0.05971,

, from which we obtain gJ=11.2.

C. Relationship between gJpPc , g�Pc , and gJ

Finally, we can derive g�Pc from gJpPc and gJ using
the Lagrangians given in Eq (3).

g�pPc = �
egJpPcq

2

gJ

1

q2 �m2
J/ 

. (4)

where q is the momentum of the J/ .

Interaction strength J/ , 
proton and Pc is computed 
from the decay width 
measured by LHCb

ψ

용선

(Ee ¼ 16 GeV and Ep ¼ 250 GeV). The differential cross
sections are formulated for possible combinations of spin and
parity. For the technical evaluation, we use the vector meson
dominance (VMD) approach. The interaction strength is
derived from the decay width of Pcð4312Þ measured by
the LHCb Collaboration.
This paper is organized as follows. In Sec. II, we

introduce the VMD model to determine the coupling
strength of a proton, a γ, and a Pcð4312Þ. In Sec. III,
we calculate the cross section of Pc production under four
situations of spin(12 or 3

2) and parity($). In Sec. IV, the
analysis of differential cross sections is presented. The last
section is given for the summary.

II. COUPLING STRENGTH: gγpPc

We consider the pentaquark which is electroproduced
from a proton target; Pc is produced by the interaction
between the proton and a photon (γ) emitted from the
electron. Figure 1(a) describes the process to the leading
order with an effective coupling strength gγpPc

between a
proton, a γ, and a pentaquark. Although our calculation is
carried out only for the Pcð4312Þ in this paper, it can be
generalized to other pentaquark states.
To compute the coupling strength gγpPc

, we use the
VMD hypothesis and assume that the experimental esti-
mate of the Pcð4312Þ width (9.8 MeV) [2] is dominated by
its Pc → pþ J=ψ decay. This approximation provides an
upper bound for gγpPc

because all the measured pentaquark
states could, in principle, also decay into a charmed baryon
and meson such as Pc → Λc þ D̄.

A. Coupling between J=ψ, p, and Pc: gJpPc

The VMD model states that the photon interacts with
hadrons through vector mesons as shown in Fig. 1(b). In the
Pc-creating channels, J=ψ acts as the main player because
it contains a cc̄ pair [9]. Therefore, the first step is to
determine the coupling between Pc, J=ψ , and p, called
gJpPc

. The form of interaction depends on the quantum
numbers of Pc, and we choose the following derivative
effective Lagrangians depending on the spin-parity (JP)
state:

Lint ¼

8
>>>>>><

>>>>>>:

gJpPc
mJ=ψ

ψ̄pσμνFJ
μνψPc

JP ¼ 1
2
þ;

gJpPc
mJ=ψ

ψ̄pγ5σμνFJ
μνψPc

JP ¼ 1
2
−;

gJpPc
mJ=ψ

ψ̄pγ5γμFJ
μνψν

Pc
JP ¼ 3

2
þ;

gJpPc
mJ=ψ

ψ̄pγμFJ
μνψν

Pc
JP ¼ 3

2
−;

ð1Þ

where ψp, AJ
μ, and ψPc

are the fields of proton, J=ψ ,
and Pc, respectively. We also use the convention, FJ

μν ¼
∂μAJ

ν − ∂νAJ
μ, σμν ¼ ðγμγν − γνγμÞ=2, with the gamma

matrices, γμ.
Based on Eq. (1), the decay width can be calculated as

ΓPc→pþJ=ψ ¼ 1

8π

jp⃗fj
m2

Pc

jMj2 ð2Þ

withM being the invariant matrix amplitude, and p⃗f being
the momentum of the decayed particle in the center of
mass (CM) frame: we summarize relevant formulas in
Appendix A 1. The masses of Pcð4312Þ and J=ψ are taken
from the Particle Data Group [10]: mPc

¼ 4311.9 MeV,
mJ=ψ ¼ 3096.9 MeV. By equating Eq. (2) with the LHCb
result, we can derive gJpPc

as summarized in Table. I.

B. Coupling between J=ψ and γ: gJ
Regarding J=ψ → e− þ eþ, we adopt the following

interaction Lagrangians for J=ψ − γ and γ-dilepton inter-
actions, respectively,

LJ=ψγ ¼ −
e
2gJ

FμνFJ
μν;

Lγe−eþ ¼ −eψ̄γμAμψ ; ð3Þ

where gJ is the coupling constant between the J=ψ and
the γ. Using the invariant matrix element given in

FIG. 1. (a) The electroproduction of a pentaquark on the proton
target. The effective proton-γ-pentaquark coupling is described in
the VMD framework. (b) The coupling between a proton, a γ, and
a pentaquark is mediated by the J=ψ meson in the VMD model.

TABLE I. The interaction strength gJpPc
between a Pc, a p, and

a J=ψ in the VMD model.

JP 1
2
þ 1

2
− 3

2
þ 3

2
−

gJpPc
0.379 0.169 1.47 0.599

PARK, CHO, KIM, and LEE PHYS. REV. D 105, 114023 (2022)

114023-2

J/ψ

Pc

p

• Lagrangian (tensor potential & R-S eq.)

• Fix interaction strength using Γ

• Results in 2 spin x 2 parity cases
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FIG. 1. (a) The electro-production of a pentaquark on the
proton target. The e↵ective proton-�-pentaquark coupling is
described in the VMD framework. (b) the coupling between a
proton, a �, and a pentaquark is mediated by the J/ meson
in the VMD model.

mate of the Pc(4312) width (9.8 MeV) [2] is dominated
by its Pc ! p + J/ decay. This approximation pro-
vides an upper bound for g�pPc because all the measured
pentaquark states could in principle also decay into a
charmed baryon and meson such as Pc ! ⇤c + D̄.

A. Coupling between J/ , p, and Pc: gJpPc

The VMD model states that photon interacts with
hadrons through vector mesons as shown in 1(b). In the
Pc-creating channels, J/ acts as the main player be-
cause it contains a cc̄ pair [9]. Therefore, the first step is
to determine the coupling between Pc, J/ , and p, called
gJpPc . The form of interaction depends on the quantum
numbers of Pc, and we choose the following derivative
e↵ective Lagrangians depending on the spin-parity (JP )
state.

Lint =

8
>>>>><

>>>>>:

gJpPc
mJ/ 

 ̄p�µ⌫F J
µ⌫ Pc JP = 1

2

+
,

gJpPc
mJ/ 

 ̄p�5�µ⌫F J
µ⌫ Pc JP = 1

2

�
,

gJpPc
mJ/ 

 ̄p�5�µF J
µ⌫ 

⌫
Pc

JP = 3
2

+
,

gJpPc
mJ/ 

 ̄p�µF J
µ⌫ 

⌫
Pc

JP = 3
2

�
.

(1)

, where  p, AJ
µ, and  Pc are the fields of proton, J/ ,

and Pc, respectively. We also use the convention, F J
µ⌫ =

@µAJ
⌫ � @⌫AJ

µ, �
µ⌫ = (�µ�⌫ � �⌫�µ)/2, with the gamma

matrices, �µ.

Based on Eq. (1), the decay width can be calculated
as

�Pc!p+J/ = 1
8⇡

| ~pf |
m2

Pc

|M|
2 (2)

with M being the invariant matrix amplitude, and ~pf
being the momentum of the decayed particle in the center
of mass (CM) frame: we summarize relevant formulas
in Appendix AA-1. The masses of Pc(4312) and J/ 
are taken from the Particle Data Group [10]: mPc =
4311.9 MeV, mJ/ = 3096.9 MeV. By equating Eq. (2)
with the LHCb result, we can derive gJpPc as summarized
in Table. I.

TABLE I. The interaction strength gJpPc between a Pc, a p
and a J/ in the VMD model

JP 1
2

+ 1
2

� 3
2

+ 3
2

�

gJpPc 0.379 0.169 1.47 0.599

B. Coupling between J/ and �: gJ

Regarding J/ ! e� + e+, we adopt the following
interaction Lagrangians for J/ -� and �-dilepton inter-
actions, respectively,

LJ/ � = �
e

2gJ
Fµ⌫F J

µ⌫ ,

L�e�e+ = �e ̄�µAµ . (3)

where gJ is the coupling constant between the J/ and
the �. Using the invariant matrix element given in Ap-
pendix AA-2, we can relate gJ to the decay width of
J/ ! e� + e+:

� =
4⇡

3

↵2

g2J

q
m2

J/ � 4m2
l (1 +

2m2
l

m2
J/ 

)

= 92.9 keV⇥ 0.05971,

, from which we obtain gJ=11.2.

C. Relationship between gJpPc , g�Pc , and gJ

Finally, we can derive g�Pc from gJpPc and gJ using
the Lagrangians given in Eq (3).

g�pPc = �
egJpPcq

2

gJ

1

q2 �m2
J/ 

. (4)

where q is the momentum of the J/ .

Interaction strength J/ , 
proton and Pc is computed 
from the decay width 
measured by LHCb

ψ

용선

(Ee ¼ 16 GeV and Ep ¼ 250 GeV). The differential cross
sections are formulated for possible combinations of spin and
parity. For the technical evaluation, we use the vector meson
dominance (VMD) approach. The interaction strength is
derived from the decay width of Pcð4312Þ measured by
the LHCb Collaboration.
This paper is organized as follows. In Sec. II, we

introduce the VMD model to determine the coupling
strength of a proton, a γ, and a Pcð4312Þ. In Sec. III,
we calculate the cross section of Pc production under four
situations of spin(12 or 3

2) and parity($). In Sec. IV, the
analysis of differential cross sections is presented. The last
section is given for the summary.

II. COUPLING STRENGTH: gγpPc

We consider the pentaquark which is electroproduced
from a proton target; Pc is produced by the interaction
between the proton and a photon (γ) emitted from the
electron. Figure 1(a) describes the process to the leading
order with an effective coupling strength gγpPc

between a
proton, a γ, and a pentaquark. Although our calculation is
carried out only for the Pcð4312Þ in this paper, it can be
generalized to other pentaquark states.
To compute the coupling strength gγpPc

, we use the
VMD hypothesis and assume that the experimental esti-
mate of the Pcð4312Þ width (9.8 MeV) [2] is dominated by
its Pc → pþ J=ψ decay. This approximation provides an
upper bound for gγpPc

because all the measured pentaquark
states could, in principle, also decay into a charmed baryon
and meson such as Pc → Λc þ D̄.

A. Coupling between J=ψ, p, and Pc: gJpPc

The VMD model states that the photon interacts with
hadrons through vector mesons as shown in Fig. 1(b). In the
Pc-creating channels, J=ψ acts as the main player because
it contains a cc̄ pair [9]. Therefore, the first step is to
determine the coupling between Pc, J=ψ , and p, called
gJpPc

. The form of interaction depends on the quantum
numbers of Pc, and we choose the following derivative
effective Lagrangians depending on the spin-parity (JP)
state:

Lint ¼

8
>>>>>><

>>>>>>:

gJpPc
mJ=ψ

ψ̄pσμνFJ
μνψPc

JP ¼ 1
2
þ;

gJpPc
mJ=ψ

ψ̄pγ5σμνFJ
μνψPc

JP ¼ 1
2
−;

gJpPc
mJ=ψ

ψ̄pγ5γμFJ
μνψν

Pc
JP ¼ 3

2
þ;

gJpPc
mJ=ψ

ψ̄pγμFJ
μνψν

Pc
JP ¼ 3

2
−;

ð1Þ

where ψp, AJ
μ, and ψPc

are the fields of proton, J=ψ ,
and Pc, respectively. We also use the convention, FJ

μν ¼
∂μAJ

ν − ∂νAJ
μ, σμν ¼ ðγμγν − γνγμÞ=2, with the gamma

matrices, γμ.
Based on Eq. (1), the decay width can be calculated as

ΓPc→pþJ=ψ ¼ 1

8π

jp⃗fj
m2

Pc

jMj2 ð2Þ

withM being the invariant matrix amplitude, and p⃗f being
the momentum of the decayed particle in the center of
mass (CM) frame: we summarize relevant formulas in
Appendix A 1. The masses of Pcð4312Þ and J=ψ are taken
from the Particle Data Group [10]: mPc

¼ 4311.9 MeV,
mJ=ψ ¼ 3096.9 MeV. By equating Eq. (2) with the LHCb
result, we can derive gJpPc

as summarized in Table. I.

B. Coupling between J=ψ and γ: gJ
Regarding J=ψ → e− þ eþ, we adopt the following

interaction Lagrangians for J=ψ − γ and γ-dilepton inter-
actions, respectively,

LJ=ψγ ¼ −
e
2gJ

FμνFJ
μν;

Lγe−eþ ¼ −eψ̄γμAμψ ; ð3Þ

where gJ is the coupling constant between the J=ψ and
the γ. Using the invariant matrix element given in

FIG. 1. (a) The electroproduction of a pentaquark on the proton
target. The effective proton-γ-pentaquark coupling is described in
the VMD framework. (b) The coupling between a proton, a γ, and
a pentaquark is mediated by the J=ψ meson in the VMD model.

TABLE I. The interaction strength gJpPc
between a Pc, a p, and

a J=ψ in the VMD model.

JP 1
2
þ 1

2
− 3

2
þ 3

2
−

gJpPc
0.379 0.169 1.47 0.599
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• Fix interaction strength using Γ

• Results in 2 spin x 2 parity cases

J/ψ

γ

Appendix A 2, we can relate gJ to the decay width of
J=ψ → e− þ eþ:

Γ ¼ 4π
3

α2

g2J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

J=ψ − 4m2
l

q "
1þ 2m2

l

m2
J=ψ

#

¼ 92.9 keV × 0.05971;

from which we obtain gJ ¼ 11.2.

C. Relationship between gJpPc
, gγPc

, and gJ
Finally, we can derive gγPc

from gJpPc
and gJ using the

Lagrangians given in Eq (3).

gγpPc
¼ −

egJpPc
q2

gJ

1

q2 −m2
J=ψ

; ð4Þ

where q is the momentum of the J=ψ .

III. CROSS SECTION CALCULATION

In this section, we calculate the invariant amplitudes for
the production of the Pc state in four possible spin-parity
situations. The relevant diagram is given in Fig. 1(a).

A. Cross sections with unpolarized beams

Invariant matrix amplitudes for each Lagrangian shown
in Eq. (1) are given by

M ¼

8
>>>>>>>><

>>>>>>>>:

egγpPc
mJ=ψ

ūl
0ðk0ÞγνulðkÞ 2q

μ

q2 ū
Pcðp0ÞσμνuNðpÞ JP ¼ 1

2
þ;

egγpPc
mJ=ψ

ūl
0ðk0ÞγνulðkÞ 2q

μ

q2 ū
Pcðp0Þγ5σμνuNðpÞ JP ¼ 1

2
−;

egγpPc
mJ=ψ

ūl
0ðk0ÞγαulðkÞ ðqμgαν−qνgαμÞq2 ūPcμðp0Þγ5γνuNðpÞ JP ¼ 3

2
þ;

egγpPc
mJ=ψ

ūl
0ðk0ÞγαulðkÞ ðqμgαν−qνgαμÞq2 ūPcμðp0ÞγνuNðpÞ JP ¼ 3

2
−:

ð5Þ

We sum the square of the results for final spins and take
the average of the initial spin polarizations of the incoming
electron and proton. The detailed computation is shown in
Appendix B. The results show that the differences in the
spin-averaged square of the invariant amplitudes between
opposite parities, Eqs. (B2) and (B4), appear in the
differences in the sign for the mPc

term.

B. Cross sections with polarized beams

Considering the operation of spin-polarized beams
of electron and proton, we also study the polarization
dependencies of the electroproduction cross section.
In order to describe polarized electrons and protons,
we use the projection operator, PR=L ¼ 1%γ5s

2 , which
satisfies

1þ γ5s
2

uðp;sÞ ¼ uðp;sÞ; 1− γ5s
2

uðp;−sÞ ¼ uðp;−sÞ;

ð6Þ

with the spin four-vector, s0μ ¼ ð0; s⃗0Þ ¼ ð0; p⃗=pÞ. s⃗0 is the
spin polarization vector in the rest frame and p⃗ is the

momentum of the polarized particle. The spin four-vector
becomes in the Lorentz transformation,

sμ ¼
"
p⃗ · s⃗0

m
; s⃗0 þ p⃗ · s⃗0

mðEþmÞ
p⃗
#

¼
"
p
m
;
Ep⃗
mp

#
: ð7Þ

It results in

X2

i¼1

uiðpÞūiðpÞ 1% γ5s
2

¼ ð=pþmÞ 1% γ5s
2

¼
=pþm% =pγ5s%mγ5s

2
: ð8Þ

In the high energy limit, (m → 0), sμ ≈ pμ=m, Eq. (8)
becomes, =p 1%γ5

2 , and therefore we can approximate the
projection operator for massless particles, or electrons,
as PR=L ¼ 1%γ5

2 .
With the above spin projection operator, we consider the

invariant amplitudes for the cross sections with polarized
electrons and protons. Here, electrons and protons are
chosen to be RR, RL, LR, LL, where R and L represent the
right-handed and the left-handed polarities, respectively.
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B. Determination of Pc’s parity using J/ polarization

As shown above, it is hard to identify the parity of Pc with only the cross section result. To cope with this problem,
we further investigate the polarization of J/ . J/ is a spin-1 massive vector boson with two transverse and one
longitudinal polarization, thus having an anisotropic angular distribution for J/ ! e+ + e�. The decay angle (✓) is
defined, in the rest frame of J/ , as the angle between the electron momentum and boost direction of the J/ in the
lab frame. By measuring ✓, one can experimentally tune the transverse-to-longitudinal ratio as shown in Fig. 6 (a).
After tagging the polarity of J/ , we study the dependence of matrix amplitude on � which is defined as the decay
angle of J/ from Pc in the rest frame of Pc.

As shown in Fig. 6, the � distribution is significantly sensitive to the polarity of J/ for both spin- 12 and spin- 32
states. In either cases, the di↵erence between the transverse J/ events (T) and the longitudinal ones (L) is more
dramatic in the positive parity state than in the negative parity state.

FIG. 3. The di↵erential cross sections for spin� 1
2 cases with polarized collisions. R and L mean right-handed and left-handed,

respectively

FIG. 4. The di↵erential cross sections for spin- 32 cases with polarized collisions. R and L mean right-handed and left-handed,
respectively
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FIG. 3. The differential cross sections for spin-12 cases with polarized collisions. R and L mean right-handed and left-handed,
respectively.

FIG. 4. The differential cross sections for spin-32 cases with polarized collisions. R and L mean right-handed and left-handed,
respectively.

FIG. 5. (a) The RFB for spin-32 Pc state. (b) BSA results for JP ¼ 1
2
" and 3

2
" states.

FIG. 6. (a) J=ψ → e−eþ amplitude as a function of θ for a transverse [T] J=ψ and a longitudinal J=ψ [L]. (b) ðJPc
¼ 1

2Þ → pþ J=ψ
amplitude dependence on the decayed J=ψ polarization (T or L). (c) ðJPc

¼ 3
2Þ → pþ J=ψ amplitude dependence on the decayed J=ψ

polarization (T or L).
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FIG. 3. The di↵erential corss sections for spin� 1
2 cases with polarized collision. R and L mean right-handed and left-handed,

respectively

FIG. 4. The di↵erential cross sections for spin- 32 cases. R and L mean right-handed and left-handed, respectively

FIG. 5. The forward-to-backward ratio (RFB) for spin- 32 Pc state. (b) Beam spin asymmetry (BSA) results for JP = 1
2

±
and

3
2

±
states.

5

FIG. 2. Di↵erential cross section of Pc production in the unpolarized e + p collision for each case of spin- 12 and spin- 32 with
positive and negative parity states. The results are calculated as a function of (a) ⌘ and (b) pT(|⌘| < 4)

TABLE II. Expected number of Pc(4312) produced at the EIC with 10 fb�1.

JP of Pc
1
2

+ 1
2

� 3
2

+ 3
2

�

Yield 5.09⇥ 106 1.01⇥ 106 4.51⇥ 108 7.46⇥ 107

A. Polarized cross section

The di↵erential cross sections for the polarized electron and proton beams are shown in Fig. 3 (spin- 12 ), and
Fig. 4 (spin- 32 ). In the case of spin- 12 , the cross sections of RR (same handedness) and RL (opposite handedness)
configuration are almost identical for the backward rapidity region (proton-going direction), and they split in the
forward region, ⌘ > 2 (electron-going direction). In the case of spin- 32 , a more dramatic behavior is observed: the
cross section curves for RR and RL begin to separate early from ⌘ ⇡ �2, making RL cross section larger than RR
one by two orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to measure
the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
d�/d⌘ (+⌘)

d�/d⌘ (�⌘)
, where ⌘ > 0 (11)

BSA (⌘) =
d�/d⌘ [RL]� d�/d⌘ (RR)

d�/d⌘ [RL] + d�/d⌘ [RR]
(12)

These observables have experimental benefit because some of uncertainties, such as luminosity, tracking correction,
and geometric acceptance, are cancelled out. As shown in Fig. 5, the spin of Pc can be clearly determined by measuring
the BSA in the mid-rapidity region. Yet, we found that both BSA and RFB are not much useful to judge the parity.
In particular, if Pc was in the spin- 32 state, the BSA and RFB are completely insensitive to the parity.

B. Determination of Pc’s parity using J/ polarization

As shown above, it is hard to identify the parity of Pc with only the cross section result. To cope with this problem,
we further investigate the polarization of J/ . J/ is a spin-1 massive vector boson with two transverse and one
longitudinal polarization, thus having an anisotropic angular distribution for J/ ! e+ + e�. The decay angle (✓) is
defined, in the rest frame of J/ , as the angle between the electron momentum and boost direction of the J/ in the
lab frame. By measuring ✓, one can experimentally tune the transverse-to-longitudinal ratio as shown in Fig. 6 (a).
After tagging the polarity of J/ , we study the dependence of matrix amplitude on � which is defined as the decay
angle of J/ from Pc in the rest frame of Pc.

As shown in Fig. 6, the � distribution is significantly sensitive to the polarity of J/ for both spin- 12 and spin- 32
states. In either cases, the di↵erence between the transverse J/ events (T) and the longitudinal ones (L) is more
dramatic in the positive parity state than in the negative parity state.

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

Spin 3/2 

Pc(4312) yields in polarized e+p

Spin 1/2 
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Pc(4312) in ePIC simulation

5

pT under four cases of JP = 1
2

±
and 3

2

±
. ⌘ of Pc(4312) is computed in the lab frame, thus we can judge whether it

arrives in the typical detector coverage proposed for the EIC (|⌘| < 4). Fig. 2 shows the di↵erential cross sections
for unpolarized e + p collision. In this figure, d�/dpT has a very large value at the high pT end, which happens
when ✓ = ⇡/2 in the center-of-mass frame. At this angle, the derivative of pT = pf sin ✓ goes to zero, thus amplifying
d�/dpT large. However, it has small e↵ect to the integrated yields.

The numbers of Pc(4312) expected to be produced at the EIC with an integrated luminosity of 10 fb�1 is tabulated
in Tab. II. This luminosity value, 10 fb�1, can be reached by running the EIC for about a month at the peak intensity
(1034 cm�2s�1), 8 hours a day. We found that the expected yields for the positive parity is larger than those for

the negative parity by a factor 5, independent of pT and ⌘. The largest yield is expected for JP = 3
2

+
. Supposing a

detector system measures the J/ via e+ + e� decay (branching ratio = 5.94%) with the 100% e�ciency for electron
and proton, O(103)�O(104) Pc’s will be observed in the data accumulated for one month at the EIC.

FIG. 2. Di↵erential cross section of Pc production in the unpolarized e + p collision for each case of spin- 12 and spin- 32 with
positive and negative parity states. The results are calculated as a function of (a) ⌘ and (b) pT(|⌘| < 4)

TABLE II. Expected number of Pc(4312) produced at the EIC with 10 fb�1.

JP of Pc
1
2

+ 1
2

� 3
2

+ 3
2

�

Yield 5.67⇥ 103 1.13⇥ 103 4.32⇥ 104 7.15⇥ 103

A. Polarized cross section

The di↵erential cross sections for the polarized electron and proton beams are shown in Fig. 3 (spin- 12 ), and
Fig. 4 (spin- 32 ). In the case of spin- 12 , the cross sections of RR (same handedness) and RL (opposite handedness)
configuration are almost identical for the backward rapidity region (proton-going direction), and they split in the
forward region, ⌘ > 2 (electron-going direction). In the case of spin- 32 , a more dramatic behavior is observed: the
cross section curves for RR and RL begin to separate early from ⌘ ⇡ �2, making the RL cross section larger than
the RR one by four orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to
measure the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
d�/d⌘ (+⌘)

d�/d⌘ (�⌘)
, where ⌘ > 0 (12)

BSA (⌘) =
d�/d⌘ [RL]� d�/d⌘ [RR]

d�/d⌘ [RL] + d�/d⌘ [RR]
(13)

These observables have experimental benefit because some of uncertainties, such as luminosity, tracking correction,
and geometric acceptance, are cancelled out. As shown in Fig. 5, the spin of Pc can be clearly determined by measuring
the BSA in the mid-rapidity region. Yet, we found that both BSA and RFB are not much useful to judge the parity.
In particular, if Pc was in the spin- 32 state, the BSA and RFB are completely insensitive to the parity.
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FIG. 2. Di↵erential cross section of Pc production in the unpolarized e + p collision for each case of spin- 12 and spin- 32 with
positive and negative parity states. The results are calculated as a function of (a) ⌘ and (b) pT(|⌘| < 4)

TABLE II. Expected number of Pc(4312) produced at the EIC with 10 fb�1.

JP of Pc
1
2

+ 1
2

� 3
2

+ 3
2

�

Yield 5.67⇥ 103 1.13⇥ 103 4.32⇥ 104 7.15⇥ 103

A. Polarized cross section

The di↵erential cross sections for the polarized electron and proton beams are shown in Fig. 3 (spin- 12 ), and
Fig. 4 (spin- 32 ). In the case of spin- 12 , the cross sections of RR (same handedness) and RL (opposite handedness)
configuration are almost identical for the backward rapidity region (proton-going direction), and they split in the
forward region, ⌘ > 2 (electron-going direction). In the case of spin- 32 , a more dramatic behavior is observed: the
cross section curves for RR and RL begin to separate early from ⌘ ⇡ �2, making the RL cross section larger than
the RR one by four orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to
measure the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
d�/d⌘ (+⌘)

d�/d⌘ (�⌘)
, where ⌘ > 0 (12)

BSA (⌘) =
d�/d⌘ [RL]� d�/d⌘ [RR]

d�/d⌘ [RL] + d�/d⌘ [RR]
(13)

These observables have experimental benefit because some of uncertainties, such as luminosity, tracking correction,
and geometric acceptance, are cancelled out. As shown in Fig. 5, the spin of Pc can be clearly determined by measuring
the BSA in the mid-rapidity region. Yet, we found that both BSA and RFB are not much useful to judge the parity.
In particular, if Pc was in the spin- 32 state, the BSA and RFB are completely insensitive to the parity.
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Pc(4312) in ePIC simulation

Forward detectors (p-going direction)
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A. Polarized cross section

The di↵erential cross sections for the polarized electron and proton beams are shown in Fig. 3 (spin- 12 ), and
Fig. 4 (spin- 32 ). In the case of spin- 12 , the cross sections of RR (same handedness) and RL (opposite handedness)
configuration are almost identical for the backward rapidity region (proton-going direction), and they split in the
forward region, ⌘ > 2 (electron-going direction). In the case of spin- 32 , a more dramatic behavior is observed: the
cross section curves for RR and RL begin to separate early from ⌘ ⇡ �2, making the RL cross section larger than
the RR one by four orders of magnitude at ⌘ = 4. For clear observation of this e↵ect in experiment, we propose to
measure the forward-to-backward ratio (RFB) and the beam spin asymmetry (BSA), which are defined as follows.

RFB (⌘) =
d�/d⌘ (+⌘)

d�/d⌘ (�⌘)
, where ⌘ > 0 (12)

BSA (⌘) =
d�/d⌘ [RL]� d�/d⌘ [RR]

d�/d⌘ [RL] + d�/d⌘ [RR]
(13)
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Pc(4312) in ePIC simulation

Forward detectors (p-going direction)
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Particle reconstruction performance 

 distributionη

Momentum Resolution 
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Particle reconstruction performance 

160 MeV σ ≈

40 MeV σ ≈

Fixing , we can resolve Pc(4312) and Pc(4440) with ePICme+e− = mJ/ψ

(Pc) > 2η

 measured in LHCb: 9.8 (±2.7 +3.7/-4.5) MeVσ
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정책과제 (2024)(Personally) Interesting topics 
for both theory and experiment

1. Penta-quark production 

2. Meson PDF
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Sullivan process
ZDC physics motivation

• Spectator tagging for:
– HI studies
– nuclear effect in DIS

• Tagging 𝛾 from de-excited scattered ion
– to increase the purity of quasi-elastic 𝑒𝐴 collisions

• Meson structure function through Sullivan process
– a.k.a. OPE = One Pion Exchange model for pion exchange

• Production mechanism of nucleon in the 𝑒𝑝 final state
– through semi-inclusive measurements

4

OPE

•DIS for pion and Kaon 
•EIC can shed light on meson structure function more clearly 

•Tagging X -> exclusive measurement  

•Measurement of forward 0,  and  are all possible 
•Polarized beams are huge benefit 

π n Λ
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Sullivan process
ZDC physics motivation

• Spectator tagging for:
– HI studies
– nuclear effect in DIS

• Tagging 𝛾 from de-excited scattered ion
– to increase the purity of quasi-elastic 𝑒𝐴 collisions

• Meson structure function through Sullivan process
– a.k.a. OPE = One Pion Exchange model for pion exchange

• Production mechanism of nucleon in the 𝑒𝑝 final state
– through semi-inclusive measurements

4

OPE

•Tagging this event will rely solely on the ZDC!  
•To be made by Korea-Japan collaboration  
•EMCal + Hcal (Silicon trackers) ZDC (Zero Degree Calorimeter)
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ZDC detector

ZDC (Zero Degree Calorimeter)
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ZDC detector

• Japan and Korea collaboration 
suggested to upgrade ZDC with 
Silicon detector (ALICE FoCal-like) 
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Summary

•The experimental community is putting most effort into detector R&D 
and manufacturing, which are not correlated with physical topics 

•Yet, there are ongoing efforts to explore novel opportunities on the 
experimental side.   

•From a theoretical perspective, some topics appear to be particularly 
interesting: 
•Pentaquarks — studies of cross sections, internal structure, quantum 

numbers, and more   
•Meson form factors — investigations of pion and kaon form factors 

through analytical methods or lattice QCD   
•Of course, we should also not overlook the potential application of 

quantum computing algorithms in EIC physics, either for data analysis or 
for simulating scattering processes


