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• GlueX measured inclusive spectra of J/   
• Can EIC and ePIC do better that that? 

ψ• LHCb discovered 3 states of Pc  through 
the J/  + p channelψ
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Simulation in ePIC framework

(J)P

FORWARD BACKWARD

in |η | < 4

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.

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)
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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.

Ee = 16 GeV 
Ep = 250 GeV

[arxiv2202.11631]



4

FORWARDBACKWARD

Simulation in ePIC framework

in |η | < 4

5

pTunderfourcasesofJP=1
2

±
and3

2

±
.⌘ofPc(4312)iscomputedinthelabframe,thuswecanjudgewhetherit

arrivesinthetypicaldetectorcoverageproposedfortheEIC(|⌘|<4).Fig.2showsthedi↵erentialcrosssections
forunpolarizede+pcollision.Inthisfigure,d�/dpThasaverylargevalueatthehighpTend,whichhappens
when✓=⇡/2inthecenter-of-massframe.Atthisangle,thederivativeofpT=pfsin✓goestozero,thusamplifying
d�/dpTlarge.However,ithassmalle↵ecttotheintegratedyields.

ThenumbersofPc(4312)expectedtobeproducedattheEICwithanintegratedluminosityof10fb�1istabulated
inTab.II.Thisluminosityvalue,10fb�1,canbereachedbyrunningtheEICforaboutamonthatthepeakintensity
(1034cm�2s�1),8hoursaday.Wefoundthattheexpectedyieldsforthepositiveparityislargerthanthosefor

thenegativeparitybyafactor5,independentofpTand⌘.ThelargestyieldisexpectedforJP=3
2

+
.Supposinga

detectorsystemmeasurestheJ/ viae++e�decay(branchingratio=5.94%)withthe100%e�ciencyforelectron
andproton,O(103)�O(104)Pc’swillbeobservedinthedataaccumulatedforonemonthattheEIC.

FIG.2.Di↵erentialcrosssectionofPcproductionintheunpolarizede+pcollisionforeachcaseofspin-12andspin-32with
positiveandnegativeparitystates.Theresultsarecalculatedasafunctionof(a)⌘and(b)pT(|⌘|<4)

TABLEII.ExpectednumberofPc(4312)producedattheEICwith10fb�1.

JPofPc
1
2

+1
2

�3
2

+3
2

�

Yield5.67⇥1031.13⇥1034.32⇥1047.15⇥103

A.Polarizedcrosssection

Thedi↵erentialcrosssectionsforthepolarizedelectronandprotonbeamsareshowninFig.3(spin-12),and
Fig.4(spin-32).Inthecaseofspin-12,thecrosssectionsofRR(samehandedness)andRL(oppositehandedness)
configurationarealmostidenticalforthebackwardrapidityregion(proton-goingdirection),andtheysplitinthe
forwardregion,⌘>2(electron-goingdirection).Inthecaseofspin-32,amoredramaticbehaviorisobserved:the
crosssectioncurvesforRRandRLbegintoseparateearlyfrom⌘⇡�2,makingtheRLcrosssectionlargerthan
theRRonebyfourordersofmagnitudeat⌘=4.Forclearobservationofthise↵ectinexperiment,weproposeto
measuretheforward-to-backwardratio(RFB)andthebeamspinasymmetry(BSA),whicharedefinedasfollows.

RFB(⌘)=
d�/d⌘(+⌘)

d�/d⌘(�⌘)
,where⌘>0(12)

BSA(⌘)=
d�/d⌘[RL]�d�/d⌘[RR]

d�/d⌘[RL]+d�/d⌘[RR]
(13)

Theseobservableshaveexperimentalbenefitbecausesomeofuncertainties,suchasluminosity,trackingcorrection,
andgeometricacceptance,arecancelledout.AsshowninFig.5,thespinofPccanbeclearlydeterminedbymeasuring
theBSAinthemid-rapidityregion.Yet,wefoundthatbothBSAandRFBarenotmuchusefultojudgetheparity.
Inparticular,ifPcwasinthespin-32state,theBSAandRFBarecompletelyinsensitivetotheparity.
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Yield5.67⇥1031.13⇥1034.32⇥1047.15⇥103

A.Polarizedcrosssection

Thedi↵erentialcrosssectionsforthepolarizedelectronandprotonbeamsareshowninFig.3(spin-12),and
Fig.4(spin-32).Inthecaseofspin-12,thecrosssectionsofRR(samehandedness)andRL(oppositehandedness)
configurationarealmostidenticalforthebackwardrapidityregion(proton-goingdirection),andtheysplitinthe
forwardregion,⌘>2(electron-goingdirection).Inthecaseofspin-32,amoredramaticbehaviorisobserved:the
crosssectioncurvesforRRandRLbegintoseparateearlyfrom⌘⇡�2,makingtheRLcrosssectionlargerthan
theRRonebyfourordersofmagnitudeat⌘=4.Forclearobservationofthise↵ectinexperiment,weproposeto
measuretheforward-to-backwardratio(RFB)andthebeamspinasymmetry(BSA),whicharedefinedasfollows.

RFB(⌘)=
d�/d⌘(+⌘)

d�/d⌘(�⌘)
,where⌘>0(12)

BSA(⌘)=
d�/d⌘[RL]�d�/d⌘[RR]

d�/d⌘[RL]+d�/d⌘[RR]
(13)

Theseobservableshaveexperimentalbenefitbecausesomeofuncertainties,suchasluminosity,trackingcorrection,
andgeometricacceptance,arecancelledout.AsshowninFig.5,thespinofPccanbeclearlydeterminedbymeasuring
theBSAinthemid-rapidityregion.Yet,wefoundthatbothBSAandRFBarenotmuchusefultojudgetheparity.
Inparticular,ifPcwasinthespin-32state,theBSAandRFBarecompletelyinsensitivetotheparity.

• Cross section is higher for forward region 
• Trackers, dRICH, endcap calorimeters 

[arxiv2202.11631]
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Simulation in ePIC framework

• Cross section is higher for forward region 
• Trackers, dRICH, endcap calorimeters  

• Even higher for diffraction-like events 
• Utility of far-forward system in ePIC?
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• Analysis procedure and caveats  
• I went through GEN  NPSIM  EICrecon  tree analysis following the ePIC 

tutorial, which worked almost out-of-box 

• I made   generator according to the VMD model[1] 

• Polarization for Pc and J/  is not addressed 

• 275 GeV  18 GeV energy 
• decay width (9.8 MeV) is negligible in typical ePIC tracking resolution 

• Used ReconstructedTruthSeededChargedParticleAssociations collection for RECO 
• MC matching and PID algorithm inherent in the package is not used 
• MC matching is done by the closest distance   

• Signal-only study is done 

→ → →

Pc → p + J/ψ → p + e+ + e−

ψ
⊗

Simulation in ePIC framework

e+ 
e- p

GEN level 
(HEPMC) [1] arXiv:2202.11631

Podio tree

ReconstructedTruth
SeededChargedPa
rticleAssociations

NPSIM, EICrecon

https://eic.github.io/documentation/tutorials.html
https://eic.github.io/documentation/tutorials.html
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Boost by beam crossing angle

25 mrad

• Afterburner (ip6_hidiv_275x18)  
• Kinematic distribution of protons and electrons decayed from Pc 

 before boostθ before boostθ
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Sample1: far forward 
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Boost by beam crossing angle

25 mrad

• Afterburner (ip6_hidiv_275x18)  
• Kinematic distribution of protons and electrons decayed from Pc 

Far-forward

Endcap
 = 3.8η

 before boostθ before boostθ
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Sample1: far forward 
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Boost by beam crossing angle
• Afterburner (ip6_hidiv_275x18)  
• Kinematic distribution of protons and electrons decayed from Pc 

 before boostθ before boostθ

 a
fte
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θ

Far-forward

Endcap  = 3.8η

Sample2: η > 2
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Results in the endcap

Sample2: η > 2



11

Particle reconstruction performance 
(Pc) > 2η

 distributionη

Momentum Resolution 

e+ 
e- p

ForwardMid-rapidity

(  is one-to-one function of p due to 2-body process)η

endcap

Far-forward
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Particle reconstruction performance 

High  in endcapϵ

Low  in far-forwardϵ

(Pc) > 2η
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Particle reconstruction performance 

160 MeV σ ≈  measured in LHCb: 9.8 (±2.7 +3.7/-4.5) MeVσ

(Pc) > 2η
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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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Results in far-forward
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A.Polarizedcrosssection

Thedi↵erentialcrosssectionsforthepolarizedelectronandprotonbeamsareshowninFig.3(spin-12),and
Fig.4(spin-32).Inthecaseofspin-12,thecrosssectionsofRR(samehandedness)andRL(oppositehandedness)
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theRRonebyfourordersofmagnitudeat⌘=4.Forclearobservationofthise↵ectinexperiment,weproposeto
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[ (Pc)  4.5 in physics frame]           [ (Pc) > 3.8 in ePIC frame]η ≳ = η

 

Pro: High cross-section 
Con: low geometrical acceptance
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Particle reconstruction performance 

η
• Most protons arrive in far forward 

• Some  in forward and some in 
the endcap 

e+, e−

Endcap 

B0 & Roman pot?
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Particle reconstruction performance 

Endcap 

B0 & Roman pot? Momentum Resolution 

• Degradation of electron momentum 
resolution in far forward 

η
• Most protons arrive in far forward 

• Some  in forward and some in 
the endcap 

e+, e−

η
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Particle reconstruction performance 
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Particle reconstruction performance 

• Invariant mass has bad resolution
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Particle reconstruction performance 

Momentum Resolution 
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Particle reconstruction performance 

Momentum Resolution 
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Particle reconstruction performance 

Momentum Resolution 
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Particle reconstruction performance 

• Explains why the mass is shifted to the left and smeared
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Particle reconstruction performance 

• Electrons with  < 3 have 
decent resolution

η

Momentum Resolution 
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Particle reconstruction performance 

Momentum Resolution 

All  pairs usede+e−

Invariant mass of pe+e−
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Particle reconstruction performance 

Momentum Resolution 

All  pairs usede+e− One of pair must be  <3η

Invariant mass of pe+e−
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Particle reconstruction performance 

Momentum Resolution 

All  pairs usede+e− Constrained m( ) = m(J/ )e+e− ψ
120 MeV  σ ≈

One of pair must be  <3η

Invariant mass of pe+e−



28

Particle reconstruction performance 

Momentum Resolution 

All  pairs usede+e− Constrained m( ) = m(J/ )e+e− ψ
120 MeV  σ ≈

One of pair must be  <3η

• Low efficiency 
• Can be complemented 

by higher cross section

Invariant mass of pe+e−
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Summary
• Pc(4312), pentaquark of , can be well 

observed by ePIC through         
 channel  

• Endcap   

• Good mass resolution, enough to separate 
Pc(4440) 

• Far-forward  

• Far-forward system useful for proton 
reconstruction 

• Worse resolution and efficiency (acceptance) 
• High cross-section is predicted from VMD model  

• Caveat ( = rooms for improvement) 
• Assumed PID works perfectly  
• No backgrounds from other pe+e- channels  
• Study for other beam energies  

uudcc̄

p + J/ψ → p + e+ + e−

(η ≳ 2)

(η ≳ 3.8)

(Pc) > 2η

Far forward
m( ) = m(J/ )e+e− ψ



BACKUP
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Far-forward

Endcap
 = 3.8η

 > 2η

far forward

Far-forward

Endcap  = 3.8η
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Proton

Electron

Position

Eta bin 

2          2.5          3             3.5            4              4.5           5            5.5  

Momentum ( ) resolution | ⃗p |
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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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Papers on Pc and Ps
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proton

J/ψ Pc

electron

EIC beam

EIC beam
VMD constant computed 

using  decay 

width

J/ψ → e+e−

 computed using  decay 

width measured at LHCb  
(9.8 MeV)

gψPPc
Pc

Computation of Pc cross section at EIC

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

(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
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Formalism

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/ .

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
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J/ψ

Pc

p

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

• Fixing interaction strength from Γ

• Results in 2 spin x 2 parity cases
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• Vector meson dominance model 

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

•  = 95.9 keV x 5.97%

ψ→
Γ

(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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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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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.

Pc(4312) yields at EIC 

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

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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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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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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JP

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 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.
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" states.
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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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FIG. 6. (a) J/ ! e�e+ amplitude as a function of ✓ for a transverse [T] J/ and a longitudinal J/ [L].
(b) (JPc = 1

2 ) ! p+ J/ amplitude dependence on the decayed J/ polarization (T or L).
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V. SUMMARY

The cross section for the Pc(4312) production in e +
p collision is studied under various assumptions for its
potential quantum states; JP = 1

2

±
and JP = 3

2

±
.

The interaction strength of the electro-production of
Pc(4312), created by scattering � onto a proton, is cal-
culated using the vector meson dominance hypothesis to
the leading order. We also assume that the Pc(4312)
! J/ + p channel is dominant in the decay width of
Pc(4312) that was measured by the LHCb collaboration.
The cross section is larger for the spin- 32 state than for
the spin-12 state, and larger for the positive parity case
than for the negative parity. With one month of oper-
ation at the EIC in its nominal condition, millions of
Pc(4312)’s are expected to be measured via p+ e+ + e�

channel. This calculation can be generalized for other
heavy pentaquarks as far as it can be electro-produced
onto a proton. Furthermore, more kinds of pentaquarks
can be produced by electro-production onto a neutron
using e + d collision at the EIC. Hence, the EIC can
be considered as a factory of heavy pentaquarks and will
provide an excellent opportunity for a comprehensive un-
derstanding of exotic particles.

Given the availability of polarized beams at the EIC,
we suggest that the analysis of pseudorapidity distribu-
tion of Pc can confirm its spin number. The forward-to-
backward ratio and the beam-spin asymmetry results are
unambiguously distinct for the spin- 12 and spin- 32 states.
These observables are also useful to reduce the experi-
mental uncertainties as well.

In addition, we prove that the decay kinematics of
Pc! p+J/ is sensitive to the parity of Pc. The dis-
tribution of the decay angle of Pc depends on the polar-
ization of the J/ , which can be statistically determined
by measuring its decay angle of e� + e+. Therefore, the
parity of Pc can be determined by the analysis of an-
gular distribution. For this purpose, a hermetic detector
with e�cient calorimeters and tracking systems, such as
ATHENA and ECCE, is necessary.
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Background and motivation

resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 6. Fit to the cos θPc-weighted mJ=ψp distribution with
three BW amplitudes and a sixth-order polynomial background.
This fit is used to determine the central values of the masses and
widths of the Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.

PHYSICAL REVIEW LETTERS 122, 222001 (2019)

222001-4

 —>  P+
c [D̄*Σc] J/ψ[cc̄]p

 —> P+
s [K*Σ] ϕ[ss̄]p

  —>confirmed!

  —>possible?

Attempt to find  from Ps K+p → K+ϕp

 by Prof. S.-i Nam PRD103, 054040(2021)

Hadron productions using meson beam 

Ps+(2071)

BKG

APCTP Workshop on Nuclear Physics 2022, 11 Jul. - 16 Jul. 2022, Jeju, Korea

LHCb experiment confirmed Pc

ps (2071)?

• Calculation predicted a resonance of Ps ( ) near  [1]  

• SI Nam showed that if  ever exists, the resonance would appear 
in the  Dalitz plot [1]  

• Considering VMD model, the same phenomenon can happen in the 
  process

uudss̄ Σ + K*
ps(2071)

K+p → K+ϕp

γ + p → (ps → ) ϕ + p
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Cross section of  photo-productionϕ
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•The bump in experimets is slightly away from our result

Result 
Total cross section

compared with exp. J. Ballam et al. PRD 7, 3150 (1973)
D. P. Barber et al., Z. Phys. C 12, 1 (1982)

Preliminary

R. M. Egloff et al., PRL 43, 657(1979)
J. Busenitz et al., PRD 40, 1 (1989) = 14 -> 140 GeVΓPs
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•The bump in experimets is slightly away from our result

Result 
Total cross section

compared with exp. J. Ballam et al. PRD 7, 3150 (1973)
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Experimental data points
Total cross cross section
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Other contributions for -photoproduction1,2ϕ

•All contributions satisfy Ward-Takahashi identity 
•Here, we consider only two nucleon resonances
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Other contributions for -photoproduction1,2ϕ

•All contributions satisfy Ward-Takahashi identity 
•Here, we consider only two nucleon resonances
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Other contributions for -photoproduction1,2ϕ

•All contributions satisfy Ward-Takahashi identity 
•Here, we consider only two nucleon resonances

23. 4. 19. 오전 2:17 Draw Feynman Diagram Online

https://feynman.aivazis.com/?fbclid=IwAR0B9zn7zxrwX-1DGBNFhjnE9K9nkdLa1Go_DNMlAi6WA6sRAtyUVms-iQI 1/1

An Example Diagram ITEM PALETTE

Drag and drop items to add
them to a canvas

Show PatternsShow Patterns

by Alec Aivazis

Found a bug?
File an issue on GitHub

Title

An Example Diagram

Grid 50

Zoom 1.0

Show GridShow Grid Hide AnchorsHide Anchors

Export PNGExport PNG PDFPDF LaTeXLaTeX

Save DiagramSave Diagram

History Hide
57 : moved anchors
56 : placed propagators from item

palette.
55 : removed anchors from diagram
54 : moved anchors
53 : moved anchors
52 : moved anchors
51 : removed anchors from diagram
50 : moved anchors

Hotkeys Hide

Select element: Left click

Select multiple elements: Drag on
canvas

Move an element: Drag on element

New anchor: alt + click

New propagator: alt + drag

New branch: alt + drag from an
existing element

Delete selected element: bkspace
or delete

Load DiagramLoad Diagram

23. 4. 19. 오전 2:17 Draw Feynman Diagram Online

https://feynman.aivazis.com/?fbclid=IwAR0B9zn7zxrwX-1DGBNFhjnE9K9nkdLa1Go_DNMlAi6WA6sRAtyUVms-iQI 1/1

An Example Diagram ITEM PALETTE

Drag and drop items to add
them to a canvas

Show PatternsShow Patterns

by Alec Aivazis

Found a bug?
File an issue on GitHub

Title

An Example Diagram

Grid 50

Zoom 1.0

Show GridShow Grid Hide AnchorsHide Anchors

Export PNGExport PNG PDFPDF LaTeXLaTeX

Save DiagramSave Diagram

History Hide
57 : moved anchors
56 : placed propagators from item

palette.
55 : removed anchors from diagram
54 : moved anchors
53 : moved anchors
52 : moved anchors
51 : removed anchors from diagram
50 : moved anchors

Hotkeys Hide

Select element: Left click

Select multiple elements: Drag on
canvas

Move an element: Drag on element

New anchor: alt + click

New propagator: alt + drag

New branch: alt + drag from an
existing element

Delete selected element: bkspace
or delete

Load DiagramLoad Diagram

23. 4. 19. 오전 2:17 Draw Feynman Diagram Online

https://feynman.aivazis.com/?fbclid=IwAR0B9zn7zxrwX-1DGBNFhjnE9K9nkdLa1Go_DNMlAi6WA6sRAtyUVms-iQI 1/1

An Example Diagram ITEM PALETTE

Drag and drop items to add
them to a canvas

Show PatternsShow Patterns

by Alec Aivazis

Found a bug?
File an issue on GitHub

Title

An Example Diagram

Grid 50

Zoom 1.0

Show GridShow Grid Hide AnchorsHide Anchors

Export PNGExport PNG PDFPDF LaTeXLaTeX

Save DiagramSave Diagram

History Hide
57 : moved anchors
56 : placed propagators from item

palette.
55 : removed anchors from diagram
54 : moved anchors
53 : moved anchors
52 : moved anchors
51 : removed anchors from diagram
50 : moved anchors

Hotkeys Hide

Select element: Left click

Select multiple elements: Drag on
canvas

Move an element: Drag on element

New anchor: alt + click

New propagator: alt + drag

New branch: alt + drag from an
existing element

Delete selected element: bkspace
or delete

Load DiagramLoad Diagram

23. 4. 19. 오전 2:17 Draw Feynman Diagram Online

https://feynman.aivazis.com/?fbclid=IwAR0B9zn7zxrwX-1DGBNFhjnE9K9nkdLa1Go_DNMlAi6WA6sRAtyUVms-iQI 1/1

An Example Diagram ITEM PALETTE

Drag and drop items to add
them to a canvas

Show PatternsShow Patterns

by Alec Aivazis

Found a bug?
File an issue on GitHub

Title

An Example Diagram

Grid 50

Zoom 1.0

Show GridShow Grid Hide AnchorsHide Anchors

Export PNGExport PNG PDFPDF LaTeXLaTeX

Save DiagramSave Diagram

History Hide
57 : moved anchors
56 : placed propagators from item

palette.
55 : removed anchors from diagram
54 : moved anchors
53 : moved anchors
52 : moved anchors
51 : removed anchors from diagram
50 : moved anchors

Hotkeys Hide

Select element: Left click

Select multiple elements: Drag on
canvas

Move an element: Drag on element

New anchor: alt + click

New propagator: alt + drag

New branch: alt + drag from an
existing element

Delete selected element: bkspace
or delete

Load DiagramLoad Diagram

Pomeron AV Reggeon, 
PS, S t-channel

(1285), 
, , , 

f1
π η a0 f0

23. 4. 19. 오전 2:15 Draw Feynman Diagram Online

https://feynman.aivazis.com/?fbclid=IwAR0B9zn7zxrwX-1DGBNFhjnE9K9nkdLa1Go_DNMlAi6WA6sRAtyUVms-iQI 1/1

An Example Diagram ITEM PALETTE

Drag and drop items to add
them to a canvas

Show PatternsShow Patterns

by Alec Aivazis

Found a bug?
File an issue on GitHub

Title

An Example Diagram

Grid 50

Zoom 1.0

Show GridShow Grid Hide AnchorsHide Anchors

Export PNGExport PNG PDFPDF LaTeXLaTeX

Save DiagramSave Diagram

History Hide
34 : moved anchors
33 : changed propagator kind to em
32 : moved propagators
31 : moved anchors
30 : moved anchors
29 : moved anchors
28 : moved anchors
27 : placed propagators from item

palette

Hotkeys Hide

Select element: Left click

Select multiple elements: Drag on
canvas

Move an element: Drag on element

New anchor: alt + click

New propagator: alt + drag

New branch: alt + drag from an
existing element

Delete selected element: bkspace
or delete

Load DiagramLoad Diagram

23. 4. 19. 오전 2:13 Draw Feynman Diagram Online

https://feynman.aivazis.com/?fbclid=IwAR0B9zn7zxrwX-1DGBNFhjnE9K9nkdLa1Go_DNMlAi6WA6sRAtyUVms-iQI 1/1

An Example Diagram ITEM PALETTE

Drag and drop items to add
them to a canvas

Show PatternsShow Patterns

by Alec Aivazis

Found a bug?
File an issue on GitHub

Title

An Example Diagram

Grid 50

Zoom 1.0

Show GridShow Grid Hide AnchorsHide Anchors

Export PNGExport PNG PDFPDF LaTeXLaTeX

Save DiagramSave Diagram

History Hide
12 : changed propagator color to

#000000
11 : changed propagator color to

#999999
10 : changed propagator color to

#9900ef
9 : flipped propagator arrow

direction
8 : changed propagator kind to

Hotkeys Hide

Select element: Left click

Select multiple elements: Drag on
canvas

Move an element: Drag on element

New anchor: alt + click

New propagator: alt + drag

New branch: alt + drag from an
existing element

Delete selected element: bkspace
or delete

Load DiagramLoad Diagram

+

+

+

p

p

2Sang-ho Kim, Seung-il Nam PRC100.065208(2019); 101.065201(2020)

Nucleon and resonances

1A. I. Titov et al. PRC58, 2429(1998); 67, 065205(2003)

N*(2000, 5/2+), N*(2300, 1/2+)N,
Most dominant

[1] arxiv:2402.07392



46

Summary

Yongsun

We should consider 
it as an EIC 
observable

6

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.


