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New exotic particles atL—HCb |
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P. states decays into J/y/ + p
Pcs states decays into Jiy + A
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Pc brothers discove’red-‘by ,I__HCb
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Weighted candidates/(2 MeV)

—— data
— total fit
— background

LHCb
State M [MeV | [' [MeV |
P,(4312)* | 4311.9 £0.7788 | 9.8+ 2.7+ 37
P.(4440)* | 4440.3 £1.3%71 | 20.6 - 4. 9+10 :
P.(4457)* | 4457.3 £0.6717 | 6.4+2.0" ]

4200 4250 4300 4350 4400 4450 4500 4550 4600

m o [MeV]

Decay width of P.’s are
measured within ~50%




Decay of Pc

4= Decay of P,

Jly \ P

proton




- Production of P-

4— Decay of P,
— Production of P

Jly

proton

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




- Photo-production of Pc ~

Vector meson dominance [1, 2]

proton

Perhaps we can create Pcby y + p — p.

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

electrorl

Vector meson dominance [1, 2]

proton

Perhaps we can create Pcby e +p — ¢ + p..

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

(2) Currents and Mesons (1969), Sakurai
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- Blectron lon Collider

lon Collider Ring

Science mission of EICI
- Precision 3D imaging of protons and nuclei
Solving the proton spin puzzle
Search for saturation
Quark and gluon confinement
Quarks and gluons in nuclei

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



- Electron lon Collider

lon Collider Ring

Science mission of EICI]

Precision 3D imaging of protons and nuclei
Solving the proton spin puzzle

Search for saturation

Quark and gluon confinement

Quarks and gluons in nuclei proton

Discovery and characterization of exotic hadrons?

electron

Vector meson dominance [1, 2]

[1] https://www.bnl.gov/eic/science.php
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Electron-lon Collider
Project Launch
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10%

10%
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JLAB/CEBAF

ep Facilities & Experiments:

- Past Colliders
‘: Collider Concepts
- Past Fixed Target
|:, Ongoing Fixed Target
[ ] EIC Project

- LHeC/HE-LHC
i FCC-he
- EIC
E LHeC/HL-LHC
= COMPASS .§ LHeC/CDR
- HIAF-EIC
=
i I I
L HERMES NMC
= HERA (ZEUS/H1)

IIIIIII| | | lIIll|| | IlIIIII| 1 | | 1111

10 10° 10°
Vs (GeV)

11



Collider experiment v.s target experiment
Collider experiment

Detector acceptance

____________________ N ... p Out of
---------------- acceptance
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ePIC detector

35m ————— =0 5.0m
———— 32m >

Barrel HCAL

VOH41 plemiod

Backwards HCAL

[ [ TN s 34m
|

1

4
m
<
(¢

[ hadrons >

Charged particles can be measured
for|n]| < 4

(1) https://www.sciencedirect.com/ science/ article/pii/ SO375947422000677 13



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

EIC beam /
@'ECJ[I’OFD VMD constant computed using

JIw — eTe™ decay width

Jly

C
8,pp, cOMputed using P decay

EIC beam _
width measured at LHCb
(proton) (9.8 MeV)

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

\ - Lagrangian
P ngPC wp ,uyFJ wp JP _

1+
> c M/ 2
I Y aWFJ o, I =147,
Ling = 4 gJipP. p _ 3%
p M T/ wpfy ’7 ,uwac JU = 2
grf?ij by F y@DIVDc TP = %_
Interaction strength J/y,
proton and P is computed - Fixing interaction strength from I"
from the decay width
measured by LHCb |p |
1—‘P —p+J/y — f ‘M|2
‘ 87 m> P
+ Results in 2 spin x 2 parity cases
o P 1+ 1— 3T 3
v J 3 2 2 2
gipr. 0379  0.169 1.47 0.599
tLq4

o ‘b
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Formalism

Jly

« Vector meson dominance model

e
_ J
Ly == 295 FoF o,

[’ye_ et — —el/_/WAﬂl//,

+ Coupling constant gy is computed

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

- Photo-production strength

q L €gjpp, q2 1
P, —
a g ¢ —mj,
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P.(4312) yields at EIC -+

d—"[c-mbIGeV]

B Electron energy = 16 GeV
10~8% Proton energy = 250 GeV
107"%}
~~~~ 1072}
7 L S
ey | TS 107" '
B [ T e b iGeV]
=4 =3 =2 =1 1 2 3 4 10 20 30 40 50 60 FreeVd

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

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

0(103) - O(104) of P. produced in a month, EIC being a potential
pentaquark factory!
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Pc(4312) vields in 'pola‘r:i‘Ze,d e+p

ePIC detector

,--goverage L,

n=-2_ L. n=2(0 =159
n=-4 0 Trel s 0 e n=4 (0 =2.1°
== -""---::;“'g: -----------
e beam p beam
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Pc(4312) yields in ’pola‘riZe'd e+p

ePIC detector

p=-LOVErage . - 40

n=-2_ _.on=2(0 =159
n=A Tl T N n=4 (0 =219
______ > s‘o._ e mmmm==
e beam p beam
do
f —[mb] . . .
an — (112) Spin 1/2 scenario
1010 — (172)°
1072}
-14|

1

\-'4 -3 -2 -1 1 2 3 4')
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Pc(4312) vields in 'pola‘ri,zed etp

ePIC detector

,--goverage L,

_.on=2(0 =159
n=-4 Tl L e n=4 0 =2.19

Spin 1/2 scenario

=t
= €=

Parallel polarization

Anti-parallel
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P.(4312) vyields in polarized e+p

Spin 3/2 case

= /=< =" Parallel polarization

= <€ = Anti-parallel

Spin 1/2 case

= /=< }== Parallel polarization
= =

Anti-parallel
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- Pc(4312) yields in 'polarijz'erd kD S

N b () do/dn [RL = dojdn (RR)
.09 G do/dn [RL] + do/dn [RR]
1

o e
-
......

- -

-
. -
. ~a
‘e .

-
-
-
Lt

4 =3 <2 =1 1 2 3 4

Spin of Pc can be resolved by measuring forward-to-backward ratio!
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Determination of pa‘rity‘f;" -

0.0012
0.0010
0.0008
0.0006
0.0004
0.0002

IM|? of JIp—>e +e*

Jig T
LE R RN ] J/wl_

-
R

05 10 15 20 25 3.0

(a)

- J/yr has spin-1 and its polarity

can be measured from the decay

kinematics
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Resolution of parity by..p'OIariZed ep at EIC

0.0012
0.0010
0.0008
0.0006
0.0004
0.0002

IM|? of JIp—>e +e*

-
R

Jig T
= J/ylL

05 10 15 20 25 3.0
(a)

IM]? of P.—»p+J/y

05 1.0 15 20 25 3.0
(c)

—_— (32T
massm (312)'L
— (32 T
mesem (32)°L

¢

proton

« J/y has spin-1 and its polarity
can be measured from the decay
Kinematics

- Parity would be experimentally
determined by polarized e+p
collision at EIC
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Photoproduction of Ps

, \s =2.60 GeV
07— " ®ee-CT o ‘
[ R G | @ LEPS(2015) 215
& AN l ~ |0 LEPS(ZOOS)
-50?§ 5 ; ] % il 2.10
St Lo ,‘Ao g s
00, ! 1 & Pi:i g 205
Q PP g s
L|‘ iC'T ' L - 0.5 =
r \o\‘i S=112 S’/?,IZ 1 g 2.00
-150- e T @ i 1 = ‘
| i t-channel ] D)
Y K*A K*z ] pS 2071 )7 195 ‘
1950“ — 20‘00 L ‘20'50‘ L ‘21'00‘ S oL 1 1.50 1.55 1.60 1.65 1.70
1.6 1.8 2 2 2 M(K*¢) [GeV]

« Calculation predicted a resonance of Ps (uudss) near 2 + K* [1]

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

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

(1) Khemchandani et al PRD 83, 114041 (2011) 25



- Cross section of ¢ photo-production

Total cross cross section

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

- M O A B R - - .

(1) arxiv:2402.07392 26



Spin density matrix'comzpoheht

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

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

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

0_2; - ’ tL |'*4 P*" "' '+-|' Irl l

- 1] i b HH’ ¢ " om0 L LbioL

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

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

photon and the outgoing ¢» meson [1]

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

(1) arxiv:2402.07392
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- Summary.

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

We should seriously
consider it as a

1
mission of EIC
electron 0.8
Vector meson dominance [1, 2]
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