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1. Introduction
> Exotic hadrons
» Hidden-charm pentaquarks P,
2. Model Hamiltonian
> One pion exchange potential
» Compact 5-quark potential
3. Numerical results: Solving Schrodinger

equations
> P,
> PCS

4. Summary

Y. Yamaguchi (JAEA) REIMEI/THEIA Seminar

@ ¢

Hadronic molecule

$ Mixture?

2@
® 6
c

Pentaquark
(Compact)

1/24



Hadron structure: Constituent quark model

> Hadron = Quark composite system
» Ordinary Hadrons: Baryon (gqq) and Meson (¢q)
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Baryon(proton,nucleon,...) Meson (p,K™*),...)
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Hadron structure: Constituent quark model

> Hadron = Quark composite system
» Ordinary Hadrons: Baryon (gqq) and Meson (¢q)

B o

Baryon(proton,nucleon,...) Meson (pK(*))

> Exotic Hadrons (# ¢qq, qg): Multiquark? Multihadron?
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Candidates of Exotic structures ?
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Recent reports of Exotic hadrons!

> X(6900) (ccce?) > X0,1(2900) (€5ud?)

LHCb, Science Bulletin 65 (2020) 1983

LHCb, PRL125, 242001 (2020), PRD102, 112003 (2020)
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Recent reports of Exotic hadrons!

> X(6900) (ccce?) > X0,1(2900) (€5ud?)

LHCb, Science Bulletin 65 (2020) 1983

LHCb, PRL125, 242001 (2020), PRD102, 112003 (2020)

" Xy(2900) & X,(2900) LHCb

Candidates / (17.3 MeV/c?)

8000 9000
Mgy, MeV/c]
> Zes (cesu?)

BESIII, PRL126,102001 (2021)

mB(D’K’) [Ge‘V/L'ZJ]S
> P, (uudce?), P.s (udsce?)
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Very recent reports of Exotic hadrons!

» New P.(4337)T state in BY — J/¥pp  LHCb, 2108.04720 fhep-ex]
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> Doubly charmed tetraquark T\ (ccud)  Lhco, 210001038, 2109.01056
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Observation of two P, pentaquarks in LHCb (2015)

» Observation of the Hidden-charm Pentaquark (ccuud)
in Ag — J/1p K™ p Decay? RuAaij et al. (LHCb collaboration) PRL115(2015)072001

PRL 115, 072001 (2015) PHYSICAL REVIEW LETTERS 14 AUGUST 3015
Observation of J/yp R Consi with P k States
in A) — J/wK"p Decays
R. Aaij et al.”
(LHCb Collaboration)
(Received 13 July 2015; published 12 August 2015)

(P 30 Tk decay)

LN - ee
By L =

P,(4380): M =4380 MeV  P.(4450): M =4449.8 MeV
I'= 205 MeV I' = 39 MeV
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New LHCb analysis in 2019!

> R. Aaij, et al. Phys.Rev.Lett. 122 (2019) 222001
50w > P.(4450) in 2015 — P(4440) and P.(4457)

P.(4440): (M,T) = (4440.3,20.6) MeV
Po(4457): (M,T) = (4457.3,6.4) MeV

> Observation of New state!
P.(4312): (M,T) = (4311.9,9.8) MeV

> P.(4380) in 20157 “these fits can neither confirm
nor contradict the existence of the P(4380)%"
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Candidates/(2 MeV)

P(4440)p _(4457)"
12)*

P.(4312): (M,T) = (4311.9,9.8) MeV
> P.(4380) in 20157 “these fits can neither confirm
nor contradict the existence of the P(4380)%"

P43
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» Complementary experiments: yp — J/1p
in GlueX@J-Lab
GlueX Collaboration, PRL123(2019)072001.
— No triangle singularity

olyp = JApp), nb

---- Kharzeev etal. x23
—— JPAC P((4440)
— — incoherent sum of:
- 2g exch. Brodsky et al
3g exch. Brodsky et al

No evidence of yp — P, — J/yp S

E,Gev 20
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What is the structure of the pentaquarks?

[Proposals of various structures!]
H.X.Chen, et al., Phys.Rept.639(2016)1, A.Esposito, et al.,Phys.Rept.668(2016)1, A.Ali,et al.,PPNP97(2017)123

7@

» Compact pentaquark (ccqqq)? ‘E‘
S.G.Yuan, et al. (2012), L.Maiani, et al, (2015),  S.Takeuchi, et al, (2017),
J. Wu, et al. (2017), E. Hiyama, et al. (2018), Pentaquark
» Hadronic molecule (DX}, D*Y,...)? (Compact)
J-JWu et al,, (2010) (2011), C. Garcia-Recio, et al. (2013), c
R. Chen, et al. (2015), Y.Shimizu, et al. (2016-2019), . @ |
C. W. Xiao, et al. (2019), M.-Z. Liu, et al. (2019), M. L. Du, et al. (2019), . z

Hadronic molecule

> Triangle singularity?

. P

(Non-resonant explanation) 1 e
F.K.Guo, et al. (2015), X.H.Liu, et al. (2016), > b

S.X.Nakamura PRD103, L111503 (2021), e a
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Hadronic molecules?

> Exotics as Hadronic molecule = Hadron (quasi) bound state

— expected near the thresholds

Eﬁ*) baryon

.‘ D(*) meson

q

Hadronic molecule
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Hadronic molecules?

> Exotics as Hadronic molecule = Hadron (quasi) bound state

— expected near the thresholds

=™ baryon
° y Analogous to Deuteron

3. D(*) meson P‘

B =22 MeV
Hadronic molecule
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Hadronic molecules?

> Exotics as Hadronic molecule = Hadron (quasi) bound state

— expected near the thresholds

Eﬁ*) baryon

. P, = D(*)Eg*) molecules?
. D™ meson
q D*3,(4463MeV)
el 0 T P ewey T
= P, (4457
®:c (457
. 23 MeV

Hadronic molecule P(4440)
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Hadronic molecules?

> Exotics as Hadronic molecule = Hadron (quasi) bound state

— expected near the thresholds

Eﬁ*) baryon

. P, = D(*)Eg*) molecules?
’ D™ meson
q D*3,(4463MeV)
el 0 T P ewey T
= P, (4457
@®c (457
. 23 MeV

Hadronic molecule P(4440)

> Q. Interactions?: Heavy hadron interactions are not established yet...

Y. Yamaguchi (JAEA) REIMEI/THEIA Seminar 9 /24



Hadronic molecules?

> Exotics as Hadronic molecule = Hadron (quasi) bound state

— expected near the thresholds

Eg*) baryon

‘ P, = D(*)Eg*) molecules?
‘ T D™ meson
q D*$.(4463MeV)
~‘ E l 6 MeV Pc(4457)
23 MeV
Hadronic molecule P(4440)

> Q. Interactions?: Heavy hadron interactions are not established yet...

= Importance of v exchange is expected due to the heavy quark
sym metry! S. Yasui and K. Sudoh, Phys. Rev. D 80 (2009), 034008

=> Hadronic molecular structure is favored?
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Compact 5q state?

> S. Takeuchi and M. Takizawa, PLB764 (2017) 254-259.
P, states by the quark cluster model

> b5-quark configurations

Sp=1/2,3/2, Se=0,1 Sp=1/2, Sez=0,1
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Compact 5q state?

> S. Takeuchi and M. Takizawa, PLB764 (2017) 254-259.
P, states by the quark cluster model

> b5-quark configurations

Sp=1/2,3/2, 8=0,1 Sp=1/2 8:=0,1

> [¢38.3/2]: Color magnetic int. is attractive!

= Couplings to (gqc) baryon-(gc) meson, e.g. DX,
are allowed!
[Mixing of Compact state and Hadronic Molecule!)
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Model setup in this study

» Hadronic molecule + Compact state (5¢)
MB + 5¢q
2® _ (D@

Hadronic molecule 8.
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Model setup in this study

» Hadronic molecule + Compact state (5¢)
= Meson-Baryon couples to 5¢ (Feshbach projection)

MB + 5q
@ 7

Coupling to

: @
® o
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Model setup in this study

» Hadronic molecule + Compact state (5¢)
= Meson-Baryon couples to 5¢ (Feshbach projection)

Meson-Baryon interactions

> 1
Q7
@
@
Long range force Short range force
v

> Long range interaction: One pion exchange potential (OPEP)
> Short range interaction: 5q potential
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1. Long range force: One pion exchange potential

® 7 @ 7

N

q q

Long range force
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1. Long range force: One pion exchange potential
with Heavy quark spin symmetry

@ 7 @ 7
1
]
]
i
:71'
]
]
1
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q. ‘l.

Long range force
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Heavy Quark Spin Symmetry and Mass degeneracy

Heavy Quark Spin Symmetry (HQS)  N.isgur,M.B.Wise PLB232(1989)113
» Suppression of Spin-spin force in mg — oo.

= Mass degeneracy of hadrons with the different J

> e.g. (Jg meson

P* (spin-1) P (spin-0)

b=, 4,
q Q

Heavy quark Light quark

= Mass degeneracy of spin-0 and spin-1 states!
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Mass degeneracy of heavy hadrons

> Mass difference between vector and pseudoscalar mesons. (Qq, ¢ = u, d)

Vector meson (JF =17)

P K* D* B*
770 MeV 890 MeV ! 2010 MeV 5325 MeV
T f 145 MeV
140 MeV —
‘ B (v9)
390 MeV | Dn
; cq
Am 630 MeV 1
U z
AN - ;
; K (s9)
(@@ Pseudoscalar meson
i )

Light = f > Heavy

> Am decreases when the quark mass increases.
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Mass degeneracy of heavy hadrons

> Mass difference between 1/2% and 3/2% baryons. (Qqq)
JP =3/2+
N SUS SIS 514

1230 MeV 1385 MeV 2520 MeV 5830 MeV

: ¢ $20 Mel
i 65 MeV
4 2

195 MeV Ec

200 MeV
I
TP =1/2+
N "y

Light - > Heavy
> Am decreases when the quark mass increases.
= Degeneracy of Heavy hadrons!

(Heavy Quark Spin Symmetry)

Y. Yamaguchi (JAEA) REIMEI/THEIA Seminar
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Mass degeneracy — D — D*, X, — 2.7 mixing!

> Mass Degeneracy of (07,17 ) Mesons, (1/2%,3/2") Baryons
= (D, D*) and (3, X}) mixing

Meson Baryon
D* — -
~ 65 MeV
~ 140 MeV 2)c —_
D
HQS Doublet HQS Doublet

» Coupled channels of DY, DZ:, D*Y. and D*E(f!
= These thresholds are close to each other
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Mass degeneracy — D — D*, X, — 2.7 mixing!

> Mass Degeneracy of (07,17 ) Mesons, (1/2%,3/2") Baryons
= (D, D*) and (3, X}) mixing

Meson Baryon
D* ——— T —
~ 65 MeV
~ 140 MeV 23c Y
D
~ 170 MeV
HQS Doublet Ao 4+——

» Coupled channels of DX, DY¥, D*Y. and D*X}!
= These thresholds are close to each other
» In addition, A. (cqq): D*) A, channell?
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Mass degeneracy — D — D*, X, — 2.7 mixing!

> Mass Degeneracy of (07,17 ) Mesons, (1/2%,3/2") Baryons

= (D, D*) and (3, X}) mixing
Meson Baryon

D —— =

~ 65 MeV
~ 140 MeV 2)c Y

D
~ 170 MeV

HQS Doublet Ao 4+——

P> 6 meson-baryon components
(1) I?Aca (2) D_*Ac’ (3) DZC? (4) DZ:9
(5) D*%, (6) D*X%

Y. Yamaguchi (JAEA)

REIMEI/THEIA Seminar
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D™ Y, Interaction: Long range force

» One pion exchange potential

D) Y,
. D®): Dor D*
L 50) P --——-—-@L,
wDCI D) YeXe Yo Ae, S or $F
D) Y,
T = IS 5,000 + Sq. o T
DH Y. ~D®y, — 3f2 1702 (7”) + 58,5, (7”)
s

(Contact term is removed)

g = 0.59, 91 = 1.00
» Form factor with Cutoff A (determined by the hadron size)

A2 o mQ
F@) = WEFW Ap ~ 1130 MeV, Ay, ~ 840 MeV

Y.Y, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, PRD96(2017)114031
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Model: 5-quark potential

» b5-quark potential = s-channel diagram...But

M M

Y. Yamaguchi (JAEA) REIMEI/THEIA Seminar
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Model: 5-quark potential

» 5-quark potential = Local Gaussian potential is employed.
Massive Ms, (few hundred MeV above D*X?) — Attractive

M M

i j = —fSiSje_o”Q

B B
Channel i,j = D®A,, D(*)E((,*) with S—wave

J ¢°83]0 [¢*83]1 [¢"83]0 [¢*8E]1 Masses of compact 5¢ states
with the color octet (8) ¢*

3 4816.2 4759.1 - 4772.2 S. Takeuchi and M. Takizawa, PLB764 (2017) 254-259.
Ty §*
S . 45223 48025 48354 D'Xc(4527.1MeV)
*[q?’Squ]ch

3 - - - 4940.7
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Model: 5-quark potential

> 5-quark potential = Local Gaussian potential is employed.
Massive Ms, (few hundred MeV above D*¥?}) — Attractive

M M
j = —fSZ'Sje_arz

B B
Channel i,j = DA, D(*)Eg*) with S—wave

Free Parameters

Strength f and Gaussian para. a (— may be fixed in the future)
(fvs E will be shown latter. o =1 fm~2 is fixed.)
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Model: 5-quark potential

> 5-quark potential = Local Gaussian potential is employed.
Massive Ms, (few hundred MeV above D*¥?}) — Attractive

M M

j = —fSZ'Sje_arz

B B
Channel i,j = DA, D(*)Eﬁ*) with S—wave

Free Parameters
Strength f and Gaussian para. a (— may be fixed in the future)
(fvs E will be shown latter. o =1 fm~2 is fixed.)

Relative strength S;
Spectroscopic factors = determined by the spin structure of 5¢
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Spectroscopic factor S;

» Overlap of the color-flavor-spin wavefunctions of 5-quark state and DY,
Si={((DYe):]59)

Table: Spectroscopic factors S; for each meson-baryon channel.

7 S S| DA, DA, Dx. Dy Dy, D
12 () 0 1/2] 04 06 -04 — 02 —06
i 1 1/2]| 06 —04 02 — —06 —0.3
(i) 1 3/2/ 00 00 -08 — —05 0.3
3/2 () 0 3/2] — 00 — —05 06 —07
@ 1 12| — 07 — 04 -02 -05
(i) 1 3/2] — 00 — —07 —08 —02
5/2 () 1 32| — — — — — —10

Y. Yamaguchi (JAEA) REIMEI/THEIA Seminar 18 / 24



Spectroscopic factor S;

» Overlap of the color-flavor-spin wavefunctions of 5-quark state and DY,
Si={((DYe):]59)

Table: Spectroscopic factors S; for each meson-baryon channel.

7 S. S, | DA, D'A. Dx. Dy D5, D
12 () 0 1/2] 04 06 —-04 — 02 —0.6
M 1 1/2]|06 -04 02 — —0.6 -0.3
(i 1 3/2/ 00 00 -08 — —05 03
3/2 () 0 32| — 00 — —05 0.6 —0.7
@M 1 1/2| — 07 — 04 -02 -05
(@ 1 32| — 00 — —0.7 —0.8 —0.2
572 () 1 332 — — — — — —10

> Large S; will play an important role.

Y. Yamaguchi (JAEA)

REIMEI/THEIA Seminar
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Numerical Results for Hidden-charm sector

M M M M
T
B B B B
Long range int. Short range int.
(Gaussian)

Bound state and Resonance

» Coupled-channel Schrodinger equation for DA., D*A., D%, DZ’C‘,
D%, D*E} (6 MB components).

» For J¥ =1/27,3/27, 5/27 (Negative parity)

Y. Yamaguchi (JAEA) REIMEI/THEIA Seminar 19 /24



Results (f°? vs E) of charm DY, for J* = 1/2~

» Energy with Vy + V59(f59). (v.v. et al, PRD96 (2017), 114031)

JP=1/2"
4.6 T T
——————————————————— ——e
45 F =
—————————————————————————————— -G ——
— A4 4
3 -
g 4.3 :,,,,,._\
W42t p
44 + m
4 | | |
0 25 50 75 100
£

Dashed line: Thresholds, Red line: Energy obtained

» For small 59, No bound state
= The OPEP attraction is not enough to generate a state

> 5q potential helps to generate the states near the thresholds
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Results (f57 vs E) for J¥ = 3/27,5/2~

» Energy with Vy + V59(f59). (v.v. et al, PRD96 (2017), 114031)

JP=3/2"
46 ‘ 46
45 — 45
— 44 — 44
2 2
o} 4.3 o, 4.3
Hoog2t . W42t .
41 - 41 i
4 | | | 4 | | |
0 25 50 75 100 0 25 50 75 10C
59 £

» For small 59, No bound state
= The OPEP attraction is not enough to generate a state

> 5q potential helps to generate the states near the thresholds
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For New P, states by LHCb in 2019

Y.Y., H.Garcia-Tecocoatzi, A.Giachino, A.Hosaka, E.Santopinto, S.Takeuchi, M.Takizawa, PRD 101 (2020) 091502(R)

Mev] EXP f1f,=80
4550
4521:1/2-
”””””””” [ D 2
4527
4500 4511:3/2- 1
4468:5/2-
= .D*
4450 4462
4400 1
***************************** XD
4380 e
4350} m 4350:3/2- B
4300 x

Y. Yamaguchi (JAEA)
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For New P, states by LHCb in 2019

Y.Y., H.Garcia-Tecocoatzi, A.Giachino, A.Hosaka, E.Santopinto, S.Takeuchi, M.Takizawa, PRD 101 (2020) 091502(R)

> Agreement with P.(4312), P.(4440), and P.(4457)

Y. Yamaguchi (JAEA)

Mev]  EXP f1£,=80
4550
4521:1/2-

R il "R TEEEEECEEEE T*D*
4500l 4527

- ECD*
4450 4462
44001

e >*D

4380 s

4350 = 4350:3/2- B

L 1 I ---1Z.D
4300+ . 44321

4299:1/2-

REIMEI/THEIA Seminar

+I/2

-r/2

(f() =6 MeV)
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For New P, states by LHCb in 2019

Y.Y., H.Garcia-Tecocoatzi, A.Giachino, A.Hosaka, E.Santopinto, S.Takeuchi, M.Takizawa, PRD 101 (2020) 091502(R)

Mev] EXP f1f,=80 .
4550 (fO =6 MeV)
4521:1/2-
”””””””” [ i D J 2
4527
4500 4511:3/2-

4468:5/2- |
,,,,, i IO R

4450} I - 4462 /2

I 4415:3/2- M
4400 1 -r/2
(TR 2ae0 oes=a5aa --1Z*D
4380 |Broad Pc(4380) 4385
4350 ™ 4350:3/2- 1
TR --1Z.D
4300+ " {4321

> Agreement with P.(4312), P.(4440), and P.(4457)
» For Broad P.(4380), we obtain the similar mass. But width...?
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For New P, states by LHCb in 2019

Y.Y., H.Garcia-Tecocoatzi, A.Giachino, A.Hosaka, E.Santopinto, S.Takeuchi, M.Takizawa, PRD 101 (2020) 091502(R)

Mev] EXP f1f,=80 -
4550 (fO =6 MeV)
4521:172-
”””””””” w " 1ZkD*
4527
4500 4511:3/2- i
4468:5/2-
4457
————— = ¥ D*
4450 [ + 462 /2
Nsisin] E M
4400 1 -r/2
777777777777777777777777777777 >*D
4380 o
4350} m 4350:3/2-
Ry =D
4300 " 4 4;21

> Agreement with P.(4312), P.(4440), and P.(4457)
» For Broad P.(4380), we obtain the similar mass. But width...?
> Predictions: (1/27,3/27,5/27) states below D*3*
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For New P, states by LHCb in 2019

Y.Y., H.Garcia-Tecocoatzi, .01 (2020) 091502(R)
Mev] EXP f1f,=80
4550 —
___________ w2z e (fo =6 MeV)
4500 4511:3/2- el
4468:5/2
***** i@ | X .D*
4450} I 4462:1/2- 1 4d62 T2
E M
4400 -r/2
[ 480 ff;sD
4350} m 4350:3/2- 1
———————————————————————————— =.D
4300+ " " 4321
P, LHCb (M, T) | JP Ours Pgb%hggiéfgﬂgzl PRTizZZ(;gigjtzjzléoz Mvz&b? [“)'7125'93/”
5¢+OPEP Local hidden gauge Cont (B) Cont+OPEP (1B)
P.(4312) (4312,9.8) | 1/27 | (4299,9.4) (4306,15) 4306 (4313,6)
P.(4380)  (4380,205) | 3/27 | (4350,5) (4374,14) 4371 (4376,12)
P,(4440)  (444021) | 3/2~ | (4415,15) (4452,3.0) 4440 (inpur) (4441,8)
P.(4457) (4457,6.4) | 1/27 | (4462,3.2) (4453,23) 4457 (input) (4461,10)
P, — 1/27 | (4521,2.8) (4520,22) 4523 (4525,18)
P, — 3/27 | (4511,14) (4519,14) 4517 (4520,24)
P, — 5/27 | (4468,18) (4519,0) 4500 (4500,16)
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Role of Interactions in P,

I p(4457)7 ps D%,

B > Our J¥ assignment
| P.(4440): 3/2~
3/2- f P(4457): 1/27

| pgany i E(1/27) > E(3/27)
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Role of Interactions in P,

460 - D*ZC’
PO -
> Our J¥ assignment
' P,(4440): 3/2~
3/2- 1 P.(4457): 1/2~
paaa0)? [} [v/o Toner | E(1/27) > E(3/27)

> with Tensor (original) vs without Tensor for V™

= Mass and Width are reduced!
1/27: (E,T) = (4462, 1.6) [MeV] = (4462, 0.48) [MeV]
3/27: (E,T) = (4415,7.5) [MeV] = (4433, 0.88) [MeV]
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Role of Interactions in P,

SR et
> Our J¥ assignment
) - P,(4440): 3/2~
Z == Small _
e 3/2— T | PC(4457) 1/2

paaa0)? [} [v/o Toner | E(1/27) > E(3/27)

> with Tensor (original) vs without Tensor for V™
= Mass and Width are reduced!
1/27: (E,T) = (4462,1.6) [MeV] = (4462, 0.48) [MeV]
3/27: (E,T) = (4415,7.5) [MeV] = (4433,0.88) [MeV]
> 159 Major role to determine Energy Levels
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Role of Interactions in P,

1460 - — D*ZC’
POBDE ) e
> Our J¥ assignment
. | | P.(4440): 3/2~
E == Small F ] —
S 3/2— T PC(4457) 1/2
paaa0)? [} E(1/27) > E(3/27)

> with Tensor (original) vs without Tensor for V™
= Mass and Width are reduced!
1/27: (E,T) = (4462,1.6) [MeV] = (4462, 0.48) [MeV]
3/27: (E,T) = (4415,7.5) [MeV] = (4433,0.88) [MeV]
> 159 Major role to determine Energy Levels

> V™ Major role to enhance Decay Width (Channel-coupling effect)
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Summary

» Hidden-charm pentaquarks P, and P., reported by LHCb
> Hadronic molecule + Compact multiquark Model was applied

> Long range force: m and K exchanges
> Short range force: Coupling to Compact 5¢ states (5¢ potential)

» By solving the Schrédinger equations, Y. D resonances are obtained close

to thresholds
> Short-range force determining E.

> Long-range force doing I

> 1
[ X (X1 @ @7
-1 @l Y. Yamaguchi, A. Giachino, A. Hosaka,
™ + >='< E. Santopinto, S. Takeuchi, M. Takizawa,
R Phys. Rev. D 101 (2020) 091502(R)
%9 % % “a

Short range force

Thank you for your kind attention.
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Long range force

Y. Yamaguchi (JAEA)
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