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Hadrons as a quark cluster

» Hadron = Cluster system of the elementary particle “Quark”
» Ordinary Hadrons: Baryon (gqq) and Meson (¢q)
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Baryon(proton,nucleon,...) Meson (pK(*))
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Hadrons as a quark cluster

» Hadron = Cluster system of the elementary particle “Quark”
» Ordinary Hadrons: Baryon (gqq) and Meson (¢q)

B o

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

» Exotic Hadrons (# qqq, qq)
Compact multiquark cluster? Hadron cluster (= Hadronic molecule)?
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Pentaquark Hadronic molecule
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Today’s talk

Exotic hadrons as
hadronic molecule + compact state
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q
q 4 q _c
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‘ C Mixture?
Pentaquark
Hadronic molecule (Compact)

1. Introduction
Exotic hadron, Our mixture model

2. Numerical results: P. (qqqce) pentaquark
3. Numerical results: P.; (ggscc) pentaquark
4. Summary
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Observations of exotic hadrons (# ¢g, qqq) containing c¢

> e.g. cc mesons (Charmonium) sector
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Observations of exotic hadrons (# ¢g, qqq) containing c¢

> e.g. cc mesons (Charmonium) sector and Unexpected X, Y, Z
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one-g exchange
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Confinement

> Exotics # cc have been observed in the Experiments (BaBar, Belle,

BESIII, LHCb,...) since the discovery of X(3872) in 2003!

Q. What is their exotic structure? How do they form such

structure?
Y. Yamaguchi (Nagoya Univ)
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Recent reports of Exotic hadrons!

b X(6900) (ccee?) > Xo.(2000) (¢5ud?)
LHCb, Science Bulletin 65 (2020) 1983 LHCb, PRL125, 242001 (2020), PRD102, 112003 (2020)
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> Tt (ccud) > P, (uudce?),
LHCb, Nature Phys. 18 (2022) 751-754, LHCb PRL115(2015)072001, PRL122(2019)222001
Nature Commun. 13 (2022) 3351
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Recent reports of Exotic hadrons!

cc? csud?

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

LHCb, Science Bulletin 65 (2020) 1983 LHCb, PRL125, 242001 (2020), PRD102, 112003 (2020)
& "X 2 e X,(29

gzw ;:' .3’2 X(2900) & X,(2900) LHCb

i 2%

= 140 = S0

§120 S w0

2 10017 £

2 b S : el

Z 0 25

3 - 35

> T, (ccud) > P. (uudce?), P (udsce?)

LHCb, Nature Phys. 18 (2022) 751-754, LHCb PRL115(2015)072001, PRL122(2019)222001

Nature Commun. 13 (2022) 3351 Sci.Bull.66(2021)1278
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Candidates of Exotic structures?

[Com pact multiquarks]
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Tetraquark Pentaquark

(Hadronic molecules)

Near thresholds?

i @
(N 4

=)

]

Meson-Meson

Y. Yamaguchi (Nagoya Univ)

Meson-Baryon
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P. pentaquarks
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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 2015
Observation of J/yp R Consi with P k States

in A) — J/wK"p Decays

(P 30 Tk decay)

A(J b
*1d

P,(4380): M =4380 MeV  P.(4450): M =4449.8 MeV
I'= 205 MeV I' = 39 MeV

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 7/23
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New LHCb analysis in 2019!

> R. Aaij, et al. Phys.Rev.Lett. 122 (2019) 222001
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4200 4300

Y. Yamaguchi (Nagoya Univ)
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> 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)%"

CLUSHIQ2022 (2 Nov 2022) 8/23



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

T > P.(4380) in 20157 “these fits can neither confirm
4200 4300 4400 4500 4600
My, (GeV] nor contradict the existence of the P(4380)%"

500

Candidates/(2 MeV)

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

P43

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

olyp = JApp), nb

-« GlueX
—=— SLAC
Comell

---- 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/¢p 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

Hadronic molecule

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022)
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Hadronic molecules?

> Exotics as Hadronic molecule = Hadron (quasi) bound state
— expected near the thresholds

= paryo
e banon Analogous to Deuteron

' D™ meson p
N Q. .~
®: O

B=2.2 MeV
Hadronic molecule

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022)
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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*X.(4463MeV)
""""" Polemw 77777
— P.(4457
@ ¢ (4457)
. 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*X.(4463MeV)
~atllR 0 TTTT l- Temev T
= P.(4457
@ c (4457)
. 23 MeV

Hadronic molecule P.(4440)

» Exotic hadrons near thresholds

> DD*: X(3872), Z.(3900),..., DD*: T,
> BB* Zb, Zb/

- *
> D(*)E(c ): P, F. K Guo, et. al., Rev.Mod.Phys.90(2018)015004,Y. Y., et. al., J.Phys.G47(2020)053001,...
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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*X.(4463MeV)
""""" Polemw 77777
— P.(4457
@ ¢ (4457)
. 23 MeV

Hadronic molecule P.(4440)

> Exotic hadrons near thresholds
> DD*: X(3872), Z.(3900),..., DD*: T.,
» BB*: Zy, 7y
> D(*)E(C*): P, F. K Guo, et. al., Rev.Mod.Phys.90(2018)015004,Y. Y., et. al., J.Phys.G47(2020)053001,...

Q. What is an interaction binding the constituent hadrons?

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 10 / 23



Hadron interactions

Hadron interactions are NOT established yet...

due to the lack of the hadron-scattering data
(+» Lattice QCD, Femtoscopy, etc near future!)

How can we describe hadron interactions?

V. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022)
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Hadron interactions

Hadron interactions are NOT established yet...

due to the lack of the hadron-scattering data
(+» Lattice QCD, Femtoscopy, etc near future!)

How can we describe hadron interactions?

Hint 1 One pion exchange potential (Long-range int.)
e Long-range int. known in the nuclear force !
e Chiral and Heavy quark spin symmetries

2(:) baryon
. T D™ meson
Ny
®c
Hadronic molecule

OPEP
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Hadron interactions

Hadron interactions are NOT established yet...

due to the lack of the hadron-scattering data
(+» Lattice QCD, Femtoscopy, etc near future!)

How can we describe hadron interactions?
Hint 1 One pion exchange potential (Long-range int.)
e Long-range int. known in the nuclear force !
e Chiral and Heavy quark spin symmetries
Hint 2  Mixing of Hadronic molecule & Compact state
= Short-range int. between the constituent hadrons

2(:) baryon

. T D™ meson
q - [ R

\\. - Couplingto ¢ @
¢ @
[

Hadronic molecule 2 9@

OPEP 5-quark potential

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 11 /23



One pion exchange potential (OPEP)

> e.g. DY, interaction (D(*) =D,D*and Y. = A., 2., %)

D™ Y,
g’ﬂ'gl — —
- W(’F) = — 3f2 [Sl 'SQC(T)+55152 T(T):|
= = —_— - s
LDt D Lrv.v. (Contact term is removed)
gr = 0.59, g1 = 1.00 determined by the 7 emission
D™ Y,

= OPEP induces channel couplings among DA, D*A., DY., DX, D*S.,
and D*Y% (6 meson-baryon channels!)

» Form factor with Cutoff A (determined by the hadron size)

. A2 —m2
¢ = ip Ap ~ 1130 MeV, Ay, ~ 840 MeV

Y.Y, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, PRD96(2017)114031

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 12/23



Tensor force in NN (3S; —3* D,)

» Tensor force in Deuteron, NN(3S; —3 Dy)

150 T T T T

100 | TE A
ntral
sl centra |

0

-50 4

V(r) [MeV]

-100 4
tensor
F——

-150 L I L
0.0 05 1.0 1.5 20 2.5 3.0 35 4.0
r [fm]

K. lkeda, T. Myo, K. Kato and H. Toki, Lect. Notes Phys. 818, 165 (2010).

Table 2 Deuteron propertics using
the AV8’ nucleon-nucleon potential.

Energy —2.24 [MeV]

Kinetic 19.88
(s9) 1131
(DD) 8.57

Central 46
(S9) 96
(DD) ~0.50

Tensor 16.64
(SD) 1893
(DD) 2.29

LS 1.02

Tensor force produces a strong attraction

» Tensor operator Sio(7) = 3(3’1 . 5”)(3*2 7)) — 3’1 . 3’2
= <¢S|512 T’wD> 75 0! (in general, <¢L’512 T’wL:I:2> 7& 0)

Coupling to D—wave (L # 0) components is important!

Y. Yamaguchi (Nagoya Univ)

CLUSHIQ2022 (2 Nov 2022)
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Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state (Massive)

Pc ~ 9aqce? X(3872) ~ qqce?
[GEV] Compact gqqcc (4.8)

~0.34 GeV _
cc (= xa(2P)) (3.95)
[epa—— T _______;_:9;07Gev
D*Z,(4.462) DD*(3.88)
S.Takeuchi, M.Takizawa, PLB764(2017)254  S.Takeuchi, et. al, PTEP2013,093D01,
PTEP2014,123D01

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 14 /23



Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state (Massive)

E Pc ~ qqqce? X(3872) ~ ggce?
1Gov] Compact ggqct (4.8)
~0.34 GeV B
cc (= x1(2P)) (3.95)
[ S _______;_:9;07Gev
D*Z,(4.462) DD*(3.88)

S.Takeuchi, M.Takizawa, PLB764(2017)254  S.Takeuchi, et. al, PTEP2013,093D01,
PTEP2014,123D01

= Level repulsion generating an attraction in the hadronic molecules

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 14 /23



Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state (Massive)

Pc ~ 9q9ce? X(3872) ~ qqce?
[G§V] Compact gqqcc (4.8)
~0.34 GeV
cc (= x1(2P)) (3.95)
T F.-007Gev
l_)*Zc(4.462) DD*(3.88)

S.Takeuchi, M.Takizawa, PLB764(2017)254  S.Takeuchi, et. al, PTEP2013,093D01,
PTEP2014,123D01

= Level repulsion generating an attraction in the hadronic molecules
» Hadronic molecule coupling to Compact state = Effective hadron
interaction Hadronic molecule

Compact state

@

Y. Yamaguchi (Nagoya Univ) _m Nov 2022) 14 /23



Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state = Effective hadron interaction

Hadronic molecule
"y

Contact interaction

Compact state

O_@
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Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state = Effective hadron interaction

Hadronic molecule
"y

Contact interaction

Compact state

O_@

= —[S;S;e 0"
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Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state = Effective hadron interaction

Hadronic molecule
"y

Contact interaction

Compact state

O _@

= —[S;S;e 0"

Free Parameters

Strength f and Gaussian para. a (— may be fixed in the future)
(fis determined by the P, data. a =1 fm~2 is fixed.)

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 15 / 23



Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state = Effective hadron interaction

Hadronic molecule
"y

Compact state

O _@

= —fS;S;e0r

Contact interaction

Free Parameters

Strength f and Gaussian para. a (— may be fixed in the future)
(fis determined by the P, data. a =1 fm~2 is fixed.)

Relative strength S; (4,5 = D®A,, D(*>2£*>)
Spectroscopic factors = determined by the spin structure of 5¢

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 15 / 23



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 (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 16 /23



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)

Y. Yamaguchi (Nagoya Univ)
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= .D*
4450 4462 +r/2
M
4400 1
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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 (Nagoya Univ)

Mev]  EXP f1£,=80
%0 4521:12
521:1/2-
 RRSCRRLEEL RTTEELEELEERY ExD*
500l 4527
- ECD*
44501 4462 T2
E M
4400 -r/2
R D
4380 prive
43501 ™ 4350312 —
Y —--{z.D
43001 - L4321
4299:1/2-

CLUSHIQ2022 (2 Nov 2022)
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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...?

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 17 /23



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*

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 17 /23



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
N 4385
4350} ™ 4350:3/2- 1
———————————————————————————— =.D
43001 ' " 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)

Y. Yamaguchi (Nagoya Univ) CLUSHIQZ02Z (2 Nov 2022) 7 / 23



Role of Interactions in P,

I p(4457)7 ps DZe

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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Today’s talk

Exotic hadrons as
hadronic molecule + compact state

o, 2 @
DT . @6
S C
. C Mixture?
Pentaquark
Hadronic molecule (Compact)

1. Introduction
Exotic hadron, Our mixture model

2. Numerical results: P. (qqqce) pentaquark
3. Numerical results: P.; (ggscc) pentaquark
4. Summary
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Strange partner P_.;(ggsce) in 2020 and 2022!

> P.(4459) in 2020 Ref. RAaij, et al. (LHCb), Sci. Bull. 66 (2021) 1278-1287,

> One P, state ?
M = 4458.8 £2.971T MeV, I' = 17.3 £ 6.5759 MeV
(below the E2D*0 threshold )

> Two-peak structure hypothesis
My = 4454.9 4+ 2.7 MeV, T'y = 7.5+ 9.7 MeV
My = 4467.8 £ 3.7 MeV, I'y = 5.2 + 5.3 MeV

Y. Yamaguchi (Nagoya Univ) CLUSHIQ2022 (2 Nov 2022) 20 /23


https://lhcb-outreach.web.cern.ch/2022/07/05/observation-of-a-strange-pentaquark-a-doubly-charged-tetraquark-and-its-neutral-partner/

Strange partner P_.;(ggsce) in 2020 and 2022!

> P.(4459) in 2020 Ref. RAaij, et al. (LHCb), Sci. Bull. 66 (2021) 1278-1287,

> One P, state ?
M = 4458.8 £2.971T MeV, I' = 17.3 £ 6.5759 MeV
(below the E2D*0 threshold )

> Two-peak structure hypothesis
My = 4454.9 4+ 2.7 MeV, T'y = 7.5+ 9.7 MeV

? s [GeV) My = 4467.8 + 3.7 MeV, Ty = 5.2 4 5.3 MeV
> P.,(4338) in 2022

https://lhcb-outreach.web.cern.ch/2022/07/05/observation-of-a-strange-pentaquark-a-doubly-charged-tetraquark-and-its-neutral-partner/

;18()» LHCb ! ~ Data

2 6oF preliminary — Nominal :

Siop 0w} M M= 43382+ 0.7+ 0.4 MeV

Bk } E\?l‘ =

=] ackgroun

2% m@ﬁﬁw ] ['=70+1.2+13 MeV

B % ] _
‘;3» ‘i M”‘! 3 (near the E.D threshold)
200, 49 The preferred quantum numbers are J© = 1/27.
&.2 4.‘25 4{3 435
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Numerical Results for Strange Hidden Charm

5™ p» DY D%
w, K +
S
YC YC YC YC
Long range int. Short range int.
(Gaussian)

Bound state and Resonance
> Coupled channel Schrédinger equation for DsA., D:A., D=, D*Z,,
=!, D=}, D*=., D*=} (8 MB components).
» Method: Gaussian expansion method 4+ Complex scaling method
» For J¥ =1/27,3/27, 5/2= (Negative parity)
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Numerical results for J* = 1/27,3/27,5/2~

Comparing EXP with the predicted masses

[MeV]
4800

4700

4600

4500

4400

4300

4200

EXP Our predictions
1/2= 3/27 5/2°
P.(4468)
=
Pcs(4455)
Pcs(4338)

Y. Yamaguchi (Nagoya Univ)

A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi,

M. Takizawa, Y.Y, arXiv:2209.10413 [hep-ph]

z0*  » Two =.D* bound states
=5 &5 Pog(4468), Py(4455)?

T
oS0 ny
up*l UIU*IUI

Iyl
a
o]l

>
o]l
«

c!

(")
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Numerical results for J* = 1/27,3/27,5/2~

Comparing EXP with the predicted masses

[MeV]
4800

4700

4600

4500

4400

4300

4200

EXP Our predictions
1/2= 3/27 5/2°
P.(4468)
=
Pcs(4455)
Pcs(4338)

. Yamaguchi (Nagoya Univ)

A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi,

M. Takizawa, Y.Y, arXiv:2209.10413 [hep-ph]

z0*  » Two =.D* bound states

= e & P,,(4468), Pyy(4455)7
ES‘DD* » One =.D bound state
e < Ps(4338)7

CDS*

=D

ADs

(Aw)
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Numerical results for J* = 1/27,3/27,5/2~

Comparing EXP with the predicted masses

[MeV] A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi,
4800 EXP Our predictions M. Takizawa, Y.Y, arXiv:2209.10413 [hep-ph]
4700 127 327 st | ~
| 2D Two E.D* bound states
4600 — =D+ < P.(4468), P.s(4455)?
- R =.L
4500 Fiaas 5 One E.D bound state
=—] =D < P.4(4338)7
Pcs(4455) D *
4400 c .
Pota338) : 55 > Four new predictions
—c|
4300 _
ADs [Rlch structure near the thresholds ]
4200 ()
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Numerical results for J* = 1/27,3/27,5/2~

Comparing EXP with the predicted masses

[MeV] A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi,
4800 EXP Our predictions M. Takizawa, Y.Y, arXiv:2209.10413 [hep-ph]
4700 1/2- 3/2- 5/2- ~
| 2D Two E.D* bound states
4600 — =D+ < P.(4468), P.s(4455)?
- R =.L
4500 Fiaas 5 One E.D bound state
=—] =D < P.4(4338)7
Pcs(4455) D *
4400 c .
Pota338) : DS > Four new predictions
—c|
4300 _
ADs [Rlch structure near the thresholds ]
4200 ()

> The short-range interaction plays the important role to generate the
attraction — Without the short-range int, no bound state is found.

» 7 exchange dominates to determine I' (Channel-coupling effect)
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Summary

c 7 @
o @ @ ©

<~
@ ¢ Mixture?
Pentaquark

Hadronic molecule (Compact)

> Many exotic hadrons have been reported in the experiments
» Hadronic molecule + compact state model

> Long-range int. : m exchange potential

> Short-range int. : Coupling to the compact state
> P.and P., resonances are obtained near the thresholds.

» Short-range int. determining E,.

> Long-range int. enhancing I

Y.Y, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, Phys. Rev. D 101 (2020) 091502(R),
A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa, Y.Y, arXiv:2209.10413 [hep-ph]
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