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Today’s talk
Exotic hadrons near Thresholds

ch PC
7
Q .‘ D
. ]
7 - g
Q 50 ®c

1. Introduction
Exotic hadrons, Hadronic molecules

2. T.. (ccqq) tetraquark
3. P. and P.; (qqqcc) pentaquarks
4. Summary
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Hadron structure: Constituent quark model

» Hadron = Quark composite system

» Ordinary Hadrons: Baryon (¢qq) and Meson (¢q)

e o

Baryon(proton,nucleon,...) Meson (p,K™*),...)

Y. Yamaguchi (Nagoya Univ) HADRON 2023 (Jun 7) 2/30



Hadron structure: Constituent quark model

» Hadron = Quark composite system

» Ordinary Hadrons: Baryon (¢qq) and Meson (¢q)

e o

Baryon(proton,nucleon,...) Meson (p,K™*),...)

» Exotic Hadrons (# ¢qq, ¢q): Multiquark? Multihadron?
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Observations of exotic hadrons containing cc

> e.g. cc mesons (Charmonium) sector
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N. Brambilla,et al. Eur.Phys.J.C 71(2011)1534, S. Godfrey and N. Isgur, PRD32(1985)189
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Observations of exotic hadrons containing cc

> e.g. cc mesons (Charmonium) sector and Unexpected X, Y, Z
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o—t+ 1—— ottt 1+t ot+ 1+- 777 gPC

N. Brambilla,et al. Eur.Phys.J.C 71(2011)1534, S. Godfrey and N. Isgur, PRD32(1985)189

> Many Exotics # cc have been observed in the Experiments (BaBar,
Belle, BESIII, LHCb,...) since the discovery of X(3872) in 2003!
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Recent reports of exotic hadrons

> 2019: P.(4312), P.(4440), P,(4457)

LHCb, PRL122(2019)222001

> 2020: X(6900), Xo1(2900)
LHCb, Science Bulletin 65 (2020) 1983, PRL125, 242001 (2020),
PRD102, 112003 (2020)

> 2021: Z, P

BESIII PRL126, 102001 (2021), LHCb Sci.Bull.66(2021)1278

> 2022: P.(4337), T, P.s(4338), T.s(2900)

cc’
LHCb, PRL128(2022)062001, Nature Phys. 18 (2022) 751-754,

Nature Commun. 13 (2022) 3351

> 2023: 79 ,(4000)°
LHCb, arXiv:2301.04899[hep-ex]
e New exotic hadrons have been reported Every

Year, especially at Large Hadron Collider
(LHC)

e One of the important topics in the hadron
spectroscopy!
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Candidates of Exotic structures?

[Compact muItiquarks]

Q 9 2@ > Exotics as multiquark
g @ ® 0 states
c
Tetraquark Pentaquark
(Hadronic moIecuIesJ [Triangle Singularityj
Near thresholds? Near thresholds?
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a
Meson-Meson Meson-Baryon (w/o Resonance)
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Candidates of Exotic structures?

[Compact muItiquarks]

Tetraquark

(Hadronic moIecuIesJ

Near thresholds?

Meson-Meson
Y. Yamaguchi (Nagoya Univ)

2@ > Exotics as multiquark
®_o states
c
P Triangle singularity
producing a peak structure
Pentaquark # a resonance

[Triangle Singularityj

Near thresholds?
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Meson-Baryon (w/o Resonance)
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Hadronic molecules?

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

— expected near the thresholds

Y. Yamaguchi (Nagoya Univ) HADRON 2023 (Jun 7)

6/ 30



Hadronic molecules?

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

— expected near the thresholds

Analogous to Deuteron
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Hadronic molecules?

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

— expected near the thresholds

P. = D(*)E‘(:*) molecules?

‘ (%) D*>.(4463MeV)
D™ T T emey T
@ . L omey P.(4457)
%) ‘ C zhe P,(4440)
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Hadronic molecules?

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

— expected near the thresholds

P. = D(*)E‘(:*) molecules?

. (%) D*>.(4463MeV)
q . . D b ovev P.(4457)
(O] ’ C zhe 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

P. = D(*)E‘(:*) molecules?

. ‘ (%) D*>.(4463MeV)
D> Tt [Tome 7777
’ N P.(4457)
%) ‘ C zhe P,(4440)

» Exotic hadrons near thresholds

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

> BB*: Zy, 7,

> 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?
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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?
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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?

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

Efz*) baryon
. T D™ meson

@ ¢

Hadronic molecule

q
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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?
Long-range int. One pion exchange potential
e Long-range int. known in the nuclear force !
e Chiral and Heavy quark spin symmetries
Short-range int. Many models
For T.c, ® p,w,o meson exchanges (analogy to Nuclear force)
For P,, e Mixing of Hadronic molecule & Compact state

Efz*) baryon

. T D™ meson
q Q

. - Couplingto o @
© ®.0
@

Hadronic molecule % @
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One pion exchange potential in the nuclear force

» Nucleon-nucleon interaction is “known"
= Many experimental data and Long history

Neutron 300 —
@ 'S, channel |
Proton
200+
‘ - % [repulsive : 2r : E 1
Nuclear force Nucleus %100- gore : p.w.o : 1
. . o I I
> Long-range interaction: ™ exchange ~ | A -
(myx ~ 140 MeV, pseudoscalar(07)) , 0 o W
Reida3
40 (~ 500 MeV, midde-range, scalar(0™)), oop A r [fm]
+p,w (~ 770 MeV, short-range, vector(17)) ,... ° °* 1t 2 28
150 T T T T T T T
> Tensor term produces the strong <7 contra TE 1
attraction. g ]
Ve(r) = &1 - 32Y(r) + S12(r)T(r) € =
Spin Operator Tensor Operator — S-D mixing -100 tensor
-15
= inducing coupled channel effects oa081a ‘5, fffnf*" 035 as
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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
ﬁ §45 MeV

140 MeV B 3)

390 MeV
i D(

Am 630 MeV :
AANANA 3
AN - 3
; Ko
(@@ Pseudoscalar meson
i )
Light == : > 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)

HADRON 2023 (Jun 7)

Y. Yamaguchi (Nagoya Univ) 10 / 30



Small Ampp. and Amsys_ s mass splittings

Meson |

Baryon |

D* ———

~ 140 MeV
D x

E*

c 1
~ 65 MeV
3

C

(HQS Doublet)

(HQS Doublet)

A
E |l ----aeeema-. D*zx(4527)
[MeV] - === PC(4457) D+, (4463)
oo PO4440) Dx*(4385)
Pc(4380) _
------------ Dx,4321)
=Pc(4312) == === D*AC(4296)
------------ DA, (4154)

Y. Yamaguchi (Nagoya Univ)

HADRON 2023 (Jun 7)

- There are 6 meson-baryon
thresholds near P,

- Coupled by the 7 exchange
interactions

< Coupled channel equations
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One pion exchange potential in Exotics

> e.g. D™ Y, interaction (D(*) =D,D*and Y, = A., 3., %)
Eg‘) baryon (*) YC
@

. T D™ meson
q

™
\“' z = Lpwpx @ ----@Lry,v,
Hadronic molecule ) Y,
DYrY. | & 3
Vi(r) = gw?j;r S+ 200 + 85,5, T

(Contact term is removed)

gxp = 0.59, grv, = 1.00 determined by the 7 emission decay
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One pion exchange potential in Exotics

> e.g. D™ Y, interaction (D(*) =D,D"and Y, = AC,EC,E*

2£ ) baryon

D)
‘ . T D™ meson
o/ .
. - Lrpp- @ ----QLry.v,
(&

Hadronic molecule
D)

Ve (r) = g’fé’}?g Yo [+ S0 + 85,5, T
(Contact term is removed)
gxp = 0.59, grv, = 1.00 determined by the 7 emission decay
» Coupling constants: Small grp, grv, < gxn (Nuclear force)
— OPEP becomes less important...

9nD(eq) Y9nYe(caq) Y9nN(qqq)
0.59 1.0 1.3
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Doubly charmed tetraquark T

T
LHCbH
Preliminary
9fb~"

h

#, ]
v *ﬁ—H,tb 1
4+ data 3874 3876 4

™, + mpppens [GeV/e?]

D**D° threshold
—  D*D* threshold

i W Nﬂ# ++++ +W MHH

I
Q|

3.37 SS 3.89 39
Mp0poy+ [Gv\'/rz]

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation
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Doubly charmed tetraquark T'.. in LHCb (2022)

» T (ccud) has been reported in LHCb! — Genuine Exotic hadron
LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351

Do D+
& 0 ] c c
Tk LHCh 3T T -
T 60F Preliminary % ¢ E = S a
s + ofy-! g ﬂ i ., — 3875.090 MeV
it f 41 E ——— 3874.817 MeV | 0273 mev
o ot TR
£ +  data 3874 3876 1
300 e moopene G/
E + wal ] e The Breit—-Wigner parameterization
20; + | PR hrsteld J( + + é AMpw = —273 + 61+ 571} keV
to- %ﬂ% +H HH ##M m MH Hﬂﬁ Tpw = 410 % 165 + 4318 kev
oF-+ tjﬂ N
E - = o Model analysis, T.. ~ DD*
3.87 3. 88 3.89 3.

- (Gev/?]  AMpge = —360 £ 407 keV
Tpore = 48 £ 219,
» Found just below the DD* threshold
» The quantum number: I(JF) = 0(17)
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What is the structure of T,..?

See review Hua-Xing Chen, et. al., Rep. Prog. Phys. 86 (2023) 026201
References related to T,

» Compact tetraquark (ccgqq)?
J L. Ballot et. al, PLB123(1983)449, S. Zouzou, et. al, ZPC30(1986)457, ‘
S.H.Lee, S.Yasui, EPJC64(2009)283, Q. Meng, et. al., PLB824(2022)136800, Q

Ry
QY

» Hadronic molecule (DD*)
A.V.Manohar, M.B.Wise, NPB399(1993)17,
S.Ohkoda, et. al., PRD86(2012)034019, q
J.-B Cheng, et. al., PRD106(2022)016012 . ‘

> Lattice QCD P
Y.lkeda, et. al., [HALQCD], PLB729(2014)85, Q
S.Aoki, T.Aoki, PoS(LATTICE2022)049,

M. Padmanath and S. Prelovsek, PRL129(2022)032002,
Y. Lyu, et al., arXiv:2302.04505, ...
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DD* potential in Lattice QCD by HALQCD [2302.04505]

> Result at unphysical m,; = 146 MeV (> Physical m, = 135 MeV)

o !/'f > (24 1)-flavor lattice simulation
!

» Only DD* channel

2 200 : * nanr - -
Z 0o ! — DD* — D*D* coupling is
s 200 : missing

¢ t/a=21

—s00fy b a2 > Attractive for all distance

\ va=23 > No strong Pauli repulsion
2.0 2.5 3.0

—600

0.0 0.5 1.0 1.5
r[fm]
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DD* potential in Lattice QCD by HALQCD [2302.04505]

> Result at unphysical m,; = 146 MeV (> Physical m, = 135 MeV)

0
100 f/—f > (2 + 1)-flavor lattice simulation
=200 ;' » Only DD* channel
s [] k * Yk H H
2 oo} ! - I?D D* D* coupling is
S ool missing
—s00fy Lo > Attractive for all distance
t ta=23 < No strong Pauli repulsion
8000 o5 10 L1s. 20 25 3.0

r[fm]
» Understanding the long-range part — Potential fitting

—myr\ "
Vig(rime) = 3 aie P 4 ag(1 - U7 (e )

r
=12
> Best fit: n =2 — Two 7 exchange rather than One 7 ex (n = 1)
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> Result at unphysical m,; = 146 MeV (> Physical m, = 135 MeV)

0
100 f/—f > (2 + 1)-flavor lattice simulation
=200 ;' » Only DD* channel
s [] k * Yk H H
2 oo} ! - I?D D* D* coupling is
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—s00fy Lo > Attractive for all distance
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r[fm]
» Understanding the long-range part — Potential fitting

—myr\ "
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> Best fit: n =2 — Two 7 exchange rather than One 7 ex (n = 1)

> At m, = 146 MeV, Unbound,
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DD* potential in Lattice QCD by HALQCD [2302.04505]

> Result at unphysical m,; = 146 MeV (> Physical m, = 135 MeV)

0

100 f/—f > (2 + 1)-flavor lattice simulation
=200 ;' » Only DD* channel
s [] k * Yk H H
2 oo} ! - I?D D* D* coupling is
S ool missing

—s00fy Lo > Attractive for all distance

t ta=23 < No strong Pauli repulsion
8000 o5 10 L1s. 20 25 3.0

r[fm]
» Understanding the long-range part — Potential fitting

Vi (13 me) = Z aze” 70" 4 gg(1 — e—(T/bs)Q)n<e_ i >

r
i=1,2
» Best fit: » = 2 — Two 7 exchange rather than One 7w ex (n=1)

> At m, = 146 MeV, Unbound, while at m, — 135 MeV, B = 10 keV

Y. Yamaguchi (Nagoya Univ) HADRON 2023 (Jun 7) 16 / 30



D®) D) molecule
with the meson exchange potential

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

a )

N /

> Heavy quark spin symmetry + Tensor force
= DD*(351,3 Dy), D*D*(3S1,3 Dy) channel coupling

> Interactions: mpwo exchange potentials
= The cutoff parameter is determined to reproduce the LHCb data
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Numerical results: D™ D*) bound state

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

> Cutoff A is determined to reproduce the 7. binding energy
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Numerical results: D™ D*) bound state

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

> Cutoff A is determined to reproduce the 7. binding energy
» Only 7 exchange — No bound state
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Numerical results: D™ D*) bound state

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

> Cutoff A is determined to reproduce the 7. binding energy
» Only 7 exchange — No bound state
» mpwo exchanges — We find A = 1182 MeV (Bound)

Wave functions

A 1182 MeV I E— -
B 0.27 MeV (Input) e
Poo-(351) 98.7% o
PDD* (3D1) 0840% s . R
Ppep-(351) 0.348% RO N
Pp-p-(3Dy) 0.106% D
(r?) 6.42fm “D*él*(D)l SRR

» The OPEP attraction is not enough to generate a bound state = The
short-range interaction is also important.

» DD*(S) is dominant. Loosely bound state.
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T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

> Cutoff A is determined to reproduce the 7. binding energy
» Only 7 exchange — No bound state
» mpwo exchanges — We find A = 1182 MeV (Bound)

Wave functions

A 1182 MeV B E—— “om
B 0.27 MeV (Input) =
Poo-(351) 98.7% -
PDD* (3D1) 0.840% s -
Ppp(3S)) 0.348% NS
Ppp-(3Dy) 0.106% D
(r?) 6.42 fm “D*Z*(D)l - :

» The OPEP attraction is not enough to generate a bound state = The
short-range interaction is also important.

» DD*(S) is dominant. Loosely bound state.
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Energy expectation values

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

(V) eV

DD*(SSI) -0.81 -05 -0.44 s
DD*(*D,)- -0.81 oo an :(
D*D*(S)- -05 o
D*D*(Dy)- -0.44 oo 201

DD*(S,) DD*(D;) D*D*(3S,) D*D*(D,)
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Energy expectation values

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

(o) v T+ p [Me\{]()u
DD*(3SI) -0.81 -05 -044 --05
DD*(*D))4-0.81 a0t o a0t : 0
D*D*(S) 4 -0.5 on 215 2071 (
D*D*(D,){-0.44 | oo 207

-0

DD*(S;) DD*CD;) D*D*(’S,) D*D*(D,)

» Strong attraction from the o exchange in the DD*(3S;) diagonal
component

> Attraction of the off-diagonal components from 7 + p
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Energy expectation values

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

(H) = (K) +(V) [MeV]

-05 -044

DD*(S,) JERNIN -0.81
DD*(D,)- -0.81

-00

D*D*(S)- -0.5

0.071

D*D*(Dy)- -0.44
DD*(S,) DD*(°D,) D*D*(S,) D*D*(°Dy)
> Strong attraction from the o exchange in the DD*(3S;) diagonal

component
> Attraction of the off-diagonal components from 7 + p
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Energy expectation values

T. Asanuma, Master thesis; T. Asanuma, YY, M. Harada in preparation

Positiv (H) = (K) +(V) [MeV]

DD*(’S,) FERNS] 81 -05 -044

D*D*(SSI) - -05 . 2 -00

D*D*(Dy)- -0.44 0015

DD*(S,) DD*(°D;) D*D*(3S,) D*B*(°D,)

» Strong attraction from the o exchange in the DD*(3S;) diagonal
component

> Attraction of the off-diagonal components from 7 + p

» In (H), the positive diagonal components = Importance of the
off-diagonal components
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P. pentaquarks

s.D =.D*
%1000””I S
i my, all
>
2
o
he]
©
S 500
o
P.(4440)p _(4457)" 4
P,(4312)*

A 1
4200 4300 4400 4500 4600
my., [GeV]

c T
®:
Pentaquark
(Compact) Hadronic molecule
Y.Y., H.Garcia-Tecocoatzi, A.Giachino, A.Hosaka, E.Santopinto, S.Takeuchi, M.Takizawa, PRD 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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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

PHYSICAL REVIEW LETTERS 14 AUGUST 3015

4
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)

Leln - e
y L =

P,(4380): M =4380 MeV  P.(4450): M =4449.8 MeV
I'= 205 MeV I' = 39 MeV
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PRL 115, 072001 (2015)
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New LHCb analysis in 2019!

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

s.D

».D*

500

Candidates/(2 MeV)

P.(4312)

P(4440)1p (a457)"

4200 4300

Y. Yamaguchi (Nagoya Univ)

1
4500 4600
L [GeV]

J
4400

> 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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New LHCb analysis in 2019!

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

s.D ».D*

500

Candidates/(2 MeV)

P.(4312)

P(4440)1p (a457)"

» Complementary experiments: yp — J/1p

in GlueX@J-Lab

GlueX Collaboration, PRL123(2019)072001.
— No triangle singularity

No evidence of vp — P, — J/yp ? o

Y. Yamaguchi (Nagoya Univ)

J
4200 4300 4400

1
4500 4600
L [GeV]

> 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)%"

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

E,Gev 20
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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) HADRON 2023 (Jun 7) 23 /30


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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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

Y. Yamaguchi (Nagoya Univ) HADRON 2023 (Jun 7) 24 / 30



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
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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
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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) 25 /30



Evidence of the compact component in Exotics?

X (3872) near the DD* threshold = DD* molecule?

dam/de (nb/GeV)

" EHypertriton @ALICEN:,
E(rescaled from Pb-Pp \,,

2

F P
r\D‘ onee S Olsen’s slide at L

Hadron 2019@Guili

2. W @ATLAS

+ g
X(3872) roﬁ}'/,/r

@ATLAS e

LY . IR
10 15 20 25
Pr(Gev)

> Production cross sections: Molecules (Nuclei) vs Compact state (1(25))
> (dO'/dp)X(3872) is similar (dO'/dp)w(Zg)

> Is X(3872) a compact state?

Y. Yamaguchi (Nagoya Univ)
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Evidence of the compact component in Exotics?

X (3872) near the DD* threshold = DD* molecule?

S. Olsen’s slide at L
Hadron 2019@Guilin.

2. W @ATLAS

Bt
.

X(3872) ro,/?}/,k
@ATLAS e

pertriton @ALICEN:,
caled from PbPQ N

dam/de (nb/GeV)

| R A . IR
0 5 10 15 20 25
Pr(Gev)

> Production cross sections: Molecules (Nuclei) vs Compact state (1(25))
> (dO'/dp)X(3872) is similar (dO'/dp)w(Zg)

> Is X(3872) a compact state?
Or Mixture of DD* molecular and compact states?

HADRON 2023 (Jun 7) 26 / 30
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For New P,. states by LHCb in 2019, V. + V5,

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
45001 4511:3/2- 1
4468:5/2-
= .D*
4450 4462 +r/2
M
4400 1 -r/2
777777777777777777777777777777 >*D
4380 e
4350} m 4350:3/2- B
4300 n
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For New P,. states by LHCb in 2019, V. + V5,

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

Mev]  EXP S1/,=80 _
4550 (fO =6 MeV)

,,,,,,,,,,,, 4,5,2,1;1,‘2;,,,,,,,,,,,_E:D*
w500l 4527

- ECD*
44501 4462 T2

E M

4400 -r/2

R D

4380 s

43501 ™ 4350312 —

T —--{z.D
43001 . L4321

" 4299:1/2-

> Agreement with P.(4312), P.(4440), and P.(4457)
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For New P,. states by LHCb in 2019, V. + V5,

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, V. + V5,

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, V. + V5,

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,

4460

P.(4457)?

E[MeV]

4420

P,(4440)?

3/2

D,

> Our J¥ assignment
P.(4440): 3/2~
P.(4457): 1/2~

E(1/27) > E(3/27)

4400

Y. Yamaguchi (Nagoya Univ)
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Role of Interactions in P,

“ paasTy? D%
1/2-

> Our J¥ assignment

) P.(4440): 3/2"

e P,(4457): 1/2-
E(1/27) > E(3/27)

p,(aaa0? [}

» 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,

“| paasTy? —__D'%.
1 1/2-
> Our J' assignment
Lot P.(4440): 3/2-
o 3/2” 1 PC(4457) 1/27
T B(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]
> VP9 Major role to determine Energy Levels
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Role of Interactions in P,

s ” — -
R
E««z l .
2 = Sma
3/2° t
420 w/o Tensor
pusy 7 R

D*%,
> Our J' assignment
P,(4440): 3/2~
T P.(4457): 1/2-
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]
> VP9 Major role to determine Energy Levels

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

Y. Yamaguchi (Nagoya Univ)
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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

Q 10 ®c

P> Many exotic hadrons have been reported in the experiments = Hadronic
molecules are expected near thresholds

» QOPEP is the important ingredient in the nuclear force, while less
important in the heavy hadron interaction.

> Short-range interaction is a key ingredient to produce attractions in
the heavy hadronic molecules.
— Attractions generate Rich structure near thresholds.

Thank you for your kind attention.
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Coupling constants of the meson exchange potential

D) D)
T, P, W, 0
L pe) @ ====@Q L= p)

D) D)

T O 0.59 D* — Dr [1]
pw S 0.9 Lattice [2]
A 0.56 Gev—! B decay [3]
o Jo 3.4 ga-NN/3 [4]
Cutoff A Fix to reproduce Br,,

[1] R. Casalbuoni, et. al., Phys. Rept. 281 (1997), 145-238, [2] Ming-Zhu Liu et. al., Phys. Rev. D 99, 094018(2019)

[3] C. Isola et. al., Phys. Rev. D 68, 114001 (2003), [4] R. Chen et. al., Phys. Rev. D 96 116012(2017)
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Channel couplings

» Numerical calculations for J©' = 1/27,3/27,5/2~

Channels DY.(*5*1L) Spin, L: Onbital angular momentum, J= I+ 5, P Parity
1/2= DA:(*S), D*Ac(*S,* D),
DY.(28), DZ:(*D),
D*3.(28* D), D*x%(2S,* D,S D) (10 ch)

3/2=  DA.(®D), D*A.(*S,> D,* D),
DY (®D), Dx¥ (48,4 D),
D*3.(*S2 DA D), D*'v:(*S2 DA DS DS G) (15 ch)
5/2=  DA.(*D), D*A.(>D,* DA G),
DX.(?D), D (*D* G),
D*Y.(?DADAG), D*S*(6S2DADS DA GE G) (16 ch)
» S — D mixing etc induced by the Tensor force (Si2)

> Solving the coupled-channel Schrédinger equations
Y. Yamaguchi (Nagoya Univ) HADRON 2023 (Jun 7) 3/4



Mixture of the hadronic molecule and compact state

» Hadronic molecule + Compact state = Effective hadron interaction

Hadronic molecule
"y

Compact state

O _@

Contact interaction

Free Parameters

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

Relative strength S; (4,5 = D®A,, D(*>2£*>)
Spectroscopic factors = determined by the spin structure of 5¢
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Mixture of the hadronic molecule and compact state
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Compact state

O _@

= —[S;S;e 0"

Contact interaction
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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¢
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