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Introduction



Hadron spectroscopy
Conventional Quark Model

* The spectrum of strongly interacting particles consists of a tower of many states.

Conventional hadrons : Mesons(gqg) and Baryons(gqq)
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Hadron spectroscopy
Conventional Quark Model

* The spectrum of strongly interacting particles consists of a tower of many states.

Conventional hadrons : Mesons(qgqg) and Baryons(gqq)
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Beyond Quark Model

QCD allows many different types of calarriziuirzl et

Meson : qq qqqq(tetraquark), ggg(hybrids), glueballs, ...

Baryon: gqq qqqqqg(pentaquark), ggqqqq...

Pentaquark H-dibaryon Tetraquark
. $
o @
diquark-diquark- diquark-diquark- diquark-diantiquark
antiquark diquark
Molecule Hybrid Glueball

®n,@ Orr® %

S.L.Olsen Front.Phys.(Beijing) 10 (2015) 2, 121-154



Beyond Quark Model

QCD allows many different types of celarrisuirzl ae)jieis

Meson : qq qqqq(tetraquark), ggg(hybrids), glueballs, ...
Baryon: gqq qqqqqg(pentaquark), ggqqqq...

Pentaquark H-dibaryon Tetraquark
; $
H @
Hadronic molecule
e Bound states of color-neutral states via meson- diquark-diquark- diquark-diquark- diquark-diantiquark

antiq u ark diquark

o O 8

exchanges

. : Molecule ™ Hybrid Glueball

@@W %

S.L.Olsen Front.Phys.(Beijing) 10 (2015) 2, 121-154

* Near certain two-particle thresholds

* Dominantly decay into the two-particle channels
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The representative hadronic-molecule candidate is y,.;(3872)

]G(]PC) — O+(1++)

QM candidates:M(23P1 cC) ~ 3950 MeV

M)(cl

= 3871.84 MeV
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The representative hadronic-molecule candidate is y,.;(3872)

I°JP9 =07(1™) QM candidates:M(2°P, c¢) ~ 3950 MeV

M, =3871.84MeV

lts mass is very close to the D’D™ threshold:

M, — (mpo+mpo) =—0.09£0.28 MeV

Dominantly decay into this channel:

B(y,.,(3872) = D°DY) > 34 %

Consistent with the characteristics of hadronic molecules



Exotic heavy mesons
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D. Lohse, Nucl. Phys. A516, 513

MY PP YV VN rrY VvV T n')G.
]

G. Janssen, PRD52, 2690

S. Clymton, PRD110 9,11

Low-lying scalar mesons : / (O), (O), 1(12 b ). .

Exotic states with an heavy flavor : D;’Z)(2317), D*(2400), ...
Exotic ¢ or bb states : x-1(3872), T.-1(3900), T,,5,(10610), ...

Open heavy-flavored state : 7.

Fully heavy tetraquark :

T

cecece

(6900)
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Exotic heavy mesons
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We investigate the hadron molecular features of the exotic states containing
two heavy quarks using the fully off-mass-shell coupled-channel formalism
within the meson-exchange framework.
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Coupled-channel formalism



Two-body scattering equation

 Blankenbecler-Sugar equation

( g
>E< _ >€< Py T =V +VGT
\

* The two-body T-matrix are obtained by solving the Bethe-Salpeter equation:

A4k d*k, Vindni
T i — Vi . .
fi = VT Z/ (2m)* (2m)* (K — mq + i€) (k3 — m3 + ie)

* The three-dimensional reduction via the Blankenbecler-Sugar scheme preserves unitarity and off-shellness:

Gelg) = —0 (0 — L2 o1 g
BLINL 2 s — (W + w§)? + ie
Tyi(p.p') = Vyi(p,p') + Z / A (@) Tya(q, )
S5 — (W +wl)? —ic

10



Two-body scattering equation

 Blankenbecler-Sugar equation

e Total angular momentum projection

W1 T+ W9 QQVka (p, Q)Tl%]z' (Q7p/)

1 O
TJ / o J / { / d
fz(pap) sz(p7p) (27_‘_)3 : q

2Wiwe S — (w1 + we)? — i€

Matrix inversion method: T’ =V’/ +V/GT! — T/ =1-Vv/G)"1v’/

11



Two-body scattering equation

 Blankenbecler-Sugar equation

e Total angular momentum projection

w1 + we V(0 )T (¢, 0')
2Wiwe S — (w1 + we)? — i€

1 ®. @,
TJ- / o VJ / } / d
fz(pap) fz(pap) (27_‘_)3 : q

Matrix inversion method: T’ =V’/ +V/GT! — T/ =1-Vv/G)"1v’/

We obtain the off-mass-shell 1T matrix in the full-channel : 1=1 1=2
e atrix in the full-channel momentum space

pl...pn plo..pn...

P1
f=14

p/

P
f=2

11




Two-body scattering equation

T o = Vi) e /OO e Vi (P )Ty (a: ) |
fa\47s fa\t7 (27’(’)3 0 2Cd1¢d2 (wl -+ (Wo =

Reqgularization of the two-body propagator:

~

» The two-body propagator is singular at the on-mass-shell momentum point, w?(G) = s, G =

e Change of the variable

O

W=wi +wy, dw= L il 20dg — / dw () , where f(q) = =qV(¢)T(q)
CUlCUQ m1-+mo

12



Two-body scattering equation

i /OO 1y WLt w2 ¢°Vi1(p,q)
0 2wwn (w1t ws)

« The two-body propagator is singular at the on-mass-shell momentum point, w?(§) = s, G =

T (q,p")

¥
- s T - )

TJ- Ay J / |
fz(pap) sz(pap) (27_‘_)3

Reqgularization of the two-body propagator:

¢ Change of the variable

o 1
W=wi +wy, dw= L il 20dg — / dw () , where f(q) = =qV(¢)T(q)
CUlCUQ mM1+mo 2

e Decompose into regular part and singular part.

/OO @ =@ /O@ @

2 __ 2 __
mi-+ma W S mi—+mo W S

 One can regularize the singular part:

/ R (C) /C’O o 1@ /C oo f@) _ f@) (m V3 —my —ma

2 _ 2 _

V'S +m1 + mo

12



Kernel amplitudes

1/ 2/
 Scattering amplitudes

V12—>1’2’ — M12_>1/2/ A
A

./\/l1142_>1/2/ — ISFijQPAFéQ/

€X

nA? — ¢?

nA? — m? >n

Since the hadron has a finite size, form factor is need to be considered at each vertex: F’ (qQ) — (

For minimal uncertainty from the cutoff parameters, we strictly fixed the values about A = mg, + 600 MeV.

IS is the isospin symmetric factor from the isospin projection (for definite isospin channels)
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Effective Lagrangian



Effective Lagrangian

 Heavy chiral Lagrangian

The coupling constants between heavy and light mesons are determined by the interaction
Lagrangian based on the Heavy Quark Effective Field Theory(HQEFT).

Lheavy = igTr[HwM%AgLaﬁa] + ¢S Tr[Hyo" (V,, — pu)baﬁa] + i)\Tr[HbJWFb‘ZV(p)FIa] +g,H,H,o

A heavy-light meson is made up by a heavy quark (J and a light antiquark g.
— heavy quark spin symmetry(HQSS), heavy quark flavor symmetry(HQFS) + chiral symmetry

® Heavy superfield: HQSS, HQFS, Lorentz invariance, Parity invariance

a 1_|_ *Q a ] *xTa a 1—|_

Pseudoscalar heavy field: P* = {D*,D", D} or {B~,B°, BY}

: _ xa * *( * x— p*x0 1*0
Vector heavy field: Pua—{DMJF,DM ,DSI} or {B,",B, ", B,

15



Effective Lagrangian

 Heavy chiral Lagrangian

The coupling constants between heavy and light mesons are determined by the interaction
Lagrangian based on the Heavy Quark Effective Field Theory(HQEFT).

Lheavy = igTr[HwM%AgLaﬁa] + ¢S Tr[Hyo" (V,, — pﬂ)baﬁa] + i)\Tr[HbJWF&V(p)FIa] +g,H,H,o

e [ ight pseudoscalar mesons: chiral symmetry spontaneous break down

T + +
Z. v A K
— s | 0]
A“:ﬁa“./\/l—l— _/\/l: (s \/§I \7/% K
K- 78 _@n
® [ ight vector mesons: dynamical gauge boson of the hidden local symmetry
P’ W =+ * -+ H
V2 Ve O'O K
plu — Z"g_VV,UJ’ V.U — p— \/0/§ | w6 K*

0
V2 '
K *— K*O _\/gw

16



Effective Lagrangian

 Heavy chiral Lagrangian

The coupling constants between heavy and light mesons are determined by the interaction
Lagrangian based on the Heavy Quark Effective Field Theory(HQEFT).

Lheavy = igTr[HwM%AgLaﬁa] + ¢S Tr[Hyo" (V,, — pu)baﬁa] + i)\Tr[HbJWFb‘ZV(p)FIa] +g,H,H,o

e Effective Lagrangian for charmonium interactions

a

L= gyTr[JHZ~,0"HY)
149 1 — ¢

Charminum superfield: J = >

W“% o 770’75]
n.J"=07), y*(J" =17)

SU(2) heavy quark spin symmetry: J — Scjsg
HY — HOS]
H® — S,H¢

17



Heavy meson scattering in the
doubly charm channel



Kernel matrix in Doubly-charm sector

« Hadron channels in doubly-charm sector

——/.

Possible two-hadron states with ccqq
* DD, DD*, D*D* (I =0,1)

Four sets of coupled channels: mesons can be classified by quantum numbers, / G(JP C)

° O::(o—l—::7 2—|—::): DD’ D*D*

o )T 1—|—::): DD*’ D* D*

(
e 1%(0*F): DD, D*D*
(

e 15(17F): DD*, D*D*
Kernel matrix element:
VDD—DD VpDp—DD* VDD—D* D~

Vop~—~bp VbDD*—~DD* VD+*D*_—D=Dx
Vo*p* DD VD*D*DD* VD*D*_sD*D*

S

19



Kernel matrix in Doubly-charm sector

« Hadron channels in doubly-charm sector

~ =7/,

Possible two-hadron states with ccqq’ -
e DD, DD*, D*D* (I =0,1)

Four sets of coupled channels: mesons can be classified by quantum numbers, / G(JP C)

o 0F(0FF, 2+—) DD, D* D"

P
o / (J 30 — O(1+) LHCb ;gé-
( 60 [ 9fbo °.“§ 30 £
( of 1 i + :
LR RTIEETNEES e i = E 40 —_ g 12 _ +_+_+ ++¥'f'+t*’:i+
( + ) : D D>l< D>l< D* é : é l-:’)_zt_a’ 0°DPr* ° w3..817‘4 ....... 38.76
M Sl ISR Sl IR bt sV 3 % :_ o ?agigrol]nd My (GEV ¢?)
o L 0
Kernel matrix element: " 20f ]lJ{ ————— 57D treshold +
10 + H + + + + +
Vbp»pp  Vbp—pp+  VDD—D*D+ N % Hﬁt }W H + + ﬂ HF H+
V=1 Vbop~-pp Vbp-pp+ VD=D*-D*D~ e - 3'89 ———
Vp+p+—pD VD*D*~DD* VD*D*—D* D+ Mo (Gov &)

R. Aaij et.al.(LHCb Collabration) Nature Physics. 18 (2022) 7, 751-754
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Dynamical generation of the poles

Kernel amplitudes

Vector channels (J=1)

‘/Z—M(J =1,1= O) V;,—m(J = 1,1 = 1)
e | 0 f====m==———e S aGEEECE LR dmmm oo
ST M- | |
) T | |
2000~ h ; ~500 - ; ;
f | | |
| | | |
0 fF=========== A m e S —1000 - i i
i i Y 1500 i i Y
l\/ : ——= DD* — D*D* | | — == DD* — D*D*
i i —2000 - i i
—4000 - | 5 | i
| i —2500 - | |
—6000 - | | |
; ; —3000 - ;
3800 3850 3900 3950 4000 4050 4100 3800 3850 3900 3950 4000 4050 4100
Vs [MeV] Vs [MeV]
Strong attractions for both diagonal elements Strong attraction for DD* — DD*

— Pole is expected to generate in the coupled-channel solution No transition appears in the DD* — D*D* process.



Dynamical generation of the poles

Kernel amplitudes

Scalar channels (J=0)

.
.
.-
-
I e A
3700 3800 3900 1000 4100
Vs [MeV]

destructive interference between kernel amplitudes in
the diagonal elements due to the 1S factors.

6000 +

5000 -

4000 ~

3000 A

2000 A

1000 +

3700 3800 3900 4000

v's [MeV]

all interactions are strongly repulsive.

— DD
D*D*
— DD — D*D*



Dynamical generation of the poles
Single channel T matrix elements

Vector-isoscalar channel (J=1, 1=0)

L oo Tii(JIL = 100)[I(J7) = 07 (17F)] Tii(JIL = 100)[I(J7) = 07 (11 1)]

.R | DD ﬁ ; D¥*
_'f 50000 - i 15000 A i
| ! |
b N |
() F=————————————————— e P T T T T T TP Py j 100007  TTe=l__ I
_____________________ i ——— ReTDD* ‘ \\\\\\ i _—— RGTD*D*
t \\\\ : Im TDD* .' \\i.~~ _ Im TD* D*
§ —20000 - | i 5000 A e T
f | i
1| !
| ] i
} 40000 - :: S S
=e e
v |
§ —60000 ' ' — ' ' i . . — . . .
; 3800 3820 3840 3860 3880 3900 3920 3940 4010 4012 4014 4016 4018 4020 4022 4024

Ve VeVl I v [Me]

attrac i “ krnI i nearl ﬁiint to erat -
a pole at the threshold.



Dynamical generation of the poles

Single channel T matrix elements

{40000

;@ 30000 1
L 20000-
i 10000 -

0-
10000 -
{20000 -

30000 -

140000

Vector-isovector channel (J=1, I1=1)

Ti(JIL = 110)[1(J7) = 15(1*7)]

DD

N e o o

____-—-——————
— iy
L]
_—y
—
-
~

3800 3820 3840 3860 3880 3900 3920

v/'s [MeV]

3940

The pole is about to emerge at DD* mass threshold.

-== Re TDD* \

T,y (JIL = 110)[I(J7) = 17(17 )]

| —50-
.I — 100 7]

—150 -

§ —200 -

§ 250 -

i BN I EEEE DN DI BEEN BN BN B I I S S S S S S S . - * ———————————————————————
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Dynamical generation of the poles
Fully-coupled T-matrices

Vector-isoscalar channel (I=0,J=1)

Tyi(JIL = 100)[19(J7) = 0* (1)

20000
15000 -
10000 -
5000 -
\/55 = 3817.862 MeV |

0
—5000 = __

—10000 N

—15000 - \

A bound state below DD* threshold with I(J©) = 0(1%)

\ I

=== Re TDD*
Re TD* D*
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Dynamical generation of the poles
Fully-coupled T-matrices

Vector-isovector channel (I=1,J=1)

20000 T i(JIL = 110)[I(J") = 1+i(1+—)]

|

15000 A E
10000 A E
5000 + E
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~——————————————————'i"'-_ - ImTDD*
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—5000 ==~ _
—10000 - \

\
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Heavy meson scattering in the
hidden charm channel



Feynman amplitudes

e Hadron channels in hidden-charm sector

Possible two-hadron states with ccqqg’:
e DD, DD*, D*D* (I =0,1)
o DDy, DD, D; D}, new, J/Yw, ned, J/¢é (I =0)
o e, J/Um, nep, J/bp (I =1).

Four sets of coupled channels mesons can be classmed by quantum numbers, [ G(]P C)

(o 0£(0+*,2%): DD, J/vw, D.D,. D*D*, J/ib6, D:D: ]

* 07(07): xc0(3860), Xxc0(3915)

rr

.': e 0=(17%): n.w, DD*, n.¢, D*D*, D,D*, D*D*

0T (171): xc1(3872), xc1(4140), xe1(4274)

o 0+ (27F): xe2(3930)

v

(

| (

b e 15(0TF): DD, J/1p, D*D*
- (1

1*%): nep, DD, DD’ ;

]_ — ® 1+ (1+_ ): Tcél (3900) > Tcél (4200) > Tcél (4430)
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Isoscalar channels (/ = 0)



Dynamical generation of the poles
Fully-coupled T-matrices

Scalar-isoscalar(J=0, 1=0) channel

Ti—i(JIL = 000)[1(JT) = 07 (0F)] » A bound state below DD threshold
| i i
[ I I .
60000 - I ; ; \/Sg = 3720 MeV
1 I I
i | | | lower charmonium channels( ., J/wn, . . .) are
40000 1 1% | | ) additionally coupled, leading to resonance
Wi l l === Relpp
| Al : | = ReTn = — —
20000 - i AN : " PP« Aresonance between DD and D D,
Iy | i -== ReTp:p-
l\ | === ReTp«p« -
0 = R e \/Sp = 3861.34 —i22.76 MeV
S Sy T T ~— / | | — ImTpp
TSI R == | | — ImTp 5
—920000 - SNl TS ! | | o very close to the m?g.s of X(3860).
| RN | | D* D~ _ n
\\‘|| i \\,/ i i ImT). 5. (MX(386O) — 386235 MeV)
—40000 - 'R but much narrower width than X(3860).
I i i (Cxqasso) = 2007175 MeV)
—60000 - | i i i
] i i
3600 3700 3300 3900 4000 4100

v/'s [MeV]
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Dynamical generation of the poles
Fully-coupled T-matrices

Vector-isoscalar(J=1, 1=0) channel )
» Nearly bound state below DD* threshold
Tiyi(JIL = 100)[I(J7) = 0F(1+1)]

40000 A :1 i i i Within our cutoff scheme,
L | | larger binding energy than y..;(3872)
Lo I I
| o ; -== ReTpp. M, =3871.84MeV
20000 B ‘\ : / \\ : : o ReTD*D* Xcl
i / \ I I
\ A | i -~ ReTp,p, _ _
Yoo /1 N -—- ReTp.p. * Aresonance between DD* and D*D*
! S=S=SS=SSSzo-- ‘T::a 'l _ ___i o i T — ImTpp~ .
e \ \7/ i i — ImT,. \/Sp = 3948.622 — i26.98 MeV
~§\\\ \:\ / i i I T'p, : - :
—20000 - \ N i i T . nice candidate for X(3940):
: : : - mX(3940) — 3942 + 9 MeV
I I I __ 7427
l | | I'x3940) = 37777 MeV
—40000 A I I l
3700 3300 3900 4000 4100 4200
Vs [MeV]
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Dynamical generation of the poles
Fully-coupled T-matrices

Tensor-isoscalar(J=2, 1=0) channel

Tisi(JIL = 202)[I(J7) = 07 (277)]

1500 - i i i i « A very narrow resonance near D*D* threshold
| | | i sp = 4005.26 — i5.95 MeV

1000 - i ) i === ReTpp )
i | | i ~== ReTp,p. positioned near D*D* threshold but dominantly
§ Bl § -== ReTp.p.  coupled to the DD like y.,(3930).

500 - : | : -== ReTp. p- |
| | | T about 80 MeV heavier than y,.,(3930)...
I I I mdipp
I I A T, -
I ' . M Lp, D,
) +- S S Sy b R s e EEe .- Im T e

IR BN : =2
: \\\ : :: S~ ee L____ ImTD*D*
I SO | —_——r T T T ———, s s
| RO |

~500- i N i
| N |
| -\ |

3600 3700 3800 3900 4000 4100 4200 4300 4400

v/'s [MeV]
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Isovector channels (I = 1)



Dynamical generation of the poles

Fully-coupled T-matrices

Tyi(JIL = 010)[1(J7) = 1%(0* )]

1000 . '
§ 300 1 |
500 - ; |
| 200 A i
01- - - i
| - 100 - §
—o00 1 Rad -== ReTpp i -—= ReTpp-
___________ \:'// i ReTp« 5+ 0 Ly Ny ReTp«p-
—1000 7 | | — ImTpp ¥ | — ImTpp
—— ImTp-p —100 - ,' —— ImTp-p-
—1500 - | : X |
| i ~200 - ! §
—2000 - ; | s |
§ | -3009______ I i
—2500 - | T e y |
i i ~400- : i
3600 3700 3800 3900 4000 4100 4200 3700 3800 3900 4000 4100 4200
V5 [MeV] /5 [MeV]
* No resonant shape in scalar channels » A peak appears between two mass thresholds
« A pronounce cusp at the DD* mass threshold * This structure is found to be a virtual state
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Summary



Summary

 We investigated the production of exotic mesons containing two heavy quarks via coupled-
channel dynamics within meson-exchange framework.

* The tree-level interactions between heavy mesons and light-unflavored mesons are described
through the effective Lagrangian approach based on HQEFT.

* In the doubly charm sector, we searched two vector bound states. The isoscalar state may be
nice candidate for observed doubly charmed meson by LHCb: 7:7(3875), T/,

* Our investigation in the hidden-charm sector revealed three states: a new scalar bound state
below the DD threshold, along with scalar, vector and tensor resonances as D*D*, DD* and

DD molecular states, respectively: X(3860), y,.,(3872), X(3940), y.,(3930).

. A virtual state with quantum numbers I(J*) = 1(1") between DD* and D*D*:

* This study enhances the understanding of production mechanism of exotic mesons as hadron
molecule.
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