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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(gg) and Baryons(gqq)

a,(1970)
Mass K',(2045)
I\ £,(2050)
2772%,) 177 2%) 371D, 27(1°D) [ f(2300)
) - a,(1700) || a,(1640) | [ p,(1690) 47 (15F )
0 +(31SO) 1 (3381) K, (1980) 1 KZ'(1780) K,(1820) ¢
m(1800) 5 1,(1640) w,4(1670)
K(1830) 7 | 1,(1950) b,(1850)
(1760) a,(1950) m,(1670) | | p(1700)
K,(1650) | | K,(1770) | K*(1680)
f,(2020) n,(1645) | | ©(1650)
h,(1595) || M,(1870) | = $(2170)
0"*(2%Py) 1*2'P) 27(1'D) 17(1%D))
- _ “~ | a,(1320) | | a,(1260) -
0@'S) 1T@S) & ez | Ky | &
m(1300) | [pi4s0) | 1 |R(1270) | f,(1285) | =
K(460) | | k*(1410) | © [2(1525) || f(1420) 4| "
M(1295) | @(1420) o Gasgy [ (1208) |
n(1440) 1)| | $(1680) | > |K,(1430) || K., o
+ |6(1870, || hy(1170) | [~
© |1500,1710) | h,(1415)3
2
07" (1's,) 17 (1%,
™ p(770) | i=1
K K*(892) | i=1/2
M w7e2) |
7' $(1020) | =
0 1 2 3

>
Orbital excitation é

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083CO01.

Mass [MeV]

3000 — ] —
_ am = = %
3763 3 ’ 3 2752 -
88 2564é EH % &m 2324
el TR | . sy 2535 M?f?_iﬁ 22
2500 ] m 249 HE |2as 242 - . 2310 ﬁ 5
— T g e » .
m 0 Pl e e | W e
: 3L 20001 ! b L
: I [ 2032 1++ | b,
2000 | gy | o e it 1 L N - o _—
alrrime é e |
—
1618 ., e
1573
a8 L
1500 —| | o 1ad | 98
168 Jas0 1417 e
1000 —
938 939 243
Jw ||| 172+ |3/2+||5/2+ || 7/2+ | 9/2+ |11/2+H13/2+15/2+| 1/2—|3/2—||5/2—||7/2—||9/2— |11/2-13/2—15/2

A. Thiel et al. Prog, Part. Nucl. Phys.125 2022, 103949


https://pdg.lbl.gov/2023/html/authors_2023.html
https://pdg.lbl.gov/index-2023.html

Hadron spectroscopy

Conventional Quark Model

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

QCD allows many different types of celarriauirzl aojseis

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

Baryon : gqqgqg gqqqq(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 celarriauirzl aojseis

Meson : gq qqqq(tetraquark), ggg(hybrids), glueballs, ...
Baryon : gqqgqg gqqqq(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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Exotic states
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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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Low-lying scalar mesons : / (O), (O), 1(12 b ). .

Exotic states with an heavy flavor : D;’B(2317), D*(2400), ...
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Open heavy-flavored state : 7.
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T
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cecece

We investigate the hadron molecular features of the exotic states containing
two heavy quarks using the fully off-mass-shell coupled-channel formalism

1(3823) @

D*D*

DD,

DD*

DD

within the meson-exchange framework.



Coupled-channel formalism



Two-body scattering equation

 Blankenbecler-Sugar equation

g )
>€< _ >z< Py T =V +VGT
/

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

Ak dks Viend
Tr; = Vz' . .
fi= i Z/ (2m)* (2m)* (KT —mi +ie)(ky — m3 + ie)

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

G()— T 5( 0 wf—wlg wf%—w’;
kA - whwk ! 2 s — (Wi + wh)2 + ic

n

w1 + w
Tri(p,p') = Vii(p, D) Z/ o 1+ — 2)2 —V2i(P. @) yn(a,P)
1 2
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Two-body scattering equation

 Blankenbecler-Sugar equation

e Total angular momentum projection

GOk = q2Vka (p, CI)TI;]@'(CLP')
2Wiwe S — (w1 + wg)? — ic

1 @)
T:tpy)=Viipn / d
fz(p7p) fz(pvp) (27T)3 A q

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

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

ploo.pn plooopn...

P1
f=15

p/

P
f=2

11




Two-body scattering equation

T:(o.p)=Vi(pp) : /OO e *Vir (0, 9) T (g, ') ‘
= = (277)3 0 201 W2 (w1 +ws2)? — s ﬁ 

Regqularization of the two-body propagator: \/ (5 — (m2 + m2)*) (s — (m? 2)2)
s — (m7 + m;5 s — (m7 — m;5
* The two-body propagator is singular at the on-mass-shell momentum point, ¢ = 2./5
e Change of the variable
w1 + w > 1
W=w] +wy, dw=-—">""20dg =—> / dw ];(Q) , where f(q) = =qV (q)T(q)
W12 mi—+ma2 W= =95 2
+ Decompose into regular part and singular part.
00 ~ cO ~
/ i (Q)2 £(q) | / 0 J; (q)
mi+mo W= — S mi4+my W TS

* One can regularize the singular part:

[ ad® _p[* @ [, O S0 fEm —m)

mM1+ma2
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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[Hb”yu%Agaﬁa] + 18Tr[Hpv"* (Vy — pu)vaHal + i)\Tr[HbJWFZZV(p)Ea] + g, H,H,o

A heavy-light meson is made up by a heavy quark () 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

. 1+ ‘q a - «ta a
H™ = 2¢(Pu v — P%y5), HZ’YOHT%:(PMT ’Y“‘FPT V5)

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

: _ xa * *() * x— p*x0 p*0
Vector heavy field: Pua—{D/f,DM ,DS:[} or {B,",B, ", B,

1+
2
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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[Hb”yu%Agaﬁa] + 18Tr[Hpv"* (Vy — pu)vaHal + i)\Tr[HbJWFZZV(p)Ea] + g, H,H,o

e [ ight pseudoscalar mesons: chiral symmetry spontaneous break down

T + +
@' 7 \7/% O7T K
A“:f—W@“MJr--- M = T 75 \7/76 K"
K~ KO —\/gn
® [ ight vector mesons: dynamical gauge boson of the hidden local symmetry
p” w + *+ H
V2 Ve 0'0 B
plu — Z'g_VV,UJ’ V,u — ,0_ \P/ﬁ | w6 K*

0
V2 '
K~ K*O _\/gw
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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[waM%Agaﬁa] + 18Tr[Hpv"* (Vy — pu)vaHal + i)\Tr[HbJWFb’;”(p)ﬁa] + g, H,H,o

 Effective Lagrangian for charmonium interactions

IR I

2

Lj= 9¢TI[JE§7M3“FIQ] Charminum superfield: J =

a

W“% o 77075]

 SU(3) symmetric Lagrangians for the light flavors

1
Lppy = —§g7>7>v Tf([Ma 5’uM]Vu)7

Lpps = 29ppempMMo

17



Heavy and light meson scattering
withC=5=1




Kernel matrix

- Decay to isospin violated channel D% (2317) — D n’

Isospin violation decay implies the mixing of the isoscalar and isovector channels — 72'0-77 mixing
D% = |DF 7% cose — |[DI 1) sine

DIn) = |DF 7% sine + |DI7) cose

e Kernel matrix

Consider four C = S = 1 channels: |1) = |DI 7%, |2) = |ID"K™), |3) = |[DTK"), |4) = |DIn)
Kernel matrix element: V;,, = (b|V|a)

VDQFWO%DQFWO VDJWO%DOKﬂL VD;FWO_>D+KO VD;",R-O_>D;|-77
)} _ VDOK+—>D;|_7TO VDOK+—>DOK+ VDOK+—>D+KO VDOK*‘—)D;Fn
VD+K0—>Djw0 VD+K0—>D0K+ VD+K0—>D+K0 VD+KO—>D§F77
VDj??—)D;l_ﬂ-O VDjn—>DOK+ VDjn—>D+K0 VDJ??%D;FU

We construct the off-mass-shell kernel matrix in the full-channel momentum space.

19



Dynamical generation of the poles

Single channel T matrix elements

ex)Ti1 = (1 — Vi1G1) ™' Viy
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The u-channel processes in DK
scattering generate two poles through
strong attractive interactions



Dynamical generation of the poles

Coupled-channel dynamics

When the DK™ channel is coupled to the DTKVY :
1.00 —

0.75 - two bound states below
DK threshold energies

0.90 -

S

DO

SF
|

1
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I
I
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I
I
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e Ty e e e e e e e
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Dynamical generation of the poles

Coupled-channel dynamics

<104 DY KD+ K
4- | | The first pole gains width rapidly as b
. | increases by Dz channel.
S 2 —— b =0.00
Q ) -
T | ---= b=0.05
c”& 0 = —— b=0.10
HOQ ' i ........ b=0.15
N~ o — 5 =0.20
g -2- 3
o |
-+ !
2200 2250 2300 2350 2400

Vs [MeV]
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Dynamical generation of the poles

Coupled-channel dynamics

In the case of fully coupled-channel, the second pole moves to the lower energy

—— 5 =0.0
- b =102
b=0.4

- b=0.6
—— 5 =0.8
———- b=1.0

| D'K'D*K?

2350

2300

Vs [MeV]

2950

+v~oQA|+v~o rNU oY

2400

23



Dynamical generation of the poles

Coupled-channel dynamics

We find the pole at \/E g —(2317.90 —

Im(v/s) [MeV]

0.6

0.7

0.8

0.9

) [MeV]

1.0

10.0593) MeV in the complex plane.
Re(v/s

1.1

1.2

0.00

—0.02 A

—0.04 -

—0.006 -

—0.08 -

—0.10 -

—0.12 -

J=0
TD+7T

1

:

+2317 MeV
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Bottom sector: B;‘B

* Model prediction for the scalar bottom-strange state: /sy = 5756.32 — i0.0228 MeV_

Re(4/s) [MeV] +5.756x 103
0.15 0.20 0.25 0.30 0.35 0.40
0.00 | | | |
—0.02 -
= —0.04 -
()
=
S
£ _0.06 -
—0.08 - ‘T:] =0
0.0
/ Bl




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(ﬁD 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_ o 1+(1%7): Toz1(3900), Tez (4200), Tee (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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Heavy meson scattering in the
doubly charm channel



Feynman amplitudes

e 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, 1¢(JF¢)

. o:(o+:t 2+—) DD, D*D*

P
- UM =00% ., =
( BT
AN it : £ ¢
( of 1 § fg + :
I — Sl Sl 4 ”ﬁ@j L
( I ): DD* D*D* § : él[-,)-zﬁ DoDo”*o m3‘.817.4 ....... 38.76
DA AR A IS DA f' MR 3 30:_ ___$af:lg"0und My (GEV C7)
Kernel matrix element: g zo;~ ][Jf _____ 07,0, threshold + +
: ot Ut H +
Vbobpspp  Vbp—pp*  VDD—D*D~ L tﬁ Hﬁ #ﬁ* T H+ HJ(
V=1\| Vop~~pp VDD*>DD* VD*D*—D*D* e - 3'89 ]
Vp*p*—»pDp VD*D*—DD* VD*D*—D*D+ Moo (GeV ¢

R. Aaij et.al.(LHCb Collabration) Nature Physics. 18 (2022) 7, 751-754
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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*

—20000 - . —
3650 3700 3750 3800

3850 3900 3950 4000 4050 4100

Vs [MeV]
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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
- RGTDD*

RGTD*D*
~——————————————————'i"'-_ - ImTDD*

/5= My = 3875.120 MeV
0 Il

—5000 ==~ _
—10000 - \

\
—15000 - x
|
|

—20000 1 ' . . — .
3800 3850 3900 3950 4000 4050 4100

v's [MeV]
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Summary



Summary

We investigated the production of exotic mesons containing one or more heavy quarks using
coupled-channel dynamics within meson-molecule framwork.

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

Through coupled-channel dynamics, we demonstrated the dynamical generation of the
D;‘a(2317) and predicted its bottom-sector partner B;’Z) from heavy quark flavor symmetry.

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).

In the doubly charm sector, we searched two vector bound states. The isoscalar one may be
nice candidate for observed doubly charmed meson by LHCb: 777.(3875).

This study enhances the understanding of production mechanism of molecule-like exotic
mesons across three distinct sectors.
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Feynman amplitudes

e Kernel matrix

Consider four C = S = + 1 channels: |1) = |D#%), [2) = |[D°K ™), |3) = |DTK"), |4) = |Dn)
Kernel matrix element: V,,, = (b|V|a)
VDJWO—>DS+7TO VDjw0—>D0K+ VDjw0—>D+KO VDjw0—>Djn

VDOK+—>D;|_7TO VDOKJF—>DOKJr VDOK+—>D+KO VDOKJr_)D;Fn
VD+KO_>D;F7TO Vp+kopok+ VD+Ko D+ KO VD+KO_>D;ﬁ,7

<>
|

VDjn—mij VDjn—>D0K+ VDjn—>D+ KO VDjn—mjn

We construct the off-mass-shell kernel matrix in the full-channel momentum space.
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Feynman amplitudes

 Scattering amplitudes

1
V(1) = 4F2(t)gDDagPPamDmPt —
T k) - (ps+ K
Vv (t) = —F*(t)gppvgppv (P1 + K1) (];2 2)
T — my,
y (p1 + k2) - (p2 + k1)

Vp=(u) = FZ(“)Q%D*P o — 2 ,

D*

> Coupling constants

g]Z'O]Z'OG — 8‘7’ g}?}?d — 5.0, gPPV — 5.137, gDD*P — 17.9, gDDV — 1.65[2], gDDG — 1.5[2]

I9ptk+p+0 — IpfKop++ — YDD*P;
° ° JrOoKOK*0 = —gprOK+K*+ — PPV,

0PDOPH*x0 = — 0N+ N+ — DD*p\/i L .
gdxopDO D droD+ D g / ; gnKoK*o—gnK+K*+——\/§gPPVa

nDOD* = GnD+D*+ = gDD*P/\/67 IK+K+p0 = JKOKO0p,0 = gK+Kop—/\/§ — JPPV,

gD;'DOK*—}— — gD:D—i—K*O — gDDV7 gK+K+w — _gKOKOw p— gPPV

dDODO 0 = gpOopo,, = gppv/V?2

43 [2] H-J. Kim and H.Ch. Kim Phys.Rev.D102 014026(2020)



Model calculations

Present work LO x-BS(3) [18] NLO x-BS(3) [20] SU(4) [19]
mz [MeV] 2317.90 2317 2317.6 2317.25
pe [keV] 13.86 8.69 140 i
9p+q0 [GeV] | 5.381 x 1077 - - -
gpox+ [GeV 77.59 10.203 7.579 9.08
Ip+ o [GeV 80.17 10.203 7.579 9.08
gp+, [GeV] 85.25 5.876 5.795 5.25

 small strong mode partial width due to the isospin violation

e large coupling constants compared to the on-shell approximated models

 significant coupling strength with D;r n channel

e dominantly coupled with DK



Feynman amplitudes

Kernel matrix

Kernel matricies:

Vbb—pDD
VJ/¢w—>DD
Vp.b.—DD
Vp«b*—DD
VJ/¢¢—>DD
VD; D*—DD

VJ:O(Q),IZO _

Vncw—mcw
VDD*—>ncw
VJ:LI:O Vnc¢—>ncw
VDD*—>ncw
VDSD;‘ — MW

VD;" D:—M?Cw

VDD—>J/¢w

Vi jpw—d/pw
VDSDS—>J/¢w
VD* D*— J /1w
Vi/ié—7 /4w
VD; D*—J/vyw

Vncw—>DD*
Vpb*— DD~
Vie¢—DD>
Vpb*— DD~
Vp,.b*— DD+
VD§D§—>DD*

Vbbb, D.

Vncw—mcc/ﬁ
VDD*—)ncqb
Vn.o—n.s
VDD*—Hqub

Vp.p*=n.¢ VD.D*—DD*
VD;D; — e VD;; D*—DD*

Each kernel matrix element is the sum of all possible Feynman amplitudes allowed.

Every elements are spanned in the momentum space for initial and final states.

We thus construct the off-mass-shell kernel matrix in the full-channel momentum space.
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Vpb—s =D~ VDD—>J/¢¢S VDD—>D;<D;< \
VijpwsD<D*  Vijpw—sdjps  Vijpw—sD:De
Vp.b.»D*D* VD.D.~Jjpé VD.D,—D:D>
Vp«p*—p*D* VD*D*—J/p¢ VD*D*—D* D=
Vijws—spD*  Vijpo—djiwé  Vijpé—sDrDr
VD;ED;"—>D*D* VD;ED;E—U/qu VD;D;%D;D; /
New— DD* cw—DgD* New—D* D%
Vop~ppb+ Vpb*—p.b* VDD*—=D*D>
Vi.6—DD b—DyD* ne¢p—Dz D
Vop~pp+ Vpb*—D.D* VDD*—=D*D>
VDSD:%DSD;" VDSD:%D;TD;"
VD;;D;;—>DSD; VD§D§—>D;*‘D;




Dynamical generation of the poles

Single channel T matrix elements ex)Ti1 = (1 — V11G1)” Vi3
scalar-isoscalar(J=I=0) channel

Trp_pp(JIL = 000)(Single channel)

T pp+(JIL = 000)(Single channel)

100000 B 60000 o |
[ : —_— I \ : —
| ] : \ l K YK
75000 - |y DD | \ - D*D
: ‘ 40000 A : \ i
50000 - L : . i
L : N :
iy 20000 - : o |
20000 A 1[N l Sso :
N : e
| TTeee === ReTyp Lo A - s k)
O : i ImThHp % : i
o I | I
—250001 T TTTm=—a o N i :
N\\\ I i —20000 - I i
o I I I
—50000 - N | ,
o : :
v —40000 | i
—75000 - v \ . |
v \ I !
| VL :
—100000 - - - — - - —60000 . . . L .
3730 3731 3732 3733 3734 3735 3736 3737 3738 3940 3960 3980 4000 4020 4040
W [MeV] W [MeV]

generated solely by DD and D*D* interactions, respectively



Dynamical generation of the poles
Single channel T matrix elements

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

Thepepep(JIL = 402)(Single channel) ) T« pp+(JIL = 202)(Single channel)
01 s ; = ReTy.p . [=== ReTp-p-
i Im Tp- p- 10 - i I Tp. p.
50 - | |
: e
i | : \\
)= oo :__:~_|_ ______________________ —10 - i \
I| | \
1 , : %
| s N
—50 1 : ‘ /// : \
) /’ : \
R JRe —30 - : \
) 7 | \
o\ ,/ : \
L ’ ! \
—100 - | ‘\ 7 —40 - : \
o\ R4 l \
: \ ,’ : \
| \\ »7 | | \
| - —o0 | \
| | | I | | | | : \
3940 3960 3980 4000 4020 4040 4060 4080 4100 | | . . ' . |
W [MeV] 4010 4012 4014 4016 4018 4020

Vs [MeV]



Dynamical generation of the poles
Single channel T matrix elements

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

T. . (JIL =100)[I(JY) =0t (1T+
o il I(J7) = 0+ (1)
DD
20000 - i
|
i
O ________________________ '!'\":::::::::::::::::::
_____________________ : _— RGTDD*
RN E Im Tpp-
—20000 - Y
1!
1}
il
!
— 40000 - {
h
!
-
— 60000 l l l i , ,
3800 3820 3840 3860 3880 3900 3920 3940
Vs [MeV]

The attraction in DD* kernel is nearly sufficient to generate
a pole at the threshold.

Tii(JIL = 100)[I(J7) = 07 (177)]

i D*D#*
15000 - §
10000  TTeel_ i
5000 A T
O _____________________________________________
4010 4012 4014 4016 4018 4020 4022 4024
Vs [MeV]

i RGTD*D*

Im TD*D*



Feynman amplitudes

e Kernel matrix

Kernel matrix element:

VDD—>DD VDD—>DD* VDD—>D*D*

V=1 Vpp~bpb VDD*-DD* VDD*—D*D=
VD*D*—>DD VD*D*—>DD* VD*D*—>D*D*

We neglect the charmonium channel due to their marginal coupling to heavy-meson pairs.

Each kernel matrix element is the sum of all possible Feynman amplitudes allowed.
Every elements are spanned in the momentum space for initial and final states.

We thus construct the off-mass-shell kernel matrix in the full-channel momentum space.

49



Dynamical generation of the poles

Kernel amplitudes

—250 1

—500 1

— 750 -

—1000 A

—1250 -

—1500 ~

—1750 1

3600 3700 3800 3900 4000

v's [MeV]

4100

4900

—200 A

—400 1

—600 -

—800

—1000 -~

3800

3900

4000

Vs [MeV]

4100

4900

The attractive interactions appears in diagonal elements, while the DD* — D*D* transition
are absent in both scalar and vector channels.

—— DD* — DD*
—— D*D* — D*D*
-—= DD* — D*D*



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

all interactions are strongly repulsive.

3800

3900

v's [MeV]

— DD
D*D*
— DD — D*D*



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

Single channel T matrix elements ex)Ti1 = (1 — V11G1)” Vi3

4000 ~

2000

—2000 A

—4000 -

—6000 -

—38000 -

—10000 A

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

Thp—pp-(JIL =100)(Single channel) Trp+p+p(JIL = 100)(Single channel)

— | l 1 I —
| Ly
DD* | 40000 - TR D*D*
| L
| o\
——————————————————————— e —— - l v
| 20000 A : \:
i N
i | T
e - ReTppe ol LI o=t
: ///, ImTDD* :
l p |
_____ | ’ ——— I
~~~~~~~~~ : // ~~~~~\ :
S~ao L —20000 A RN |
\\ : / \\ [
\\ ! N :
\:ll \\ |
b \ l
g{ —40000 A \ :
i 1
\
: 1 1 \I I II 1
3é50 3é60 38%0 3880 3890 3900 3960 3980 4000 4020 4040 4060
V35 [MeV] V's [MeV]

generated solely by DD and D*D* interactions, respectively

——— ReTp.p.



Dynamical generation of the poles
Single channel T matrix elements

Vector-isovector channel (J=1)

_ Py _ =
T, ;(JIL = 110)[I(JF) = 1+(1*)] Tii(JIL = 110)[I(J7) = 17(177)]
40000 - N -
| DD* i
30000 - i % )k
g o i D*D
20000 - | i
| —100 - |
10000 - ] |
‘\-& ___________________ ———— RGTDD* _150_ i -0 RGTD*D*
T T ___________________ Im Tpp- i Im TD*D*
_10000{ 77 . 900 4 §
\ |
\ I
—20000 - \ |
\ —250- | -
—30000 - } T
E —300 === == mmm e ==
_40000 T J ! - ! ! ! T T T : T T T T
3800 3820 3840 3860 3880 3900 3920 3940 1010 4012 4014 4016 4018 4020 4022 4024
Vs [MeV] Vs [MeV]

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



Decay width and channel coupling strengths

. DY — D " decay width

Partial decay width of a resonance Rtoachannela: 1'r_,, = \ga‘Q Pem

A7 M %{

Strong decay mode of the D;’a(2317)

2 2

I c o=, (md. ) = gL Pem
* 0o — 0 * B

DSO_>DS T mD:O Ds 7T DsO mQD* 47T

 Residue of the transition amplitude

Rap = lim (sgp — s)Typ/(4m)

S— SR

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a: g, = vV Raa

g1 = |gp+.0| = 5.381 X 1074 GeV,
e) ‘
; dpD+KO| — 80.17 GeV, \

S

||
Q
2
>
_|_

¢ g2
13
a
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Channel coupling strengths

 Residue of the transition amplitude

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a

Ja = \/Raa Rab = Sl_iglR(SR — 8) T/ (4T)
Jre 0t++ o++
V3R 3720.535 3861.34 — i22.76 4005.264 — 5.950
dpD 8.140 1.747 4+ 15.350 2.487 + 30.650
GwJ /4 0.155 0.472 + 70.184 8.25 x 1073 —43.34 x 1073
9D, D, 4.304 6.70 x 1072 — §3.818 0.775 + 48.13 x 102
9p+ D+ 1.328 27.83 + 10.860 1.76 x 1072 4+ 71.26 x 1072
9.7 /4 0.100 0.327 +49.90 x 1072 2.39 x 107* +44.91 x 107°
9D+ Dx 1.182 16.44 — i0.514 0.172 + i4.58 x 102
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Channel coupling strengths

 Residue of the transition amplitude

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a

Ja = \/Raa Rab = Sl_iglR(SR — 8)Tup/(4m)
Jre 0+ o++
NG 3720.535 3861.34 — i22.76 4005.264 — i5.950
G /1) 0.472 + i0.184 8 95 x 10-3 — i3.34 x 10-3
9p.D. 4.304 6.70 x 10~ — 43.818 0.775 + 8.13 x 102
Ip-b- 1.328 1.76 x 102 4 i1.26 x 10~2
967/ 0.100 0.327 +19.90 x 102 2.39 x 10~ + i4.91 x 105
9p: b 1.182 16.44 — 0.514 0.172 + i4.58 x 102
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Channel coupling strengths

 Residue of the transition amplitude

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a

Ja = \/Raa Rab = Sl_iglR(SR — 8)Tup/(4m)
Jre 0+ o++
NG 3720.535 3861.34 — i22.76 4005.264 — i5.950
G /1) 0.472 + i0.184 8 95 x 10-3 — i3.34 x 10-3
9p.D. 4.304 6.70 x 10~ — 43.818 0.775 + 8.13 x 102
Ip-b- 1.328 1.76 x 102 4 i1.26 x 10~2
967/ 0.100 0.327 +19.90 x 102 2.39 x 10~ + i4.91 x 105
9p: b 1.182 16.44 — 0.514 0.172 + i4.58 x 102
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Channel coupling strengths

 Residue of the transition amplitude

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a

Ja = \/Raa Rap = Sl_iglR(SR — 8)Tap/(4m)
1+*\/SRr 3848.111 — 0.0637 3948.622 — i26.98
In.ow 0.376 + i2.653 x 104 6.538 x 1073 + ¢0.275
9pp 15.323 +31.934 x 1073 1.561 + 40.867
Gn. s 0.128 4+ 34.821 x 107 0.273 — 0.223
G+ P 10.132 +39.984 x 10~* 26.850 + 15.962
9D, D+ 6.955 +41.110 x 10~ 12.122 — 47.193
9p* b 1.964 + i3.921 x 1073 11.411 — 45.695
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Channel coupling strengths

 Residue of the transition amplitude

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a

Ja = \/Raa Rap = Sl_iglR(SR — 8)Tap/(4m)

1++ /SR 3848.111 — 0.0637 3948.622 — i26.98
In.w 0.376 + i2.653 x 104 6.538 x 107 + 10.275
90D (15.323 ) 11.934 x 103 1.561 + 0.867
In.o + i4.821 x 10~ 0.273 — 30.223
Ire e 10.132 + i9.984 x 10~
9p. b 6.955 +41.110 x 1073 12.122 — i7.193
9p* b 1.964 + i3.921 x 1073 11.411 — 45.695
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Channel coupling strengths

 Residue of the transition amplitude

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a

Ja = \/Raa Rap = Sl_iglR(SR — 8)Tap/(4m)

1++ /SR 3848.111 — 0.0637 3948.622 — i26.98
In.w 0.376 + i2.653 x 104 6.538 x 107 + 10.275
90D (15.323 ) 11.934 x 103 1.561 + 0.867
In.o + i4.821 x 10~ 0.273 — 30.223
Ire e 10.132+ i9.984 x 10~
9p. b 6.955 4+ 41.110 x 1073 12.122 — §7.193
9p* b 1.964 + i3.921 x 1073 11.411 — 45.695

57



Channel coupling strengths

 Residue of the transition amplitude

One can introduce channel couplings which characterize the coupling strength of the resonance with
a certain channel a

(o = \/Raa Rap = Lim (sgp — s)T a4/ (4m)
S—SR
/SR 3817.862[()+(1++)] 3875.720[1+(1+_)]
gpD* D 25.48 2.97 x 1074
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Mass [MeV]

3875.10 —_— D0 D*+
3874 83 — T_*
3874 35 — DO DO g+

3734 .50 —_— DU Dt



