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Introduction



Hadron spectroscopy 

4

Conventional Quark Model
• The spectrum of strongly interacting particles consists of a tower of many states.

Conventional hadrons : Mesons( ) and Baryons( )qq̄ qqq

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01.
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
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Conventional Quark Model
• The spectrum of strongly interacting particles consists of a tower of many states.

Conventional hadrons : Mesons( ) and Baryons( )qq̄ qqq

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01.
A. Thiel et al. Prog, Part. Nucl. Phys.125 2022, 103949

However, not all states can be explained by  
the conventional quark model

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


Beyond Quark Model

5

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

Meson : 

Baryon : 

qq̄
qqq

color-neutral objects

(tetraquark), (hybrids), glueballs, …

(pentaquark), …

qqq̄q̄ qq̄g
qqqqq̄ qqqqqq

QCD allows many different types of 
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5

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

• Bound states of color-neutral states via meson-
exchanges 

• Near certain two-particle thresholds 

• Dominantly decay into the two-particle channels

Hadronic molecule

Meson : 

Baryon : 

qq̄
qqq

color-neutral objects

(tetraquark), (hybrids), glueballs, …

(pentaquark), …

qqq̄q̄ qq̄g
qqqqq̄ qqqqqq

QCD allows many different types of 
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Exotic states

6

The representative hadronic-molecule candidate is χc1(3872)

       QM candidates:  


   


IG(JPC) = 0+(1++) M(23P1 cc̄) ≈ 3950 MeV
Mχc1

= 3871.84 MeV
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Exotic states

6

The representative hadronic-molecule candidate is χc1(3872)

       QM candidates:  


   


IG(JPC) = 0+(1++) M(23P1 cc̄) ≈ 3950 MeV
Mχc1

= 3871.84 MeV

 Mχc1
− (mD0 + mD̄*0) = − 0.09 ± 0.28 MeV

Its mass is very close to the  threshold:D0D̄*0

Dominantly decay into this channel:

 ℬ(χc1(3872) → D0D̄0*) > 34 %

Consistent with the characteristics of hadronic molecules
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Exotic heavy mesons
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Observed multiquark candidates listed in PDG:

• Low-lying scalar mesons : , , , … 

• Exotic states with an heavy flavor : , , … 

• Exotic  or  states : , , , … 

• Open heavy-flavored state :  

• Fully heavy tetraquark : 

a0/f0(980) f0(500) a1(1260) b1(1235)
D*s0(2317) D*(2400)

cc̄ bb̄ χc1(3872) Tcc̄1(3900) Tbb̄1(10610)
T+

cc

Tccc̄c̄(6900)
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Observed multiquark candidates listed in PDG:

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.

• Low-lying scalar mesons : , , , … 

• Exotic states with an heavy flavor : , , … 

• Exotic  or  states : , , , … 

• Open heavy-flavored state :  

• Fully heavy tetraquark : 

a0/f0(980) f0(500) a1(1260) b1(1235)
D*s0(2317) D*(2400)

cc̄ bb̄ χc1(3872) Tcc̄1(3900) Tbb̄1(10610)
T+

cc

Tccc̄c̄(6900)



Coupled-channel formalism



Two-body scattering equation
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• Blankenbecler-Sugar equation

T = V +
X

0

BBBB@
V T

G
1

CCCCA
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•  The two-body T-matrix are obtained by solving the Bethe-Salpeter equation: 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•The three-dimensional reduction via the Blankenbecler-Sugar scheme preserves unitarity and off-shellness:
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Two-body scattering equation
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• Blankenbecler-Sugar equation
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T J = V J + V JGT J =) T J = (1� V JG)�1V JMatrix inversion method:
We obtain the off-mass-shell  matrix in the full-channel momentum space :T

•  Total angular momentum projection
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Two-body scattering equation
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Regularization of the two-body propagator:

•  The two-body propagator is singular at the on-mass-shell momentum point,


•  Change of the variable  

 

•  Decompose into regular part and singular part.  

 

•  One can regularize the singular part:
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• Scattering amplitudes

Kernel amplitudes
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Since the hadron has a finite size, form factor is need to be considered at each vertex:


For minimal uncertainty from the cutoff parameters, we strictly fixed the values about  MeV.


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

Λ = mex + 600



Effective Lagrangian



• Heavy chiral Lagrangian

Effective Lagrangian

15

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


A heavy-light meson is made up by a heavy quark  and a light antiquark .

 heavy quark spin symmetry(HQSS), heavy quark flavor symmetry(HQFS) + chiral symmetry

Q q̄
→

• Heavy superfield: HQSS, HQFS, Lorentz invariance, Parity invariance
<latexit sha1_base64="b1aIU7nnu2hIpecrpn1ypvejXbg="></latexit>

H
a =

1 + /v

2
(P ⇤a

µ �
µ � P

a
�5), H̄ = �0H

†
�0 = (P ⇤†a

µ �
µ + P

†a
�5)

1 + /v

2

Pseudoscalar heavy field:

Vector heavy field:

<latexit sha1_base64="PhCcIT/Zvp5EADpQcb8xZH69dNA="></latexit>

P a = {D+, D0, D+
s } or {B�, B̄0, B̄0

s}
<latexit sha1_base64="jLwjfFK9T+HgIo5CiUmkkAgILiM="></latexit>

P ⇤a
µ = {D⇤+

µ , D⇤0
µ , D⇤+

sµ } or {B⇤�
µ , B̄⇤0

µ , B̄⇤0
sµ}

<latexit sha1_base64="nYD/vcGcJBKM8O11FxKv7EQvfvU="></latexit>

Lheavy = igTr[Hb�µ�5Aµ
baH̄a] + i�Tr[Hbv

µ(Vµ � ⇢µ)baH̄a] + i�Tr[Hb�µ⌫F
µ⌫
ba (⇢)H̄a] + g�H̄aHa�



• Heavy chiral Lagrangian

Effective Lagrangian

16

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

<latexit sha1_base64="YUbE15XFUiRj9RbrxrmfCp6dft4="></latexit>

Aµ =
i

f⇡
@µM+ · · ·

<latexit sha1_base64="NvRlOPG2rRDYB+6/sqFn9V2+md4="></latexit>
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⇡� � ⇡0
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K� K̄0 �
q

2
3⌘

1

CCA

<latexit sha1_base64="wK1fzKryO80DtO6mfBpJdW0zKOc="></latexit>

⇢µ = i
gVp
2
V µ, V µ =

0

BB@
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⇢� � ⇢0
p
2
+ !p
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K⇤� K̄⇤0 �
q

2
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1

CCA

µ

• Light pseudoscalar mesons: chiral symmetry spontaneous break down  
 
 
 
 

• Light vector mesons: dynamical gauge boson of the hidden local symmetry 

<latexit sha1_base64="nYD/vcGcJBKM8O11FxKv7EQvfvU="></latexit>

Lheavy = igTr[Hb�µ�5Aµ
baH̄a] + i�Tr[Hbv

µ(Vµ � ⇢µ)baH̄a] + i�Tr[Hb�µ⌫F
µ⌫
ba (⇢)H̄a] + g�H̄aHa�



Effective Lagrangian

17

• SU(3) symmetric Lagrangians for the light flavors

• 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).

<latexit sha1_base64="DymK+YvQypQMu+7xwJnJMQZGtUQ="></latexit>

LPPV = � i

2
gPPV Tr([M, @µM]Vµ),

LPP� = 2gPP�mPMM�

<latexit sha1_base64="nYD/vcGcJBKM8O11FxKv7EQvfvU="></latexit>

Lheavy = igTr[Hb�µ�5Aµ
baH̄a] + i�Tr[Hbv

µ(Vµ � ⇢µ)baH̄a] + i�Tr[Hb�µ⌫F
µ⌫
ba (⇢)H̄a] + g�H̄aHa�

<latexit sha1_base64="MIG9rJMTi4FMp6gPrUzj8upLPQQ="></latexit>

LJ = g Tr[JH̄
Q̄
a �µ@

µ
H̄

Q
a ]

• Effective Lagrangian for charmonium interactions
<latexit sha1_base64="dGKgcg5LTXMZS0678S7E8Jy2E04="></latexit>

J =
1 + /v

2
[ µ�µ � ⌘c�5]

1� /v

2
Charminum superfield:          



Heavy and light meson scattering 
with C = S = 1



• Decay to isospin violated channel D*s0(2317) → Dsπ0

Kernel matrix

19

Isospin violation decay implies the mixing of the isoscalar and isovector channels  -  mixing→ π0 η
<latexit sha1_base64="+T9/rcw/2gyzp84nMmGhdRm+cyA="></latexit>

|D+
s ⇡

0i = |D+
s ⇡̃

0i cos ✏� |D+
s ⌘̃i sin ✏

|D+
s ⌘i = |D+

s ⇡̃
0i sin ✏+ |D+

s ⌘̃i cos ✏

Consider four  channels :C = S = 1
<latexit sha1_base64="WjW6piWYU0HHYvnCmHhZUz44Jys=">AAACIHicbVDLSgMxFM34rPVVdekmWARXZUZ8LYtuXFawD+iUcie9bUMzmTHJCGXaT3Hjr7hxoYju9GtMH4vaeiBwOOdccu8JYsG1cd1vZ2l5ZXVtPbOR3dza3tnN7e1XdJQohmUWiUjVAtAouMSy4UZgLVYIYSCwGvRuRn71EZXmkbw3/RgbIXQkb3MGxkrN3KUfgukyEGll2EwDGFIfHxL+SH0BsiOQBoOZxACor8Z6M5d3C+4YdJF4U5InU5SauS+/FbEkRGmYAK3rnhubRgrKcCZwmPUTjTGwHnSwbqmEEHUjHR84pMdWadF2pOyTho7V2YkUQq37YWCTo2X1vDcS//PqiWlfNVIu48SgZJOP2omgJqKjtmiLK2RG9C0BprjdlbIuKGDGdpq1JXjzJy+SymnBuyic353li9fTOjLkkByRE+KRS1Ikt6REyoSRJ/JC3si78+y8Oh/O5yS65ExnDsgfOD+/bdWkYg==</latexit>

Vba ⌘ hb|V|ai

<latexit sha1_base64="1XR9fDIhlIoXyXvAYvhuyomrJNg="></latexit>

|1i = |D+
s ⇡

0i, |2i = |D0K+i, |3i = |D+K0i, |4i = |D+
s ⌘i
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• Kernel matrix

Kernel matrix element:

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



Single channel T matrix elements

Dynamical generation of the poles

The u-channel processes in  
scattering generate two poles through 
strong attractive interactions

DK

<latexit sha1_base64="jU/2oX0FRTHztmLKh2c7T7vPYLY=">AAACGHicbVBLSwMxGMz6rPVV9eglWIQWbN2Ir4tQ9KDHCn1Bd12yadqGZh8kWbEs+zO8+Fe8eFDEa2/+G9NtD9o6EJjMfB/JjBtyJpVpfhsLi0vLK6uZtez6xubWdm5ntyGDSBBaJwEPRMvFknLm07piitNWKCj2XE6b7uBm7DcfqZAs8GtqGFLbwz2fdRnBSktO7tjysOoLL6ZPxcQ6qjkxQgm8ggVUaqT81kHFh7iEksnVyeXNspkCzhM0JXkwRdXJjaxOQCKP+opwLGUbmaGyYywUI5wmWSuSNMRkgHu0ramPPSrtOA2WwEOtdGA3EPr4Cqbq740Ye1IOPVdPjmPIWW8s/ue1I9W9tGPmh5GiPpk81I04VAEctwQ7TFCi+FATTATTf4WkjwUmSneZ1SWg2cjzpHFSRufls/vTfOV6WkcG7IMDUAAIXIAKuANVUAcEPINX8A4+jBfjzfg0viajC8Z0Zw/8gTH6Afqqndg=</latexit>

ex)T11 = (1� V11G1)
�1V11
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Coupled-channel dynamics

Dynamical generation of the poles

When the  channel is coupled to the  :D0K+ D+K0

two bound states below 

 threshold energiesDK

21



Coupled-channel dynamics

Dynamical generation of the poles

The first pole gains width rapidly as  
increases by  channel.

b
D+

s π0b * gDD*K
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Coupled-channel dynamics

Dynamical generation of the poles

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

Dynamical generation of the poles

We find the pole at  MeV in the complex plane.sR = (2317.90 − i0.0593)
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Bottom sector: B*s0
• Model prediction for the scalar bottom-strange state:

<latexit sha1_base64="B7UKmpZegnvD+45IdgZupltkVJ8=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQ0JBE+9gIRTduhCr2AU0pk+mkHTp5ODMRSsg3uPFX3LhQxK0rd/6N08dCWw9cOJxzL/fe40aMCmma31pmYXFpeSW7mltb39jc0rd36iKMOSY1HLKQN10kCKMBqUkqGWlGnCDfZaThDi5HfuOBcEHD4E4OI9L2US+gHsVIKqmjHzninstEpJ3b80KpUDRObXhCTcO07bJz7PhI9rmfXJN62tHzSh4DzhNrSvJgimpH/3K6IY59EkjMkBAty4xkO0FcUsxImnNiQSKEB6hHWooGyCeinYxfSuGBUrrQC7mqQMKx+nsiQb4QQ99VnaMbxaw3Ev/zWrH0yu2EBlEsSYAni7yYQRnCUT6wSznBkg0VQZhTdSvEfcQRlirFnArBmn15ntRtwyoahZuzfOViGkcW7IF9cAgsUAIVcAWqoAYweATP4BW8aU/ai/aufUxaM9p0Zhf8gfb5A4Zkm4U=</latexit>p
sR = 5756.32� i0.0228MeV
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Heavy meson scattering in the 
hidden charm channel



Feynman amplitudes

27

• Hadron channels in hidden-charm sector

Possible two-hadron states with  :cc̄qq̄′ 

<latexit sha1_base64="/c6fdfga0E12sX98gQt63UxCdQE="></latexit>

• DD̄, DD̄⇤, D⇤D̄⇤ (I = 0, 1)

• DsD̄s, DsD̄⇤
s , D

⇤
sD̄

⇤
s , ⌘c!, J/ !, ⌘c�, J/ � (I = 0)

• ⌘c⇡, J/ ⇡, ⌘c⇢, J/ ⇢ (I = 1).

Four sets of coupled channels: mesons can be classified by quantum numbers, IG(JPC)
<latexit sha1_base64="K4FJy2LIr8Gkz+ZJimKa/cXl/6A="></latexit>

• 0±(0+±, 2+±): DD̄, J/ !, DsD̄s, D⇤D̄⇤, J/ �, D⇤
sD̄

⇤
s

• 0±(1+±): ⌘c!, DD̄⇤, ⌘c�, D⇤D̄⇤, DsD̄⇤
s , D

⇤
sD̄

⇤
s

• 1±(0+⌥): DD̄, J/ ⇢, D⇤D̄⇤

• 1±(1+⌥): ⌘c⇢, DD̄⇤, D⇤D̄⇤



Isoscalar channels ( )I = 0



Fully-coupled T-matrices

Dynamical generation of the poles
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s D̄§

s

Im TDD̄

Im TDsD̄s

Im TD§D̄§

Im TD§
s D̄§

s

• A bound state below  thresholdDD̄

• A resonance between  and DD̄ DsD̄s

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

very close to the mass of X(3860).

( )MX(3860) = 3862+50

35 MeV

lower charmonium channels( ) are 
additionally coupled, leading to resonance 

ηcη, J/ψη, . . .

 MeVsB = 3720

 MeVsR = 3861.34 − i22.76

but much narrower width than X(3860).

( ) ΓX(3860) ≃ 200+180

−110 MeV
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Fully-coupled T-matrices

Dynamical generation of the poles

• Nearly bound state below  thresholdDD̄*

• A resonance between  and DD̄* D*D̄*

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

nice candidate for : 
 MeV 

 MeV

X(3940)
mX(3940) = 3942 ± 9
ΓX(3940) = 37+27

−17

Within our cutoff scheme,

larger binding energy than χc1(3872)

 MeVsB = 3848.11

 MeVsR = 3948.622 − i26.98
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s

Im TD§
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s

Mχc1
= 3871.84 MeV
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Fully-coupled T-matrices

Dynamical generation of the poles
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positioned near  threshold but dominantly 
coupled to the  like .

D*D̄*
DD̄ χc2(3930)

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

• A very narrow resonance near  thresholdD*D̄*

 MeVsR = 4005.26 − i5.95

about 80 MeV heavier than …χc2(3930)
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Isovector channels ( )I = 1



Fully-coupled T-matrices

Dynamical generation of the poles
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• No resonant shape in scalar channels


• A pronounce cusp at the  mass thresholdDD̄*
• A peak appears between two mass thresholds

• This structure is found to be a virtual state
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Heavy meson scattering in the 
doubly charm channel



Feynman amplitudes
• Hadron channels in doubly-charm sector

Possible two-hadron states with  :ccq̄q̄′ 

Four sets of coupled channels: mesons can be classified by quantum numbers, IG(JPC)
<latexit sha1_base64="rZQRciHpE+47aBKQ+UG8xgyJ7M0="></latexit>

• 0±(0+±, 2+±): DD, D⇤D⇤

• 0±(1+±): DD⇤, D⇤D⇤

• 1±(0+⌥): DD, D⇤D⇤

• 1±(1+⌥): DD⇤, D⇤D⇤

Kernel matrix element:
<latexit sha1_base64="L+ZZquQMposUBpY5mWgWJxCJXXE="></latexit>
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VDD!DD VDD!DD⇤ VDD!D⇤D⇤

VDD⇤!DD VDD⇤!DD⇤ VD⇤D⇤!D⇤D⇤
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1

A

R. Aaij et.al.(LHCb Collabration) Nature Physics. 18 (2022) 7, 751-754
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Fully-coupled T-matrices

Dynamical generation of the poles

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

3650 3700 3750 3800 3850 3900 3950 4000 4050 4100p
s [MeV]

°20000

°15000

°10000

°5000

0

5000

10000

15000

20000
Ti!i(JIL = 100)[IG(JP ) = 0+(1++)]

Re TDD§

Re TD§D§

Im TDD§

Im TD§D§

A bound state below  threshold with DD* I(JP) = 0(1+)

 MeVsB = 3817.862
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Fully-coupled T-matrices

Dynamical generation of the poles

Vector-isovector channel (I=1,J=1)
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 MeVsB = MB = 3875.120
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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 
 and predicted its bottom-sector partner  from heavy quark flavor symmetry.


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

 molecular states, respectively: , , , .


• 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: .


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

D*s0(2317) B*s0

DD̄ D*D̄* DD̄*
DD̄ X(3860) χc1(3872) X(3940) χc2(3930)

T+
cc(3875)



Thank you



Back up



Feynman amplitudes

42

Consider four  channels :C = S = + 1
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CCA

• Kernel matrix

Kernel matrix element:

We construct the off-mass-shell kernel matrix in the full-channel momentum space.
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<latexit sha1_base64="m6dQBkq3yE+GmX27dHUNMAXQZNY="></latexit>g⇡0K0K⇤0 = �g⇡0K+K⇤+ = gPPV ,

g⌘K0K⇤0 = g⌘K+K⇤+ = �
p
3gPPV ,

gK+K+⇢0 = gK0K0⇢0 = gK+K0⇢�/
p
2 = gPPV ,

gK+K+! = �gK0K0! = gPPV

<latexit sha1_base64="F51AHgQ7WWHB3zfvnUJu9ma/45s="></latexit>

Vt
�(t) = 4F 2(t)gDD�gPP�mDmP
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t�m2
�

<latexit sha1_base64="5bKFYFKVC+bg9Q7fvtj80v0uzc4="></latexit>

Vt
V (t) = �F 2(t)gDDV gPPV

(p1 + k1) · (p2 + k2)

t�m2
V

<latexit sha1_base64="pMEt2CIMkV5JHvhcTc021ctwEG4="></latexit>

Vu
D⇤(u) = F 2(u)g2DD⇤P

(p1 + k2) · (p2 + k1)

u�m2
D⇤

,

D P

D P

�

k1

p1

k2

p2

D

D P

P

k1

p2
D⇤

p1

k2

σ, V

‣ Coupling constants

, , , , [2], [2]gπ0π0σ = 8.7 gηησ = 5.0 gPPV = 5.137 gDD*P = 17.9 gDDV = 1.65 gDDσ = 1.5

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

<latexit sha1_base64="L2hu6WeZgZe84iAI/PVLfO1sMFs="></latexit>gD+
s K+D⇤0 = gD+

s K0D⇤+ = gDD⇤P ,

g⇡0D0D⇤0 = �g⇡0D+D⇤+ = gDD⇤P /
p
2,

g⌘D0D⇤ = g⌘D+D⇤+ = gDD⇤P /
p
6,

gD+
s D0K⇤+ = gD+

s D+K⇤0 = gDDV ,

gD0D0⇢0 = gD0D0! = gDDV /
p
2



Model calculations

•  small strong mode partial width due to the isospin violation


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


•  significant coupling strength with  channel


•  dominantly coupled with 

D+
s η

DK



Feynman amplitudes

45

• Kernel matrix
Kernel matricies:

<latexit sha1_base64="J+SFGIYqY6TVQ+JsECAxdd6D7wo="></latexit>
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We thus construct the off-mass-shell kernel matrix in the full-channel momentum space.

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.

<latexit sha1_base64="HSoJTRAGcrqz9VSI33GEIn2MrhU="></latexit>
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Single channel T matrix elements

Dynamical generation of the poles
<latexit sha1_base64="jU/2oX0FRTHztmLKh2c7T7vPYLY=">AAACGHicbVBLSwMxGMz6rPVV9eglWIQWbN2Ir4tQ9KDHCn1Bd12yadqGZh8kWbEs+zO8+Fe8eFDEa2/+G9NtD9o6EJjMfB/JjBtyJpVpfhsLi0vLK6uZtez6xubWdm5ntyGDSBBaJwEPRMvFknLm07piitNWKCj2XE6b7uBm7DcfqZAs8GtqGFLbwz2fdRnBSktO7tjysOoLL6ZPxcQ6qjkxQgm8ggVUaqT81kHFh7iEksnVyeXNspkCzhM0JXkwRdXJjaxOQCKP+opwLGUbmaGyYywUI5wmWSuSNMRkgHu0ramPPSrtOA2WwEOtdGA3EPr4Cqbq740Ye1IOPVdPjmPIWW8s/ue1I9W9tGPmh5GiPpk81I04VAEctwQ7TFCi+FATTATTf4WkjwUmSneZ1SWg2cjzpHFSRufls/vTfOV6WkcG7IMDUAAIXIAKuANVUAcEPINX8A4+jBfjzfg0viajC8Z0Zw/8gTH6Afqqndg=</latexit>

ex)T11 = (1� V11G1)
�1V11
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TDD̄!DD̄(JIL = 000)(Single channel)

Re TDD̄

Im TDD̄
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TD§D̄§!D§D̄§(JIL = 000)(Single channel)

Re TD§D̄§

Im TD§D̄§

generated solely by  and  interactions, respectivelyDD̄ D*D̄*

scalar-isoscalar(J=I=0) channel

DD̄ D*D̄*



Single channel T matrix elements

Dynamical generation of the poles

4010 4012 4014 4016 4018 4020p
s [MeV]
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TD§D̄§!D§D̄§(JIL = 202)(Single channel)

Re TD§D̄§

Im TD§D̄§
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50

100

TD§D̄§!D§D̄§(JIL = 402)(Single channel)

Re TD§D̄§

Im TD§D̄§

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

D*D̄*



4010 4012 4014 4016 4018 4020 4022 4024p
s [MeV]
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5000

10000

15000

Ti!i(JIL = 100)[I(JP ) = 0+(1++)]

Re TD§D§

Im TD§D§

Single channel T matrix elements

Dynamical generation of the poles

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

3800 3820 3840 3860 3880 3900 3920 3940p
s [MeV]

°60000

°40000

°20000

0

20000

40000
Ti!i(JIL = 100)[I(JP ) = 0+(1++)]

Re TDD§

Im TDD§

The attraction in  kernel is nearly sufficient to generate

a pole at the threshold.

DD*

DD* D*D*
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• Kernel matrix
Kernel matrix element:

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

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.

<latexit sha1_base64="j21lxsuzJ1u6n98lV2lKmqiQCKk="></latexit>

V =

0

@
VDD̄!DD̄ VDD̄!DD̄⇤ VDD̄!D⇤D̄⇤

VDD̄⇤!DD̄ VDD̄⇤!DD̄⇤ VDD̄⇤!D⇤D̄⇤

VD⇤D̄⇤!DD̄ VD⇤D̄⇤!DD̄⇤ VD⇤D̄⇤!D⇤D̄⇤

1

A

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



3600 3700 3800 3900 4000 4100 4200p
s [MeV]

°1750

°1500

°1250

°1000

°750

°500

°250

0

Vi!i(J = 0, I = 1)

DD̄ ! DD̄

D§D̄§ ! D§D̄§

DD̄ ! D§D̄§

Kernel amplitudes

Dynamical generation of the poles

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

DD̄* → D*D̄*
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DD̄§ ! DD̄§

D§D̄§ ! D§D̄§

DD̄§ ! D§D̄§
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Vi!i(J = 0, I = 1)

DD

D§D§

DD ! D§D§

Kernel amplitudes

Dynamical generation of the poles

Scalar channels (J=0)

destructive interference between kernel amplitudes in 
the diagonal elements due to the  factors.IS all interactions are strongly repulsive.
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s [MeV]

°3000
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°1000

°500

0

Vi!i(J = 1, I = 1)
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D§D§
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3800 3850 3900 3950 4000 4050 4100p
s [MeV]

°6000
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°2000

0

2000

Vi!i(J = 1, I = 0)

DD§

D§D§

DD§ ! D§D§

Kernel amplitudes

Dynamical generation of the poles

Vector channels (J=1)

Strong attraction for  
No transition appears in the  process.

DD* → DD*
DD* → D*D*

Strong attractions for both diagonal elements

  Pole is expected to generate in the coupled-channel solution→
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s [MeV]
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TD§D̄§!D§D̄§(JIL = 100)(Single channel)

Re TD§D̄§

Im TD§D̄§

Single channel T matrix elements

Dynamical generation of the poles
<latexit sha1_base64="jU/2oX0FRTHztmLKh2c7T7vPYLY=">AAACGHicbVBLSwMxGMz6rPVV9eglWIQWbN2Ir4tQ9KDHCn1Bd12yadqGZh8kWbEs+zO8+Fe8eFDEa2/+G9NtD9o6EJjMfB/JjBtyJpVpfhsLi0vLK6uZtez6xubWdm5ntyGDSBBaJwEPRMvFknLm07piitNWKCj2XE6b7uBm7DcfqZAs8GtqGFLbwz2fdRnBSktO7tjysOoLL6ZPxcQ6qjkxQgm8ggVUaqT81kHFh7iEksnVyeXNspkCzhM0JXkwRdXJjaxOQCKP+opwLGUbmaGyYywUI5wmWSuSNMRkgHu0ramPPSrtOA2WwEOtdGA3EPr4Cqbq740Ye1IOPVdPjmPIWW8s/ue1I9W9tGPmh5GiPpk81I04VAEctwQ7TFCi+FATTATTf4WkjwUmSneZ1SWg2cjzpHFSRufls/vTfOV6WkcG7IMDUAAIXIAKuANVUAcEPINX8A4+jBfjzfg0viajC8Z0Zw/8gTH6Afqqndg=</latexit>

ex)T11 = (1� V11G1)
�1V11

generated solely by  and  interactions, respectivelyDD̄ D*D̄*

vector-isoscalar(J=1, I=0) channel
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DD̄* D*D̄*



Single channel T matrix elements

Dynamical generation of the poles

Vector-isovector channel (J=1)
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The pole is about to emerge at  mass threshold.DD*

DD* D*D*



Decay width and channel coupling strengths

<latexit sha1_base64="dVVAXSGpsRVM1c/VH5HMigZuiuA=">AAACH3icbVBLTwIxGOziC/GFevTSSEjgIO4aRC8mRC8ekfBKWLLplgIN7e6m7ZqQzf4TL/4VLx40xnjj39iFPSg6SZvJTL/0m3EDRqUyzbmRWVvf2NzKbud2dvf2D/KHRx3phwKTNvaZL3oukoRRj7QVVYz0AkEQdxnputO7xO8+EiGp77XULCADjsYeHVGMlJacfM3mSE0wYlEzdiLkxvAG2oxyJ5K28qF0mnFJX2ey3FrY56WqHdCyky+YFXMB+JdYKSmAFA0n/2UPfRxy4inMkJR9ywzUIEJCUcxInLNDSQKEp2hM+pp6iBM5iBb5YljUyhCOfKGPp+BC/TkRIS7ljOvli0kaueol4n9eP1Sj60FEvSBUxMPLj0Yhgzp5UhYcUkGwYjNNEBZU7wrxBAmEla40p0uwViP/JZ2LilWrXD5UC/XbtI4sOAGnoAQscAXq4B40QBtg8ARewBt4N56NV+PD+Fw+zRjpzDH4BWP+De3Coj8=</latexit>

Rab = lim
s!sR

(sR � s)Tab/(4⇡)

• Residue of the transition amplitude
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ga =
p
Raa

•  decay width D*s0 → Dsπ0
<latexit sha1_base64="yzfqbJ+iIy9wdjoKwOEnrF6603g="></latexit>

�R!a = |ga|2
pcm

4⇡M2
R

Partial decay width of a resonance  to a channel  :


Strong decay mode of the 

R a

D*s0(2317)

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

<latexit sha1_base64="HzwgG2JSvc8k405Ee/KDQ5T8AhE="></latexit>

�D⇤
s0!D+

s ⇡0 =
g21

mD⇤
s0

⇢D+
s ⇡0(m2

D⇤
s0
) =

g21
m2

D⇤
s0

pcm
4⇡

= 13.86 keV < 3.8MeV

<latexit sha1_base64="P8wyjGsCzMt2xlrJATBjwg+/61E="></latexit>

g1 = |gD+
s ⇡0 | = 5.381⇥ 10�2 GeV,

g2 = |gD0K+ | = 77.59GeV,

g3 = |gD+K0 | = 80.17GeV,

g4 = |gD+
s ⌘| = 85.25GeV.
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Channel coupling strengths 
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Rab = lim
s!sR

(sR � s)Tab/(4⇡)

• Residue of the transition amplitude

<latexit sha1_base64="bVOOHrzChyP0RE/MOqASytg/wyI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8bYSiG5dV7AOaEG6mk3bo5OHMRCghKzf+ihsXirj1G9z5N07aLrT1wIXDOfdy7z1+wplUlvVtzM0vLC4tl1bKq2vrG5vm1nZTxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX9wVfitByoki6M7NUyoG0IvYgEjoLTkmXs9D/AFduS9UJkTguoT4Nlt7mUAee6ZFatqjYBniT0hFTRB3TO/nG5M0pBGinCQsmNbiXIzEIoRTvOyk0qaABlAj3Y0jSCk0s1Gb+T4QCtdHMRCV6TwSP09kUEo5TD0dWdxqJz2CvE/r5Oq4NzNWJSkikZkvChIOVYxLjLBXSYoUXyoCRDB9K2Y9EEAUTq5sg7Bnn55ljSPqvZp9eTmuFK7nMRRQrtoHx0iG52hGrpGddRABD2iZ/SK3own48V4Nz7GrXPGZGYH/YHx+QOFIpky</latexit>

ga =
p
Raa

One can introduce channel couplings which characterize the coupling strength of the resonance with 
a certain channel a
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Channel coupling strengths 
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Rab = lim
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(sR � s)Tab/(4⇡)

• Residue of the transition amplitude

<latexit sha1_base64="bVOOHrzChyP0RE/MOqASytg/wyI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8bYSiG5dV7AOaEG6mk3bo5OHMRCghKzf+ihsXirj1G9z5N07aLrT1wIXDOfdy7z1+wplUlvVtzM0vLC4tl1bKq2vrG5vm1nZTxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX9wVfitByoki6M7NUyoG0IvYgEjoLTkmXs9D/AFduS9UJkTguoT4Nlt7mUAee6ZFatqjYBniT0hFTRB3TO/nG5M0pBGinCQsmNbiXIzEIoRTvOyk0qaABlAj3Y0jSCk0s1Gb+T4QCtdHMRCV6TwSP09kUEo5TD0dWdxqJz2CvE/r5Oq4NzNWJSkikZkvChIOVYxLjLBXSYoUXyoCRDB9K2Y9EEAUTq5sg7Bnn55ljSPqvZp9eTmuFK7nMRRQrtoHx0iG52hGrpGddRABD2iZ/SK3own48V4Nz7GrXPGZGYH/YHx+QOFIpky</latexit>

ga =
p
Raa

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

<latexit sha1_base64="dVVAXSGpsRVM1c/VH5HMigZuiuA=">AAACH3icbVBLTwIxGOziC/GFevTSSEjgIO4aRC8mRC8ekfBKWLLplgIN7e6m7ZqQzf4TL/4VLx40xnjj39iFPSg6SZvJTL/0m3EDRqUyzbmRWVvf2NzKbud2dvf2D/KHRx3phwKTNvaZL3oukoRRj7QVVYz0AkEQdxnputO7xO8+EiGp77XULCADjsYeHVGMlJacfM3mSE0wYlEzdiLkxvAG2oxyJ5K28qF0mnFJX2ey3FrY56WqHdCyky+YFXMB+JdYKSmAFA0n/2UPfRxy4inMkJR9ywzUIEJCUcxInLNDSQKEp2hM+pp6iBM5iBb5YljUyhCOfKGPp+BC/TkRIS7ljOvli0kaueol4n9eP1Sj60FEvSBUxMPLj0Yhgzp5UhYcUkGwYjNNEBZU7wrxBAmEla40p0uwViP/JZ2LilWrXD5UC/XbtI4sOAGnoAQscAXq4B40QBtg8ARewBt4N56NV+PD+Fw+zRjpzDH4BWP+De3Coj8=</latexit>

Rab = lim
s!sR

(sR � s)Tab/(4⇡)

• Residue of the transition amplitude

<latexit sha1_base64="bVOOHrzChyP0RE/MOqASytg/wyI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8bYSiG5dV7AOaEG6mk3bo5OHMRCghKzf+ihsXirj1G9z5N07aLrT1wIXDOfdy7z1+wplUlvVtzM0vLC4tl1bKq2vrG5vm1nZTxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX9wVfitByoki6M7NUyoG0IvYgEjoLTkmXs9D/AFduS9UJkTguoT4Nlt7mUAee6ZFatqjYBniT0hFTRB3TO/nG5M0pBGinCQsmNbiXIzEIoRTvOyk0qaABlAj3Y0jSCk0s1Gb+T4QCtdHMRCV6TwSP09kUEo5TD0dWdxqJz2CvE/r5Oq4NzNWJSkikZkvChIOVYxLjLBXSYoUXyoCRDB9K2Y9EEAUTq5sg7Bnn55ljSPqvZp9eTmuFK7nMRRQrtoHx0iG52hGrpGddRABD2iZ/SK3own48V4Nz7GrXPGZGYH/YHx+QOFIpky</latexit>

ga =
p
Raa

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

<latexit sha1_base64="dVVAXSGpsRVM1c/VH5HMigZuiuA=">AAACH3icbVBLTwIxGOziC/GFevTSSEjgIO4aRC8mRC8ekfBKWLLplgIN7e6m7ZqQzf4TL/4VLx40xnjj39iFPSg6SZvJTL/0m3EDRqUyzbmRWVvf2NzKbud2dvf2D/KHRx3phwKTNvaZL3oukoRRj7QVVYz0AkEQdxnputO7xO8+EiGp77XULCADjsYeHVGMlJacfM3mSE0wYlEzdiLkxvAG2oxyJ5K28qF0mnFJX2ey3FrY56WqHdCyky+YFXMB+JdYKSmAFA0n/2UPfRxy4inMkJR9ywzUIEJCUcxInLNDSQKEp2hM+pp6iBM5iBb5YljUyhCOfKGPp+BC/TkRIS7ljOvli0kaueol4n9eP1Sj60FEvSBUxMPLj0Yhgzp5UhYcUkGwYjNNEBZU7wrxBAmEla40p0uwViP/JZ2LilWrXD5UC/XbtI4sOAGnoAQscAXq4B40QBtg8ARewBt4N56NV+PD+Fw+zRjpzDH4BWP+De3Coj8=</latexit>

Rab = lim
s!sR

(sR � s)Tab/(4⇡)

• Residue of the transition amplitude

<latexit sha1_base64="bVOOHrzChyP0RE/MOqASytg/wyI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8bYSiG5dV7AOaEG6mk3bo5OHMRCghKzf+ihsXirj1G9z5N07aLrT1wIXDOfdy7z1+wplUlvVtzM0vLC4tl1bKq2vrG5vm1nZTxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX9wVfitByoki6M7NUyoG0IvYgEjoLTkmXs9D/AFduS9UJkTguoT4Nlt7mUAee6ZFatqjYBniT0hFTRB3TO/nG5M0pBGinCQsmNbiXIzEIoRTvOyk0qaABlAj3Y0jSCk0s1Gb+T4QCtdHMRCV6TwSP09kUEo5TD0dWdxqJz2CvE/r5Oq4NzNWJSkikZkvChIOVYxLjLBXSYoUXyoCRDB9K2Y9EEAUTq5sg7Bnn55ljSPqvZp9eTmuFK7nMRRQrtoHx0iG52hGrpGddRABD2iZ/SK3own48V4Nz7GrXPGZGYH/YHx+QOFIpky</latexit>

ga =
p
Raa

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

<latexit sha1_base64="x5O62e1VuwweV7gVjbGcNi9gros=">AAACAnicbVDJSgNBEK2JW4xb1KOXxiAIgTAjbsegF48RzALJGHp6apI2PQvdPUIYcvMDvOoneBOv/ohf4G/YWQ6a+KDg8V4VVfW8RHClbfvLyi0tr6yu5dcLG5tb2zvF3b2GilPJsM5iEcuWRxUKHmFdcy2wlUikoSew6Q2ux37zEaXicXSnhwm6Ie1FPOCMaiM1nPusXB51iyW7Yk9AFokzIyWYodYtfnf8mKUhRpoJqlTbsRPtZlRqzgSOCp1UYULZgPawbWhEQ1RuNrl2RI6M4pMglqYiTSbq74mMhkoNQ890hlT31bw3Fv/1lDmlj/7ceh1cuhmPklRjxKbbg1QQHZNxHsTnEpkWQ0Mok9w8QFifSsq0Sa1gknHmc1gkjZOKc145uz0tVa9mGeXhAA7hGBy4gCrcQA3qwOABnuEFXq0n6816tz6mrTlrNrMPf2B9/gDJ3pd2</latexit>

1++
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Channel coupling strengths 

<latexit sha1_base64="dVVAXSGpsRVM1c/VH5HMigZuiuA=">AAACH3icbVBLTwIxGOziC/GFevTSSEjgIO4aRC8mRC8ekfBKWLLplgIN7e6m7ZqQzf4TL/4VLx40xnjj39iFPSg6SZvJTL/0m3EDRqUyzbmRWVvf2NzKbud2dvf2D/KHRx3phwKTNvaZL3oukoRRj7QVVYz0AkEQdxnputO7xO8+EiGp77XULCADjsYeHVGMlJacfM3mSE0wYlEzdiLkxvAG2oxyJ5K28qF0mnFJX2ey3FrY56WqHdCyky+YFXMB+JdYKSmAFA0n/2UPfRxy4inMkJR9ywzUIEJCUcxInLNDSQKEp2hM+pp6iBM5iBb5YljUyhCOfKGPp+BC/TkRIS7ljOvli0kaueol4n9eP1Sj60FEvSBUxMPLj0Yhgzp5UhYcUkGwYjNNEBZU7wrxBAmEla40p0uwViP/JZ2LilWrXD5UC/XbtI4sOAGnoAQscAXq4B40QBtg8ARewBt4N56NV+PD+Fw+zRjpzDH4BWP+De3Coj8=</latexit>

Rab = lim
s!sR

(sR � s)Tab/(4⇡)

• Residue of the transition amplitude

<latexit sha1_base64="bVOOHrzChyP0RE/MOqASytg/wyI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8bYSiG5dV7AOaEG6mk3bo5OHMRCghKzf+ihsXirj1G9z5N07aLrT1wIXDOfdy7z1+wplUlvVtzM0vLC4tl1bKq2vrG5vm1nZTxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX9wVfitByoki6M7NUyoG0IvYgEjoLTkmXs9D/AFduS9UJkTguoT4Nlt7mUAee6ZFatqjYBniT0hFTRB3TO/nG5M0pBGinCQsmNbiXIzEIoRTvOyk0qaABlAj3Y0jSCk0s1Gb+T4QCtdHMRCV6TwSP09kUEo5TD0dWdxqJz2CvE/r5Oq4NzNWJSkikZkvChIOVYxLjLBXSYoUXyoCRDB9K2Y9EEAUTq5sg7Bnn55ljSPqvZp9eTmuFK7nMRRQrtoHx0iG52hGrpGddRABD2iZ/SK3own48V4Nz7GrXPGZGYH/YHx+QOFIpky</latexit>

ga =
p
Raa

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

<latexit sha1_base64="x5O62e1VuwweV7gVjbGcNi9gros=">AAACAnicbVDJSgNBEK2JW4xb1KOXxiAIgTAjbsegF48RzALJGHp6apI2PQvdPUIYcvMDvOoneBOv/ohf4G/YWQ6a+KDg8V4VVfW8RHClbfvLyi0tr6yu5dcLG5tb2zvF3b2GilPJsM5iEcuWRxUKHmFdcy2wlUikoSew6Q2ux37zEaXicXSnhwm6Ie1FPOCMaiM1nPusXB51iyW7Yk9AFokzIyWYodYtfnf8mKUhRpoJqlTbsRPtZlRqzgSOCp1UYULZgPawbWhEQ1RuNrl2RI6M4pMglqYiTSbq74mMhkoNQ890hlT31bw3Fv/1lDmlj/7ceh1cuhmPklRjxKbbg1QQHZNxHsTnEpkWQ0Mok9w8QFifSsq0Sa1gknHmc1gkjZOKc145uz0tVa9mGeXhAA7hGBy4gCrcQA3qwOABnuEFXq0n6816tz6mrTlrNrMPf2B9/gDJ3pd2</latexit>

1++
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Channel coupling strengths 

<latexit sha1_base64="dVVAXSGpsRVM1c/VH5HMigZuiuA=">AAACH3icbVBLTwIxGOziC/GFevTSSEjgIO4aRC8mRC8ekfBKWLLplgIN7e6m7ZqQzf4TL/4VLx40xnjj39iFPSg6SZvJTL/0m3EDRqUyzbmRWVvf2NzKbud2dvf2D/KHRx3phwKTNvaZL3oukoRRj7QVVYz0AkEQdxnputO7xO8+EiGp77XULCADjsYeHVGMlJacfM3mSE0wYlEzdiLkxvAG2oxyJ5K28qF0mnFJX2ey3FrY56WqHdCyky+YFXMB+JdYKSmAFA0n/2UPfRxy4inMkJR9ywzUIEJCUcxInLNDSQKEp2hM+pp6iBM5iBb5YljUyhCOfKGPp+BC/TkRIS7ljOvli0kaueol4n9eP1Sj60FEvSBUxMPLj0Yhgzp5UhYcUkGwYjNNEBZU7wrxBAmEla40p0uwViP/JZ2LilWrXD5UC/XbtI4sOAGnoAQscAXq4B40QBtg8ARewBt4N56NV+PD+Fw+zRjpzDH4BWP+De3Coj8=</latexit>

Rab = lim
s!sR

(sR � s)Tab/(4⇡)

• Residue of the transition amplitude

<latexit sha1_base64="bVOOHrzChyP0RE/MOqASytg/wyI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8bYSiG5dV7AOaEG6mk3bo5OHMRCghKzf+ihsXirj1G9z5N07aLrT1wIXDOfdy7z1+wplUlvVtzM0vLC4tl1bKq2vrG5vm1nZTxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX9wVfitByoki6M7NUyoG0IvYgEjoLTkmXs9D/AFduS9UJkTguoT4Nlt7mUAee6ZFatqjYBniT0hFTRB3TO/nG5M0pBGinCQsmNbiXIzEIoRTvOyk0qaABlAj3Y0jSCk0s1Gb+T4QCtdHMRCV6TwSP09kUEo5TD0dWdxqJz2CvE/r5Oq4NzNWJSkikZkvChIOVYxLjLBXSYoUXyoCRDB9K2Y9EEAUTq5sg7Bnn55ljSPqvZp9eTmuFK7nMRRQrtoHx0iG52hGrpGddRABD2iZ/SK3own48V4Nz7GrXPGZGYH/YHx+QOFIpky</latexit>

ga =
p
Raa

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

<latexit sha1_base64="x5O62e1VuwweV7gVjbGcNi9gros=">AAACAnicbVDJSgNBEK2JW4xb1KOXxiAIgTAjbsegF48RzALJGHp6apI2PQvdPUIYcvMDvOoneBOv/ohf4G/YWQ6a+KDg8V4VVfW8RHClbfvLyi0tr6yu5dcLG5tb2zvF3b2GilPJsM5iEcuWRxUKHmFdcy2wlUikoSew6Q2ux37zEaXicXSnhwm6Ie1FPOCMaiM1nPusXB51iyW7Yk9AFokzIyWYodYtfnf8mKUhRpoJqlTbsRPtZlRqzgSOCp1UYULZgPawbWhEQ1RuNrl2RI6M4pMglqYiTSbq74mMhkoNQ890hlT31bw3Fv/1lDmlj/7ceh1cuhmPklRjxKbbg1QQHZNxHsTnEpkWQ0Mok9w8QFifSsq0Sa1gknHmc1gkjZOKc145uz0tVa9mGeXhAA7hGBy4gCrcQA3qwOABnuEFXq0n6816tz6mrTlrNrMPf2B9/gDJ3pd2</latexit>

1++
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Channel coupling strengths 

<latexit sha1_base64="dVVAXSGpsRVM1c/VH5HMigZuiuA=">AAACH3icbVBLTwIxGOziC/GFevTSSEjgIO4aRC8mRC8ekfBKWLLplgIN7e6m7ZqQzf4TL/4VLx40xnjj39iFPSg6SZvJTL/0m3EDRqUyzbmRWVvf2NzKbud2dvf2D/KHRx3phwKTNvaZL3oukoRRj7QVVYz0AkEQdxnputO7xO8+EiGp77XULCADjsYeHVGMlJacfM3mSE0wYlEzdiLkxvAG2oxyJ5K28qF0mnFJX2ey3FrY56WqHdCyky+YFXMB+JdYKSmAFA0n/2UPfRxy4inMkJR9ywzUIEJCUcxInLNDSQKEp2hM+pp6iBM5iBb5YljUyhCOfKGPp+BC/TkRIS7ljOvli0kaueol4n9eP1Sj60FEvSBUxMPLj0Yhgzp5UhYcUkGwYjNNEBZU7wrxBAmEla40p0uwViP/JZ2LilWrXD5UC/XbtI4sOAGnoAQscAXq4B40QBtg8ARewBt4N56NV+PD+Fw+zRjpzDH4BWP+De3Coj8=</latexit>

Rab = lim
s!sR

(sR � s)Tab/(4⇡)

• Residue of the transition amplitude

<latexit sha1_base64="bVOOHrzChyP0RE/MOqASytg/wyI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8bYSiG5dV7AOaEG6mk3bo5OHMRCghKzf+ihsXirj1G9z5N07aLrT1wIXDOfdy7z1+wplUlvVtzM0vLC4tl1bKq2vrG5vm1nZTxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX9wVfitByoki6M7NUyoG0IvYgEjoLTkmXs9D/AFduS9UJkTguoT4Nlt7mUAee6ZFatqjYBniT0hFTRB3TO/nG5M0pBGinCQsmNbiXIzEIoRTvOyk0qaABlAj3Y0jSCk0s1Gb+T4QCtdHMRCV6TwSP09kUEo5TD0dWdxqJz2CvE/r5Oq4NzNWJSkikZkvChIOVYxLjLBXSYoUXyoCRDB9K2Y9EEAUTq5sg7Bnn55ljSPqvZp9eTmuFK7nMRRQrtoHx0iG52hGrpGddRABD2iZ/SK3own48V4Nz7GrXPGZGYH/YHx+QOFIpky</latexit>

ga =
p
Raa

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