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Exotic hadrons at lhc
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Pentaquark with hidden charms

◦ In 2015 LHCb detected 2 pentaquark states with quark content cc̄qqq,
Pc(4380) and Pc(4450), PRL115, 072001 (2015).

◦ In 2019 LHCb discovered Pc(4312)
+ and resolved the previous

Pc(4450) as two peaks Pc(4440)
+ and Pc(4457)

+, PRL122, 222001
(2019).

 [GeV]pψ/Jm
4 4.2 4.4 4.6 4.8 5

E
ve

nt
s/

(1
5 

M
eV

)

0

100

200

300

400

500

600

700

800

LHCb(b)

4200 4250 4300 4350 4400 4450 4500 4550 4600
 [MeV]pψ/Jm

0

200

400

600

800

1000

1200

W
ei

gh
te

d 
ca

nd
id

at
es

/(
2 

M
eV

)

-weighted dataPcθcos
total fit

+
cPpolynomial + broad 

polynomial

LHCb

+(4312)cP
+(4440)cP +(4457)cP

+
cPbroad 

Qiang Li Mass spectra and strong decays of PNψ (4440, 4457)+ 3-37

http://dx.doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.122.222001


About this talk

◦ Study the mass spectra and strong decays of PNψ (4440, 4457) under the
molecule picture.

State Mass[MeV] Γ [MeV]

PNψ (4440)+ 4440.3± 1.3+4.1
−4.7 20.6± 4.9+8.7

−10.1

PNψ (4457)+ 4457.3± 0.6+4.1
−1.7 6.4± 2.0+5.7

−1.9

◦ Methodology: combining the effective field theory and Bethe-Salpeter
framework.

◦ Based on arXiv: 2503.08440.

◦ Collaborator: Chao-Hsi Chang(ITP&UCAS), Xin Tong(NPU),
Xiao-Ze Tan(DESY&FDU), Tianhong Wang(HIT), Guo-Li
Wang(Hebei Univ.).
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BSE of bound state for J = 1 and 1
2
constituents

◦ PNψ as the D̄∗Σc molecular states: PNψ1/2 and PNψ3/2.

PNψ , P PNψ , P

D̄∗, p1

Σc, p2

D̄∗, k1

Σc, k2

p1

p2

α γ

β α

= K

◦ Bethe-Salpeter equation for a vector meson and a baryon reads

Γα(P, q, r) =

∫
d4k

(2π)4
(−i)Kαβ(k, q)[S(k2)Γ

γ(P, k, r)Dγβ(k1)],

◦ BS wave function ψα(q) = S(p2)Γ
β(P, q)Dβα(p1).

◦ Effective interaction kernel: K(k, q) ∼ K(k⊥ − q⊥).

◦ Salpeter wave function, φα = −i 1
2π

∫
dqPψα(q).

Qiang Li Mass spectra and strong decays of PNψ (4440, 4457)+ 5-37



Instantaneous approximation

◦ Under the instataneous approximation, the BSE can be rewritten as

Mφα = (w1 + w2)H2(p2⊥)φα +
1

2w1
dαβ(p1)γ0Γ

β(q⊥).

◦ Vertex Γ(q⊥) is expressed as the integral of the Salpeter wave function,

Γβ(q⊥) =

∫
d3k⊥
(2π)3

Kβγ(k⊥ − q⊥)φγ(k⊥).

◦ Normalization condition

−i

∫ ∫
d4q

(2π)4
d4k

(2π)4
ψ̄α(P, q, r̄)

∂

∂P 0
Iαβ(P, k, q)ψ

β(P, k, r) = 2Mδrr̄.

◦ Integral kernel in the normalization condition

Iαβ(P, q, k) = (2π)2δ4(k − q)S−1(p2)D
−1
αβ (p1) + iKαβ(P, k, q).
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BS wave functions for JP = 1
2

−
and 3

2

−

◦ JP = 1
2

−
formed by a 1− meson and 1

2

+
baryon

φα(x) = Aα(x)u(P, r)

Aα = (g1 + g2/x) (γα − P̂α) + (g3 + g4/x)xα

where introduced a spacelike variant xα = q⊥α
|q⃗ | .

◦ JP = 3
2

−

φα(x) = Aαβγ5u
β(P, r)

Aαβ(x) = (h1 + h2/x) gαβ + (h3 + h4/x) (γα + P̂α)xβ

+ iϵαβP̂x(h5 + h6/x)γ5 + (h7 + h8/x)xαxβ ,

where uβ(P, r) is the Rarita-Schwinger spinor.

◦ Normalization is expressed as∫
d3q⊥
(2π)3

2w1ϑ
αβ (ūνr̄γ5Āανγ0Aβµγ5uµr ) = 2Mδrr̄.
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Interaction kernel

◦ PNψ (4440, 4457)+ (minimal quark content [cc̄uud]) is taken as the
D̄∗Σc molecular state with isospin |I, I3⟩ = | 1

2
,+ 1

2
⟩

| 1
2
, 1
2
⟩ =

√
2√
3
|Σ++
c D∗−⟩ − 1√

3
|Σ+
c D̄

∗0⟩

◦ Interaction kernels are calculated from the constituent particles D̄∗Σc
scattering based on the one-boson (σ, π, η, ρ, ω) exchange.

◦ For PNψ (4440, 4457)+, the light (pseudo)scalar and vector mesons
contribute.

◦ Throughout this work, the isospin symmetry is used

⟨ 1
2
, 1
2
|Heff| 12 ,

1
2
⟩ = 3

2
⟨Σ++

c D∗−|Heff |Σ++
c D∗−⟩ − 1

2
⟨Σ+

c D̄
∗0|Heff|Σ+

c D̄
∗0⟩

Heff =
∑

LMMiLBBi, i = σ, π, η, ρ, ω
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Effective Lagrangian

◦ Involved Lagrangian describing the charmed anti-heavy-light meson
and a light scalar and vector meson reads

LM = gs ⟨H̄Q̄σHQ̄⟩ + g ⟨H̄Q̄/uγ5HQ̄⟩ − β ⟨H̄Q̄vαραHQ̄⟩ − λ ⟨H̄Q̄σαβFαβHQ̄⟩ ,

◦ HQ̄ represents the field of the D̄(∗) doublet with D̄ = (D̄0, D−, D−
s )

T

HQ̄ =
(
D̄

∗µ
γµ + iD̄γ5

) 1 − /v

2
,

◦ uα = − 1
f
∂αΣ+ · · · , Fαβ = (∂αρβ − ∂βρα) with ρ = (gV /

√
2)V .

◦ Σ and V denote the 3× 3 light pseudoscalar and vector meson fields

Σ =


π0
√

2
+ η√

6
π+ K+

π− − π0
√

2
+ η√

6
K0

K− K̄0 − 2√
6
η

 , V =


(ρ0+ω)√

2
ρ+ K∗+

ρ− − (ρ0−ω)√
2

K∗0

K∗− K̄∗0 ϕ

 .
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Chiral effective Lagrangian for baryons

◦ Effective Lagrangian of the heavy-light baryon and light vector mesons

LB =
3

2
g1iϵ

αβµv ⟨S̄αuβSµ⟩+ βS ⟨S̄αvβρβSα⟩+ iλS ⟨S̄αFαβSβ⟩+ lS ⟨S̄ασSα⟩

◦ Baryon spin doublet

Sα = − 1√
3
(γα + vα)γ

5B +B∗
α

◦ Systematic baryon sextet B in 3× 3 matrix

B =

 Σ++
c

1√
2
Σ+
c

1√
2
Ξ′+
c

1√
2
Σ+
c Σ0

c
1√
2
Ξ′0
c

1√
2
Ξ′+
c

1√
2
Ξ′0
c Ω0

c

 .
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Interaction kernel under one-boson exchange

◦ Under one-boson exchange, interaction kernel for D̄∗Σc in isospin- 1
2

Kαβ(s) = K1γαγβ +K2(γαŝβ − γβ ŝα)ŝ · γ +K3(P̂αŝβ − P̂β ŝα) +K4gαβ

◦ Exchanged momentum s, ŝ = s
|s| ,

Ki = F
2
(s

2
)MD̄∗Vi,

V1 =
1

3

gg1

f2
s
2
(6Dπ −Dη),

V2 =
1

3

gg1

f2
s
2
(6Dπ −Dη) +

1

3
λλSg

2
V s

2
(4Dρ − 2Dω),

V3 = βSλsg
2
V (2Dρ −Dω),

V4 = − 1

3

gg1

f2
s
2
(6Dπ −Dη) + 2gslsDσ +

1

2
ββSg

2
V (2Dρ −Dω).

◦ Propagator Dη ≡ (s2 −m2
η)

−1, similar for σ, π, ρ, ω.
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Regulator function

◦ It is clear that when (−s2) → ∞, the obtained V1(2,4) does not
converge to 0,

V1,2,4 ∼ s2

s2 −m2
3

∼ 1

◦ Caused by the Lagrangian containing the derivative item.

◦ To obtain the stable bound state, it is necessary to introduce a
regulator function to suppress the contribution from high momentum.

◦ Propagator-type regulator function

F (s2) =
m2

Λ

s2 −m2
Λ

where mΛ ∼ 0.9GeV is the only introduced cutoff parameter and the
value is fixed by PNψ mass.
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Main Decay Channels

◦ Eight decay channels are considered: J/ψp, D̄∗0Λ+
c , ηcp, D̄

0Λ+
c ,

D−Σ++
c , D̄0Σ+

c , D
−Σ∗++

c , D̄0Σ∗+
c .

◦ PNψ (4440, 4457)+ decay to (V +B) by exchanging pseudoscalar and
vector mesons

1. J/ψp by D and D∗ exchange

2. D̄∗0Λ+
c by π and ρ exchange

◦ PNψ (4440, 4457)+ decay to (P +B)

1. ηcp by D and D∗ exchange

2. D̄Λc and D̄Σc by π, ρ and ω exchange

◦ PNψ (4440, 4457)+ decay to (P +B∗), D̄Σ∗
c by π, ρ and ω exchange.
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Interaction between Charmonia and D(∗)

◦ Under symmetry of heavy quark spin, the effective Lagrangian
between charmonia and the heavy-light mesons reads

LR = igRTr (R̄HQγα∂
α
HQ̄ − R̄∂

α
HQγαHQ̄) + H.c.

◦ S-wave charmonium doublet

HQ =
1 + /v

2
(D

∗α
γα + iDγ5), R =

1 + /v

2
(ψ
µ
γµ + iηcγ5)

1 − /v

2
.

◦ Expand to obtain the Lagrangians

L
D(∗)D̄(∗)ψ† = + gD̄Dψ iD∂αD̄ψ

†α

+ gDD̄∗ψ
1

Mψ

ϵ
αβµν

(∂αDD̄
∗
β − ∂αD

∗
βD̄)∂µψ

†
ν

− gD∗D̄∗ψi(∂αD
∗
βD̄

∗α
ψ

†β
+ 2D

∗
α∂βD̄

∗α
ψ

†β
+D

∗α
D̄

∗
β∂αψ

†β
)

L
D(∗)D̄(∗)η†c

= − gDD̄∗ηc i(DD̄
∗α −D

∗α
D̄)∂αη

†
c

− gD∗D̄∗ηc
1

Mηc

ϵ
αβµν

∂αD
∗
βD̄

∗
µ∂νη

†
c ,

◦ Only one parameter gR.

Qiang Li Mass spectra and strong decays of PNψ (4440, 4457)+ 14-37



Interaction for D(∗) and Light Mesons

◦ Expand the chiral Lagrangian to obtain interactions needed.

◦ The Lagrangian between D̄(∗) and light pseudoscalar mesons

LD̄(∗)ΣD̄(∗) =+ gD̄ΣD̄∗ iD̄†∂αΣD̄
∗α

− gD̄∗ΣD̄i(D̄
∗α)†∂αΣD̄

+ gD̄∗ΣD̄∗ϵαβµν∂α(D̄
∗
β)

†∂µΣD̄
∗
ν ,

◦ Lagrangian for D̄(∗) and light vector mesons

LD̄(∗)V D̄(∗) =− gD̄V D̄i∂αD̄
†V αD̄

+ gD̄∗V D̄ϵ
αβµν∂αD̄

∗†
β ∂µVνD̄

− gD̄V D̄∗ϵαβµν∂αD̄
†∂βVµD̄

∗
ν

+ gD̄∗V D̄∗ i(Ar∂αD̄
∗†
β V

αD̄∗β + D̄∗†
α ∂βV

αD̄∗β + D̄∗†
α Vβ∂αD̄

∗β)

with Ar =
1
2
β/λM⟨D̄∗†D̄∗⟩.
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Interaction for B and Light Mesons

◦ Expand the chiral Lagrangian to obtain interaction for baryon sextet
and light mesons.

◦ The Lagrangian between B and light pseudoscalar mesons

LBBΣ =− gB̄BΣ ⟨iB̄γ5ΣB⟩
+ gBB∗Σ ⟨(B̄∂αΣB∗α + B̄∗α∂αΣB)⟩

− gB̄∗B∗Σϵ
αβµν ⟨∂βB̄∗

ν∂αΣB
∗
µ⟩

◦ Lagrangian for B and light vector mesons

LBBV =− gB̄BV ⟨B̄γαV αB⟩

− gB̄B∗V ⟨iB̄γαγ5(∂αV β − ∂βV α)B∗
β⟩

+ gB̄∗BV ⟨iB̄∗
βγαγ5(∂

αV β − ∂βV α)B⟩

+ gB̄∗B∗V ⟨iB̄∗
α(∂

αV β − ∂βV α)B∗
β⟩
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L for baryon 3̄ and light mesons

◦ The single-heavy baryon in flavor anti-triplet

Λ =

 0 Λ+
c Ξ+

c

−Λ+
c 0 Ξ0

c

−Ξ+
c −Ξ0

c 0


◦ Lagrangian for Λ and light mesons

LΛB = g4 ⟨Λ̄uαSα⟩+ λIϵ
αβµνvα ⟨Λ̄FµνSβ⟩+H.c..

◦ Expanding to obtain Lagrangian

LΛB =− gΛΣB ⟨iΛ̄Σγ5B + iB̄Σγ5Λ⟩
− gΛΣB∗ ⟨Λ̄∂αΣB∗

α + B̄∗
α∂

αΣΛ⟩
+ gΛV B ⟨Λ̄VαγαB + B̄Vαγ

αΛ⟩

− gΛV B∗ϵαβµν ⟨i∂βΛ̄∂αVνB∗
µ + i∂βB̄

∗
µ∂αVνΛ⟩
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NΣcD
(∗) interaction

◦ Responsible for baryon sector of J/ψ(ηc)p decay channels.

◦ Nucleon N =

(
p
n

)
forms a SU(2) doublet of the isospin.

◦ Three Σc =

(
Σ++
c

1√
2
Σ+
c

1√
2
Σ+
c Σ0

c

)
form a triplet representation of the

isospin, namely 1-2 sector of sextet B,

◦ Under isospin symmetry, Lagrangian for NΣcD
(∗)

L
N̄ΣcD

(∗)

=gNΣcDiN̄γ5Σc(−iσ2) ·D†
+ gNΣcD∗ N̄γ

α
Σc(−iσ2) ·D∗†

α

= − gNΣcDi

(
p̄γ5Σ

++
c D

+† − 1√
2
p̄γ5Σ

+
c D

0†
+

1√
2
n̄γ5Σ

+
c D

+† − n̄γ5Σ
0
cD

0†
)

− gNΣcD∗

(
p̄γ
α
Σ

++
c D

∗+†
α − 1√

2
p̄γ
α
Σ

+
c D

∗0†
α +

1√
2
n̄γ

α
Σ

+
c D

∗+†
α − n̄γ

α
Σ

0
cD

∗0†
α

)
.

where σ2 the second Pauli matrix, and here D(∗) = (D(∗)0, D(∗)+) .
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Amplitude for PN
ψ →J/ψp

◦ PNψ as the D̄∗Σc molecule can decay to J/ψp by exchanging either a D
or a D∗ meson.

PNψ , P

D̄∗, k1

Σc, k2

J/ψ, P1

p, P2

γ

β

D, k3

PNψ , P

D̄∗, k1

Σc, k2

J/ψ, P1

p, P2

γ

β
µ

ν

D∗, k3

◦ Invariant amplitude for PNψ → J/ψp by exchanging a D

A11[P
N
ψ1/2] = −i

3
gNDΣc

gDD̄∗ψū2γ5
∫ d4k

(2π)4
[S(k2)Γ

γ
(k, r)Dγβ(k1)]D(k3)

ϵµναβ

M1

P1µe
∗
1νk3α

= G11e
∗α
1 ū2T11αu(P, r)

where integral over k behaves

T
ν
11u(P, r) = i

ϵαβP1ν

M1

γ5

∫
d4k

(2π)4
[S(k2)Γ

γ
(k, r)Dγβ(k1)]D(k3)k1α

◦ Dimensionless interaction strength G11 = gNDΣcgDD̄∗ψ.
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Triangle integral

◦ Contour integral over kP to obtain six poles∫
dkP

2π
[S(k2)Γγ(k, r)Dγβ(k1)]D(k3)k1α =

1

2w3

(
a1αΛ

+
+ a2αΛ

−
)
γ0φβ

◦ Λ±γ0 = 1
2
± 1

2w2
H(p2⊥), and coefficients a1 and a2

a1α = c1x1α + c3x3α + c5x5α,

a2α = c2x2α + c4x4α + c6x6α,

where xi = k1(kP = kPi) with (i = 1, · · · 6)

kP1 = ζ+1 , kP2 = ζ−1 , kP3 = ζ+2 , kP4 = ζ−2 , kP5 = ζ+3 , kP6 = ζ−3 .

◦ k1 = α1P + k, and cis (i = 1, · · · 6)

c1(2) = ∓ 1

E1 ∓ (w1 + w3)
,

c3(4) = ∓ 1

E2 ∓ (w2 + w3)
,

c5(6) = ± M ∓ (w1 + w2)

[E1 ± (w1 + w3)][E2 ∓ (w2 + w3)]
.
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Amplitude expressed by wave function

◦ Contour integral over kP to obtain six poles

T
ν
11u(P, r) = i

ϵαβP1ν

M1

γ5

∫
dk3⊥
(2π)3

1

2w3

(
a1αΛ

+
+ a2αΛ

−
)
γ0φβ(k⊥)

= (s111γ
ν
+ s112P̂

ν
)u(P, r)

◦ Amplitude for PNψ1/2 by D exchange expressed with form factors

A11;PN
ψ1/2

= G11e
∗α
1 ū2

(
s111γα + s112P̂α

)
u(P, r).

◦ PNψ3/2 → J/ψp by D exchange, T11αu→ T11αβu
β ,

A11;PN
ψ3/2

= G11e
α∗
1 ū2T11αβu

β(P, r),

with

T11αβ = t111ϵαβP̂ P̂1
+ (t112gαβ + t113γαP̂1β + t114P̂αP̂1β)γ5.
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Amplitude by D∗ exchange

◦ PNψ1/2 to J/ψp by D∗ exchange

A12;1/2 = G12ū2γν

∫
d4k

(2π)4
[S(k2)Γγ(k, r)D

γβ
(k1)]D

µν
(k3)e

∗α
1 Oαβµρ(k1 + k3)

ρ

Oαβµρ ≡ −
(
gαµgβρ − 1

2
ι2gβµgαρ + ι3gαβgµρ

)
,

◦ G12 = gND∗ΣcgD∗D̄∗ψ. Amplitude can be expressed as

A12[P
N
ψ1/2] = G12(e

α
1 )

∗
ū2T12αu(P, r),

T12αu(P, r) = Oαβµργν

∫
d3k⊥

(2π)3
1

2w3

(
a
µνρ
3 Λ

+
+ a

µνρ
4 Λ

−
)
γ0φ

β

◦ After integral over k⊥ obtain

T12α = (s121γα + s122P̂α).
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Total amplitude for J/ψp decay

◦ Combing the contributions from D and D∗ to obtain the total
amplitude for PNψ1/2 → J/ψp decay by two form factors,

A = A11 +A12 = e∗α1 ū2

(
s11γα + s12P̂α

)
u.

◦ Form factors s11 and s12 are expressed as

s11 = G11s111 +G12s121,

s12 = G11s112 +G12s122.

◦ Total amplitude for PNψ3/2 → J/ψp

A =e∗α1 ū2

(
it11ϵαβP̂ P̂1

+ t12gαβγ5 + t13P̂1βγαγ5 + t14P̂αP̂1βγ5
)
uβ ,

where t1i (i = 1, 2, 3, 4) is related to the coupling constants by

t1i = G11t11i +G12t12i
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Amplitude for D̄∗0Λ+
c

◦ As a V +B decay mode, D̄∗0Λ+
c is similar with ψp case,

A[P
N
ψ1/2→D̄

∗0
Λ

+
c ] = e

∗α
1 ū2

(
s21γα + s22P̂α

)
u(P, r),

A[P
N
ψ3/2→D̄

∗0
Λ

+
c ] = e

∗α
1 ū2

(
t21iϵαβP̂ P̂1

+ (t22gαβ + t23γαP̂1β + t24P̂αP̂1β)γ5
)
u(P, r).

◦ Form factors s2i (i = 1, 2) and t2j (j = 1, 2, 3, 4) are defined as

s2i = G21s21i +G22s22i,

t2j = G21t21j +G22t22j ,

where we define two dimensionless constants

G21 = g
Λ+
c Σ++

c π
gD̄∗0D̄∗−π,

G22 = g
Λ+
c Σ++

c ρ
gD̄∗0D̄∗−ρ

◦ Form factors can be obtained by making replacements

s21i = s11i[M1 →MD̄∗0 ,M2 →M
Λ+
c
,m3 →Mπ],

t21j = t11j [M1 →MD̄∗0 ,M2 →M
Λ+
c
,m3 →Mπ],

s22i = s12i[M1 →MD̄∗ ,M2 →M
Λ+
c
,m3 →Mρ, ι2 → 1, ι3 → Ar],

t22j = t12j [M1 →MD̄∗ ,M2 →M
Λ+
c
,m3 →Mρ, ι2 → 1, ι3 → Ar],
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Amplitude for ηcp decay

◦ As a P +B decay mode, the amplitude ηcp by D and D∗ exchange
behaves

iA31[P
N
ψ1/2] =iū2(−igNDΣc )γ5

∫
d4k

(2π)4
[S(k2)Γ

γ
(k, r)Dβγ(k1)]D(k3)(−igDD̄∗ηc )(iP

β
1 )

iA32[P
N
ψ1/2] = − iG32ū2γ

ν
∫

d4k

(2π)4
[S(k2)Γ

γ
(k, r)Dβγ(k1)]Dµν(k3)

ϵk3βµP1

M1

,

◦ Combining the amplitudes for D and D∗ exchange,

iA[PNψ1/2 → ηcp] = s3ū2γ5u(P, r),

iA[PNψ3/2 → ηcp] = t3ū2

(
P̂1α

)
uα(P, r).

where the form factors s3 and t3 behave

s3 = G31s31 +G32s32,

t3 = G31t31 +G32t32.
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Amplitude for P +B decay mode

◦ For other P +B decay mode, D̄∗0Λ+
c can be realized by π and ρ

exchange corresponding to the D and D∗ exchange in ηcp channel.

A4[D̄
0
Λ

+
c ] = A3[ηcp]

(
M1 → MD̄∗ ,M2 → M

Λ
+
c
,MD → Mπ,MD∗ → Mρ

)
◦ For D−Σ++

c and D̄0Σ+
c channel, besides π and ρ, ω also contributes

A5[D
−
Σ

++
c ] = Aπ + Aρ − 1

2
Aω

◦ 1
2
from a relative isospin factor of ω over ρ.

◦ D̄0Σ+
c is similar with D−Σ++

c but isospin factor C6 = 1√
2
C5,

A6[D̄
0
Σ

+
c ] =

1√
2
A5[D

−
Σ

++
c ].
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Amplitude for P +B∗ decay mode

◦ For P +B∗ decay mode, D−Σ∗++
c and D̄0Σ∗+

c can be realized by π, ρ
and ω exchange.

iA7[P
N
ψ1/2 → D

−
Σ

∗++
c ] = ū

α
(P2, r2) (G71T71α +G72T72α +G74T74α)u(P, r)

◦ Strong decay strength for π, ρ and ω exchange

G71 = g
Σ
∗++
c Σ

++
c π

gD−D∗−π,

G72 = g
Σ
∗++
c Σ

++
c ρ

gD−D∗−ρ,

G74 = g
Σ
∗++
c Σ

++
c ω

gD−D∗−ω

◦ T71, T72, T74 denotes triangle integral for π, ρ and ω,

T71αu =
Pβ1
M2

∫
d4k

(2π)4
[S(k2)Γ

γ
(k, r)Dγβ(k1)]D(k3)k3α,

T
σ
72u = i

ϵαβµP̂1

M2

(g
ρσ
γµ − gµνg

σν
γ
ρ
)γ5

∫
d4k

(2π)4
[S(k2)Γ

γ
(k, r)Dγβ(k1)]D(k3)k3ρk1α.

with T74 = T72[mρ → mω].
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Amplitude for P +B∗ decay mode

◦ Total amplitude

iA[P
N
ψ1/2 → D

−
Σ

∗++
c ] = ū

α
2 (s7P̂α)u(P, r),

iA[P
N
ψ3/2 → D

−
Σ

∗++
c ] = ū2α

(
it71

ϵαβPP1

MM1

+ t72g
αβ
γ5 + t73P̂

α
P̂
β
1 γ5

)
uβ(P, r),

where s7 and t7i (i = 1, 2, 3) behaves

s7 = G71s61 +G72s72 − 1

2
G74s74,

t7i = G71t71i +G72t72i −
1

2
G74t74i.

with the form factors from ω exchange reading

s74 = s72[m3 → mω],

t74i = t72i[m3 → mω].
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Decay widths

◦ Two-body partial decay width

Γ[PNψ →MP (V )B
(∗)] =

|P1|
8πM2

C2
i

1

2J + 1

∑
|A|2,

◦
∑

|A|2 denotes summing over all the polarization states.

◦ J , spin of the initial PNψ state;

|P1| =
1

2M

√
[(M2 − (M1 +M2)2][(M2 − (M1 −M2)]

◦ C2
i denotes the isospin factor

C2
1 = C2

2 = C2
3 = C2

4 = 3
2
,

C2
5 = C2

7 = 8
3
,

C2
6 = C2

8 = 4
3
.
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Coupling constants

◦ Chiral constants used

g = 0.59, (λgV ) = 3.25 GeV
−1
, (βgV ) = 5.22, gs = 0.76;

g1 = 0.94, (λSgV ) = 19.20 GeV
−1
, (βSgV ) = 10.09, lS = 6.2;

g4 = 1.0, (λIgV ) = (λSgV )/
√
8.

◦ Other coupling constants

gDD̄ψ = 14.89, gDD̄∗ψ = 15.43, gD∗D̄∗ψ = 8.01, gDD̄∗ηc = 7.58, gD∗D̄∗ηc = 15.72.

gNDΣc = 2.69, gND∗Σc = 3.0.

◦ Finally obtain the strong interaction strength constants

G11 = 41.5, G12 = 24.0, G21 = 371.9, G22 = 485.2,

G31 = 20.4, G32 = 47.2, G41 = 359.0, G42 = 455.0,

G51 = 302.7, G52 = 380.9, G71 = 134.5, G72 = 169.2,

G54 = G52, G61 = G51, G62 = G52, G64 = G54,

G74 = G72, G81 = G71, G82 = G72, G84 = G74.
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Masses for possible D̄∗Σc bound states

◦ Mass spectra under the D̄∗Σc molecule picture in I = 1
2
with cutoff

mΛ in units of GeV with different JP configuration, where the blue
values are fixed by fitting to data.

◦ Two bound states are robust within a range of ±15% for mΛ.

◦ The second bound state would disappear when mΛ is less than
∼ 0.74 GeV.

JP Mass Mass mΛ Mass Mass mΛ Mass Mass mΛ

1
2
− 4.440 4.443 1.07 4.457 4.458 0.860 4.453 4.454 0.915

3
2
− 4.457 4.4625 0.754 4.440 4.450 0.974 4.445 4.454 0.915
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Interaction kernel

◦ The interaction kernel Ki (i = 1, · · · , 4) in the isospin- 1
2
with

mΛ = 1.07 GeV, 0.754 GeV, and 0.917 GeV, respectively.
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BS radial wave functions for PN
ψ1/2

◦ BS wave functions for PNψ1/2 with mass 4.440, 4.443, 4.453, 4.454 GeV,
respectively, with mΛ = 1.07(up) and 0.917 GeV(down), respectively.
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BS radial wave functions for PN
ψ3/2

◦ BS wave functions for PNψ3/2 with mass 4.457, 4.4625, 4.445 and
4.454 GeV, respectively, with mΛ = 0.754(up) and 0.917 GeV(down).
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Form factors

Numerical values of strong decay form factors for PNψ with m = 1, · · · , 8
denoting the 8 decay channels we calculated.

snmo D̄∗0Λ+
c J/ψp D̄0Λ+

c D̄Σc ηcp D̄Σ∗
c

s1m1 1.9 × 10−4 1.3 × 10−6 −3.5 × 10−5 −2.6 × 10−3 −5.7 × 10−6 4.1 × 10−3

s2m1 −4.5 × 10−4 −1.9 × 10−5 2.4 × 10−5 8.0 × 10−5 1.1 × 10−6 −1.3 × 10−4

s1m2 −2.7 × 10−4 −2.9 × 10−6 − − − −
s2m2 −2.2 × 10−4 −1.0 × 10−5 − − − −

tnmo D̄∗0Λ+
c J/ψp D̄0Λ+

c D̄Σc ηcp D̄Σ∗
c

t1m1 3.1 × 10−3 9.1 × 10−5 −1.9 × 10−3 −8.5 × 10−3 −1.6 × 10−6 −3.8 × 10−8

t2m1 2.4 × 10−7 1.2 × 10−8 −1.0 × 10−4 −3.4 × 10−4 −3.2 × 10−5 1.3 × 10−4

t1m2 −3.4 × 10−4 −7.6 × 10−6 − − − 1.9 × 10−5

t2m2 1.8 × 10−3 5.3 × 10−5 − − − 3.9 × 10−4

t1m3 −9.8 × 10−5 −4.2 × 10−6 − − − −2.1 × 10−2

t2m3 −1.3 × 10−3 −1.3 × 10−4 − − − 1.5 × 10−3

t1m4 8.3 × 10−5 2.3 × 10−7 − − − −
t2m4 1.3 × 10−2 −2.4 × 10−4 − − − −
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Numerical decay widths and comparison

◦ Decay widths in units of MeV. Assuming JP for PNψ (4440)+ and

PNψ (4457)+ are 3
2

−
and 1

2

−
respectively in scenario I while opposite in

II. LHCb: Γ[PNψ (4440)+] = 20.6± 4.9 and Γ[PNψ (4457)+] = 6.4± 2.0.
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Discussion and summary

◦ Based on the effective field theory and Bethe-Salpeter framework, we
calculate the strong decay widths of PNψ (4440, 4457) under the D̄∗Σc
molecule picture.

◦ The results show existence of two possible bound states of PNψ in both

JP = 1
2

−
and 3

2

−
(cutoff dependent).

◦ Obtained partial decay widths are directly dependent on the hadron
coupling constants in the relevant effective Lagrangian.

◦ Our results more favor PNψ (4440)+ and PNψ (4457)+ as the isospin

I = 1
2
JP = 3

2

−
and 1

2

−
D̄∗Σc molecule respectively.

◦ D̄(∗)0Λ+
c and D̄Σ

(∗)
c are more promising decay channels to be detect

PNψ (4440, 4457)+ states in experiments.
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