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Pentaquark with 2 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).
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BSE of JP = 0− and 1
2

+
constiuents

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

Γ(P, q, r) =

∫
d4k

(2π)4
(−i)K(k, q)[S(k2)Γ(P, k, r)D(k1)].

PNψ , P PNψ , P

D̄, p1

Σc, p2

D̄, k1

Σc, k2

p1

p2

i i′′

i′ i

= K

1. iK(k, q) ∼ iK(k⊥ − q⊥), effective meson-baryon interaction kernel;

2. S(k2) and D(k1), propagator of the baryon and the meson;

3. BS wave function ψ(P, k) ≡ S(k2)Γ(P, k, r)D(k1);

4. Salpeter wave function φ(q⊥) ≡ −i
∫

dqP
2π
ψ(q).
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Instatanneous approximation

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

Mφ = (w1 + w2)H2(p2⊥)φ+
1

2w1
γ0Γ(q⊥).

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

Γ(q⊥) =

∫
d3k⊥
(2π)3

K(k⊥ − q⊥)φ(k⊥).

◦ Salpeter wave function

φ(P, q⊥, r) =

(
f1 + f2

q⊥
q

)
γ5u(P, r)

= 2
√
π

[
f1Y

0
0 +

1√
3
f2
(
Y 1
1 γ

− + Y −1
1 γ+ − Y 0

1 γ
3)] γ5u(P, r).

◦ Normalization condition∫
d3q⊥
(2π)3

2w1

(
f2
1 + f2

2

)
= 1.
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Interaction kernel

◦ Interaction kernels are calculated from the constituent particles
scattering based on the one-boson exchange.

◦ PNψ (4312)+ (minimal quark content cc̄uud) is taken as the D̄Σc
molecular state with isospin I = 1

2
and I3 = + 1

2

| 1
2
, 1
2
⟩ =

√
2√
3
|Σ++
c ⟩ |D−⟩ − 1√

3
|Σ+
c ⟩ |D̄0⟩ .

◦ For PNψ (4312)+, only the light scalar and vector meson contribute.

◦ Considering the isospin symmetry of strong interaction,

⟨ 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⟩
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Effective lagrangian within the HQET

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

L = σ1 ⟨H̄c̄σHc̄⟩ − ρV1 ⟨H̄c̄vαV
αHc̄⟩ − ρT1 ⟨H̄c̄σ

αβ(∂αVβ − ∂βVα)Hc̄⟩ .

◦ Hc̄ represents the field of the (D̄, D̄∗) doublet

Hc̄ =
(
D̄∗µγµ + iD̄γ5

) 1− /v

2
,

where D̄ = (D̄0, D−, D−
s ).

◦ V denotes the 3× 3 matrix consisting of the 9 light vector meson fields

V =


(ρ0+ω)√

2
ρ+ K∗+

ρ− − (ρ0−ω)√
2

K∗0

K∗− K̄∗0 ϕ

 .
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Effective lagrangian for baryons

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

LB6B6V = ρV2 ⟨S̄µvαV αSµ⟩+ iρT2 ⟨S̄µ(∂µVν − ∂νVµ)Sν⟩+ σ2 ⟨S̄µσSµ⟩ .

◦ Baryon spin doublet

Sµ = − 1√
3
(γµ + vµ)γ

5B6 +B∗
6µ,

◦ Systematic baryon sextet B6 in 3× 3 matrix

B6 =

 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 the one-boson exchange, the calculated interaction kernel for
D̄Σc in isospin- 1

2

K(s⊥) = F 2(s2⊥)

(
V1 + V2

/s⊥
|s|

)
,

◦ The potential V1 and V2

V1 = −2σ1σ2MD
1

E2
σ

+ ρV1ρV2MD

(
1

E2
ρ

− 1

2E2
ω

)
,

V2 = −1

3
ρV1ρT2MD|s|

(
2

E2
ρ

− 1

E2
ω

)
,

◦ Propagator-type regulator function

F (s2) =
m2

Λ

s2 +m2
Λ

,

where mΛ = 0.87GeV is the only introduced cutoff parameter and the
value is fix by the hadron mass.
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Interaction between J/ψ(ηc) and D(∗)

◦ Assuming symmetry of independent heavy quark spin, the effective
coupling between the S-wave charmonia and the heavy-light mesons
reads

L2 = g2Tr (RH̄c̄

↔
/∂ H̄c) + H.c..

◦ S-wave charmonium doublet

R =
1 + /v

2
(ψµγµ + iηcγ5)

1− /v

2
.

◦ Expand to obtain the Lagrangians

L2 =+ gψDDψ
†µD̄∂µD

− igψDD∗
1

Mψ
ϵµναβ∂µψ

†
ν(D̄∂αD

∗
β + D̄∗

α∂βD)

+ gψD∗D∗ψ†µ(D̄∗ν∂νD
∗
µ − ∂νD̄

∗
µD

∗ν + 2∂µD̄
∗νD∗

ν)

+ gDD∗ηcη
†
c(∂µD̄D

∗µ − D̄∗µ∂µD)

+ igD∗D∗ηc
1

Mηc

ϵµναβ∂µη
†
cD̄

∗
ν∂αD

∗
β +H.c..
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Amplitude for PN
ψ (4312)+→J/ψp

◦ PNψ (4312)+ as the D̄Σc molecular state can decay to J/ψp by
exchanging either a D or a D∗ virtual meson.

Pc, P

D̄, k1

Σc, k2

J/ψ, p1

p, p2

D, k3

Pc, P

D̄, k1

Σc, k2

J/ψ, p1

p, p2

µ

ν

D∗, k3

◦ Invariant amplitude for PNψ (4312)+ → J/ψp by exchanging a D

A1 =

∫
d4k

(2π)4
ū2(−igNDΣc)γ

5 [S(k2)Γ(P, k, r)D(k1)] (gψDD)D(k3)(i)e
∗α
1 k1α,

T1αu(P, r) = γ5

∫
d4k

(2π)4
[S(k2)Γ(P, k, r)D(k1)]D(k3)k1α

= (s1P γα + s2P P̂α)u(P, r).
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PN
ψ (4312)+→J/ψp by exchanging a D∗

◦ Amplitude for PNψ (4312)+ → J/ψp by exchanging a D∗

A2 = (gΣcND∗gψDD∗)e∗α1 ū2γ
µ(−i)

1

M1
ϵP1αβµT

β
2 u(P, r),

T β2 u(P, r) =

∫
d4k

(2π)4
[S(k2)Γ(P, k, r)D(k1)]D(k3)k

β
1 .

◦ Perform integral over kP to obtain

T β2 u(P, r) =

∫
d3k⊥
(2π)3

1

2w3

(
aβ1φ

+ + aβ2φ
−
)
.

◦ Perform the numerial integral to express the amplitude by form factor

A2 = (gψDD∗gΣcND∗)e∗α1 ū2(s1V γα + s2V P̂α)u(P, r).

The following identity of the Levi-Civita symbol is used

iγµϵ
µαβν = γ5(γαγβγν − γαgβν + γβgαν − γνgαβ).
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PN
ψ (4312)+ → D̄∗0Λ+

c

◦ Strong decay of PNψ (4312) → D̄∗0Λ+
c is similar with that to J/ψp, just

J/ψ replaced by D̄∗0, p replaced by Λ+
c , and the propagator D(∗)

replaced by the π(ρ) respectively.

◦ Effective Lagrangians

LD̄D̄∗ϕ = gD̄D̄∗ϕ(D̄
∗µ)†∂µϕD̄,

LΣcΛcϕ = (−i)gΛcΣcϕΛ̄cγ5Σcϕ,

◦ ϕ is the 3× 3 traceless hermitian matrix of eight pseudo-scalar meson
fields,

ϕ =


π0
√
2
+ η√

6
π+ K+

π− − π0
√

2
+ η√

6
K0

K− K̄0 − 2√
6
η

 .
◦ Amplitude by exchanging a π and a ρ respectively,

A4 = (gΛcΣcϕgD∗Dϕ)(e
α
1 )

∗ū2

(
s4P γα + s5P P̂α

)
u(P, r),

A5 = (gD∗DρgΛcΣcρ)e
∗α
1 ū2

(
s4V γα + s5V P̂α

)
u(P, r),
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PN
ψ (4312)+→ηcp by exchanging D∗

◦ Decay to ηcp can only happen by exchanging a D∗

A3 = (gND∗ΣcgηcDD∗) ū2T3u(P, r).

◦ T3 is expressed by the integral over BS vertex as

T3u(P, r) =

∫
d4k

(2π)4
(γαP β1 )[S(k2)Γ(k, r)D(k1)]Dαβ(k3)

=

∫
d3k⊥
(2π)3

1

2w3
(γαP β1 )

3∑
i=1

[
cidαβ(yi)φ

+ + ci+3dαβ(yi+3)φ
−]

= s3V γ5u(P, r).

◦ Similar for PNψ (4312)+ → D̄0Λ+
c by exchanging a ρ

A6 = i(gΛcΣcV gD̄D̄V )ū2T6u(P, r)

T6u(P, r) =

∫
d4k

(2π)4
(γαP β1 )[S(k2)Γ(k, r)D(k1)]Dαβ(k3) = s6V γ5u(P, r)
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Decay widths

◦ Amplitude for PNψ (4312)+ → D̄∗0Λ+
c

A[PNψ (4312)+ → D̄∗0Λ+
c ] = A4 +A5 = e∗α1 ū2

(
s4γα + s5P̂α

)
u(P, r).

◦ s4 and s5 are related to the coupling constants

s4 = gD̄ϕD̄∗gΣcϕΛcs4P + gD̄V D̄∗gΣcV Λcs4V ,

s5 = gD̄ϕD̄∗gΣcϕΛcs5P + gD̄V D̄∗gΣcV Λcs5V .

◦ Partial decay width of PNψ (4312)+ to J/ψ(ηc)p or D̄(∗)0Λ+
c

Γ[PNψ (4312)+→MP (V )B] =
|P1|
8πM2

CI
1

2

∑
r,r1,r2

|A|2.

where CI denotes the isospin factor.
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Potential and radial wave functions
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Mass and form factors

◦ Obtain bound state mass MD̄Σc = 4.312GeV in I = 1
2
with

mΛ = 0.87GeV.

◦ Our results do not support the existance of any radially excited states,
which is robust even under the ±50% change of V1(2).

◦ Obtained numerical form factors for decays to J/ψp and D̄∗0Λ+
c ,

s1P = 1.1× 10−3, s2P = 1.9× 10−3, s1V = −4.1× 10−3, s2V = 7.6× 10−3;

s4P = 7.5× 10−3, s5P = 6.0× 10−3, s4V = −8.7× 10−3, s5V = 1.2× 10−2.

For decays to ηcp and D̄0Λ+
c , the obtained form factors s3V and s6V

are

s3V = 5.1× 10−3, s6V = 3.6× 10−2.
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Decay widths and comparisons

◦ Comparison of decay widths for PNψ (4312)+ to J/ψ(ηc)p and D̄(∗)0Λ+
c

with other works in units of MeV.

◦ Theoretical uncertainties are induced by varying the coupling
constants by ±5% in the effective Lagrangian.

◦ The sum of the 4 decay widths are ∼ 9.1 MeV which amounts to
∼ 93% of the total width ΓTot = 9.8± 2.7+3.7

−4.5 MeV [1].

Channel This [2] [3] [4] [5] [6] [7]

J/ψp 0.17−0.04
+0.04 0.32± 0.08 1.67+0.92

−0.56 10−3 ∼ 0.1 0.033 (3 ∼ 8) 9.3+19.5
−9.3

ηcp 0.085−0.016
+0.018 0.98± 0.25 5.54+0.75

−0.50 10−2 ∼ 0.4 0.066 − 0.26−0.24
+0.55

D̄∗0Λ+
c 8.8−1.6

+1.9 - - 10.7 6.16 - -

D̄0Λ+
c 0.026−0.05

+0.06 - - 0.3 0 - -
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Discussion and summary

◦ The main difference between J/ψ(ηc)p and D̄(∗)Λc channels stems
from the much heavier exchanged particle D∗ in the former one.

◦ Obtained partial decay widths are directly dependent on the
coupling constants gψDD, gψDD∗ , gNDΣc , gND∗Σc , and gDD∗ηc in
the relevant effective Lagrangian.

◦ A variation of ±5% in every coupling constant induces about
∼ 20% relative uncertainties.

◦ Interpretation of PNψ (4312)+ as the D̄Σc molecular state with

JP = 1
2

−
and isospin I = 1

2 is favored by this work.

◦ D̄∗0Λ+
c is a much more promising decay channel to be discovered

in experiments.
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Details of one form factor

◦ First perform the integral over kP to obtain

Tα1 u(P, r) = γ5

∫
dk3⊥
(2π)3

1

2w3
(aα1φ

+ + aα2φ
−).

◦ Two coefficients a1 and a2 behaves as

aα1 = c1x
α
1 + c2x

α
2 + c3x

α
3 ,

aα2 = c4x
α
4 + c5x

α
5 + c6x

α
6 ,

where xi = k1(kP = kPi) with (i = 1, · · · 6), and kPis are defined as

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

ζ±1 = −(α1M ∓ w1), ζ
±
2 = (α2M ∓ w2), ζ

±
3 = (E1 − α1M ± w3)

◦ The coefficients cis (i = 1, · · · 6) are defined as

c1(4) =
1

w1 + w3 ∓ E1
,

c2(5) =
(−1)

w2 + w3 ∓ E2
,

c3(6) =
(w1 + w2 ∓M)

(w1 + w3 ± E1)(w2 + w3 ∓ E2)
.□
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