
Decay behaviors of the Pc hadronic molecules

Chao-Wei Shen

Institute of Theoretical Physics,
Chinese Academy of Sciences

Chao-Wei Shen (ITP,CAS) Decay behaviors of Pc hadronic molecules 1 / 29



Overview

1 Disentangling the hadronic molecule nature of the pentaquark-like
structure

LHCb’s observation of pentaquark states
Predictions prior to LHCb observation
Explanations after LHCb observation

2 The decay width of the Pc to all possible final states

3 Heavy meson - heavy baryon coupled-channel interactions in
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LHCb’s observation of pentaquark states

R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 115 (2015) 072001

Observation of J/ψp resonances consistent with pentaquark states in
Λ0
b → J/ψKp Decays.
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Figure: mJ/ψp in mKp intervals for
the fit with two P+

c states: (d)
mKp > 2. GeV

M=4380± 8± 29 MeV,

Γ = 205± 18± 86 MeV.

M=4450± 2± 3 MeV,

Γ = 39± 5± 19 MeV.

Significances > 9σ for both.

The preferred spin is one having

spin-3/2 and the other 5/2.

The two states have opposite parity.

Listed in C. Patrignani et al. [Particle Data

Group], Chin. Phys. C 40 no.10, 100001

(2016) and 2017 update.
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Predictions prior to LHCb observation

Theoretical groups

ITP, IHEP, IMP, Peking U., UCAS, Valencia U., Georgia U., Bonn U., etc.

J. J. Wu, R. Molina, E. Oset and B. S. Zou,
Phys. Rev. Lett. 105 (2010) 232001, Phys. Rev. C 84 (2011) 015202.
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Figure: The Feynman diagrams of pseudoscalar-baryon (a) or vector- baryon (b)
interaction via the exchange of a vector meson. P1, P2 is D−, D̄0 or D−s , and V1,
V2 is D∗−, D̄∗0 or D∗−s , and B1, B2 is Σc , Λ+

c , Ξc , Ξ′c or Ωc , and V ∗ is ρ, K∗, φ
or ω.
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Dynamically generated D̄(∗)Σc , D̄
(∗)
s Σc and D̄(∗)Ξ

(′)
c bound states.

(I ,S) zR (MeV) ga
(1/2, 0) D̄Σc D̄Λ+

c

N∗cc̄ 4269 2.85 0

(0,−1) D̄sΛ+
c D̄Ξc D̄Ξ′c

Λ∗cc̄ 4213 1.37 3.25 0

4403 0 0 2.64

Table: Pole positions zR and coupling constants ga for the states from PB → PB.

(I ,S) zR (MeV) ga
(1/2, 0) D̄∗Σc D̄∗Λ+

c

N∗cc̄ 4418 2.75 0

(0,−1) D̄∗s Λ+
c D̄∗Ξc D̄∗Ξ′c

Λ∗cc̄ 4370 1.23 3.14 0

4550 0 0 2.53

Table: zR and ga for the states from VB → VB.
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(I , S) M Γ Γi

(1/2, 0) πN ηN η′N KΣ ηcN
N∗cc̄ 4261 56.9 3.8 8.1 3.9 17.0 23.4

(0,−1) K̄N πΣ ηΛ η′Λ KΞ ηcΛ
Λ∗cc̄ 4209 32.4 15.8 2.9 3.2 1.7 2.4 5.8

4394 43.3 0 10.6 7.1 3.3 5.8 16.3

Table: Mass (M), total width (Γ), and the partial decay width (Γi ) for the states
from PB → PB, with units in MeV.

(I , S) M Γ Γi

(1/2, 0) ρN ωN K ∗Σ J/ψN
N∗cc̄ 4412 47.3 3.2 10.4 13.7 19.2

(0,−1) K̄ ∗N ρΣ ωΛ φΛ K ∗Ξ J/ψΛ
Λ∗cc̄ 4368 28.0 13.9 3.1 0.3 4.0 1.8 5.4

4544 36.6 0 8.8 9.1 0 5.0 13.8

Table: M, Γ and Γi for the states from VB → VB.
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Explanations after LHCb observation

Theoretical interpretations of the hidden-charm pentaquark states
(H. X. Chen, W. Chen, X. Liu and S. L. Zhu, Phys. Rept. 639 (2016) 1)

1 The molecular scheme: bound molecular states of D̄(∗)Σ
(∗)
c

R. Chen, X. Liu, X. Q. Li and S. L. Zhu, Phys. Rev. Lett. 115 (2015) 132002

L. Roca, J. Nieves and E. Oset, Phys. Rev. D 92 (2015) no.9, 094003

J. He, Phys. Lett. B 753 (2016) 547

Q. F. Lü and Y. B. Dong, Phys. Rev. D 93 (2016) no.7, 074020

2 Diquark-diquark-antiqurk state with c̄[cu][ud ] configuration
L. Maiani, A. D. Polosa and V. Riquer, Phys. Lett. B 749 (2015) 289

V. V. Anisovich et al., arXiv:1507.07652 [hep-ph]

3 Diquark-triquark state with [cu][udc̄] configuration
R. F. Lebed, Phys. Lett. B 749 (2015) 454

R. Zhu and C. F. Qiao, Phys. Lett. B 756 (2016) 259

4 Kinematic effects
F. K. Guo, U. G. Meißner, W. Wang and Z. Yang, Phys. Rev. D 92 (2015) 071502

X. H. Liu, Q. Wang and Q. Zhao, Phys. Lett. B 757 (2016) 231
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C. W. Shen, F. K. Guo, J. J. Xie and B. S. Zou, Nucl. Phys. A 954 (2016) 393
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Assuming that the Pc is an S-wave
hadronic molecular state of either D̄∗Σc

or D̄Σ∗c and calculate its partial decay
widths to D̄∗Λc and J/ψp, which are
proceed through the triangle loop
diagram with mesons exchange.

Using the Lorentz covariant orbital-spin
(L-S) scheme, the effective Lagrangians
for the first vertices are:

L
Pc ( 3

2

−
)Σc D̄∗

= gPcΣc D̄∗
Σ̄cPcµD̄

∗µ,

L
Pc ( 3

2

−
)Σ∗c D̄

= gPcΣ∗c D̄
Σ̄∗µc PcµD̄,
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A Gaussian regulator is added in the first vertex:

ΦPc (|~q|2/Λ2) ≡ exp(−|~q|2/Λ2).

The effective Lagrangian involved:

LPPV = gPPVφP(x)∂µφP(x)φµV (x),

LVVP = gVVP iεµναβ∂
µφνV (x)∂αφβV (x)φP(x),

LVVV = gVVV i [∂µφV ν(x)− ∂νφVµ(x)]φµV (x)φνV (x),

LBPB∗ = gBPB∗
[
ψ̄B∗µ(x)ψB(x) + ψ̄B(x)ψB∗µ(x)

]
∂µφP(x),

LBVB∗ = gBVB∗ i
[
ψ̄B∗ν(x)γ5γµψB(x)− ψ̄B(x)γ5γµψB∗ν(x)

][
∂µφνV (x)− ∂νφµV (x)

]
,

LBBP = gBBP ψ̄B(x)iγ5ψB(x)φP(x),

LBBV = gBBV
[
ψ̄B(x)γµψB(x)φµV (x)

+2fBBV ψ̄B(x)σµνψB(x)
(
∂µφνV (x)− ∂νφµV (x)

) ]
,
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The order of the ratios R of these two channels are:

RI =
Γ(Pc(4380)→ D̄Σ∗c → D̄∗Λc)

Γ(Pc(4380)→ D̄Σ∗c → J/ψp)
∼ 10

RII =
Γ(Pc(4380)→ D̄∗Σc → D̄∗Λc)

Γ(Pc(4380)→ D̄∗Σc → J/ψp)
∼ 1

The dependence of both ratios on the cutoff is rather weak.

This ratio can be employed to tell the nature of the Pc resonances in the
future experiments.

We also analyzed in details using the nonrelativistic formalism taking
heavy quark spin symmetry(HQSS) into account.
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Nonrelativistic formalism

LHHπ = −g

2

〈
H†aHb~σ · ~uba

〉
+

g

2

〈
H̄†a~σ · ~uabH̄b

〉
,

LSB3̄π = −
√

3

2
g2B

†
3̄,ab

~ubc · ~Sca + h.c..

LPc = −
√

2

3

(
gPc

D̄†a
~Σ∗†c,ab · ~Pc,b + g ′Pc

D̄∗i†a Σ†c,abP
i
c,b

)
.

where H̄a = −~̄D∗a · ~σ + D̄a, ~uab = −
√

2~∂φab/F +O(φ3),
S i
ab = B∗i6,ab + 1√

3
σiB6,ab and

B3̄ =

 0 Λ+
c Ξ+

c

−Λ+
c 0 Ξ0

c

−Ξ+
c −Ξ0

c 0

 ,B6 =

 Σ++
c

1√
2

Σ+
c

1√
2

Ξ′+c
1√
2

Σ+
c Σ0

c
1√
2

Ξ′0c
1√
2

Ξ′+c
1√
2

Ξ′0c Ω0
c

 .
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Nonrelativistic formalism

I ij ≡ i

4m1m2

∫
d4l

(2π)4

l i l j

(q0 − l0 − ω1 + iε) (k0 + l0 − ω2 + iε)
(
l2 −m2

3 + iε
) ,

IS(m1,m2,m3, ~q
2) = I ii (m1,m2,m3, ~q ),

ID(m1,m2,m3, ~q
2) =

3

2
I ij(m1,m2,m3, ~q )(

qiqj
~q 2
− 1

3
δij).

∑
ω,α,λ

∣∣∣AOPE
D̄Σ∗c

∣∣∣2 = 144N2g2
Pc
mΛc

mPc
m2

Σ∗c
×

[
2
∣∣ID(mD ,mΣ∗c ,mπ, ~q

2)
∣∣2 +

∣∣IS(mD ,mΣ∗c ,mπ, ~q
2)
∣∣2 ],∑

ω,α,λ

∣∣∣AOPE
D̄∗Σc

∣∣∣2 = 48N2g ′ 2Pc
mΛc

mPc
m2

Σc
×

[
5
∣∣ID(mD ,mΣ∗c ,mπ, ~q

2)
∣∣2 +

∣∣IS(mD ,mΣ∗c ,mπ, ~q
2)
∣∣2 ].
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Then we estimate the width of the three-body decay Pc → D̄πΛc .

Pc

Σ∗
c

D̄

π

Λc

Figure: The three-body decay for Pc(4380) being a D̄Σ∗c hadronic molecule.

It turns out a width of about 10 MeV, much smaller than the reported
width of the Pc(4380).
Here, the value of the first vertex’s coupling constant is:

g2 =
4π

4Mm2

(m1 + m2)5/2

(m1m2)1/2

√
32ε,

where M, m1 and m2 are the masses of Pc , D̄(D̄∗) and Σ∗c(Σc),
respectively, and ε is the binding energy, which is valid for an S-wave
shallow bound state.
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Jülich-Bonn model

4 Summary and prospects

Chao-Wei Shen (ITP,CAS) Decay behaviors of Pc hadronic molecules 14 / 29



The decay width of the Pc to all possible final states

Y. H. Lin, C. W. Shen, F. K. Guo and B. S. Zou, Phys. Rev. D 95 (2017) no.11,

114017

All possible final states for the decay of Pc(4380) with JP = 3
2

−
and

Pc(4450) with JP = 3
2

−
or 5

2

+
.

Initial state Final states

Pc(4380)(D̄Σ∗c) D̄∗Λc , J/ψp, D̄Λc , πN, χc0p, ηcp, ρN, ωp, D̄Σc

Pc(4380)(D̄∗Σc) D̄∗Λc , J/ψp, D̄Λc , πN, χc0p, ηcp, ρN, ωp, D̄Σc

Pc(4450)(D̄∗Σc) D̄∗Λc , J/ψp, D̄Λc , πN, χc0p, ηcp, ρN, ωp, D̄Σc , D̄Σ∗c
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More diagrams and Lagrangians are needed and used here.

The value of Λ0 is varied from 0.5 to 1.2 GeV for an estimate of the
two-body partial widths, since it denotes a hard momentum scale which
suppresses the contribution of the two constituents at short distances
∼ 1/Λ0.

In addition, an off-shell form factor for the exchanged meson needs to be
introduced, and we take the form:

F (q2) =
Λ4

1

(m2 − q2)2 + Λ4
1

,

The parameter Λ1 for the off-shell form factor varies for different system,
and we will vary it in the range of 1.5 ∼ 2.4 GeV
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Figure: Dependence of the Pc(4380) total width and branching fractions of D̄∗Λc ,
D̄Λc and J/ψp on the cutoff Λ0 and Λ1 in different scenarios for the Pc(4380):

(left) S-wave D̄Σ∗c molecule with JP = 3
2

−
; (right) S-wave D̄∗Σc molecule with

JP = 3
2

−
. Upper Λ1 is fixed at 2.0 GeV, and bottom Λ0 is fixed at 1.0 GeV.
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To estimate the partial widths of the JP = 5
2

+
Pc(4450) state, we use the

effective Lagrangian for the P-wave interaction among Pc(4450), D̄∗ and
Σc :

LD̄∗ΣcPc
= g

D̄∗ΣcPc

(
−gνα +

pνpα

p2

)(
∂αΣ̄cD̄

∗µ − Σ̄c∂αD̄
∗µ)Pcµν +H.c .,

with p the momentum of the Pc state. The coupling constant g
D̄∗ΣcPc

may be obtained from the compositeness condition.
However, being in a P-wave, the obtained coupling strength relies much
more on the cutoff Λ0. Thus, we can only make a rough estimate for the
widths in this case.
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Figure: Dependence of the Pc(4450) total width and branching fractions of D̄∗Λc ,
D̄Λc and J/ψp on the cutoff Λ0 and Λ1 in different scenarios for the Pc(4380):

(left) S-wave D̄∗Σc molecule with JP = 3
2

−
; (right) P-wave D̄∗Σc molecule with

JP = 5
2

+
. Upper Λ1 is fixed at 2.0 GeV and bottom Λ0 is fixed at 1.0 GeV.
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The corresponding numerical results are obtained with Λ0 = 1.0 GeV and
Λ1 = 2.0 GeV.

Mode
Widths (MeV)

Pc(4380) Pc(4450)

D̄Σ∗c( 3
2

−
) D̄∗Σc( 3

2

−
) D̄∗Σc( 3

2

−
) D̄∗Σc( 5

2

+
)

D̄∗Λc 110.4 28.6 63.8 16.3
J/ψp 2.7 19.8 17.7 2.6
D̄Λc 1.2 13.7 36.0 14.9
πN 0.08 0.06 0.06 0.03
χc0p 0.8 0.002 0.01 0.001
ηcp 0.2 0.05 0.1 0.02
ρN 1.6 0.4 0.2 0.1
ωp 6.1 1.3 0.8 0.4
D̄Σc 0.01 0.09 1.1 0.2
D̄Σ∗c - - 8.9 0.5
D̄Λcπ 7.5 - - -

Total 130.6 64.0 139.7 35.0

Chao-Wei Shen (ITP,CAS) Decay behaviors of Pc hadronic molecules 20 / 29



Overview

1 Disentangling the hadronic molecule nature of the pentaquark-like
structure

LHCb’s observation of pentaquark states
Predictions prior to LHCb observation
Explanations after LHCb observation

2 The decay width of the Pc to all possible final states

3 Heavy meson - heavy baryon coupled-channel interactions in
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Heavy meson - heavy baryon coupled-channel interactions
in Jülich-Bonn model

We use Jülich-Bonn dynamical coupled-channel formalism to calculate
heavy meson - heavy baryon coupled-channel interactions.

The T-matrix of the interaction of a baryon and a meson is formulated as

Tµν(p′′, p′, z) = Vµν(p′′, p′, z) +
∑
κ

∫ ∞
0

dpp2Vµκ(p′′, p, z)

×Gκ(p, z)Tκν(p, p′, z)

with

Gκ(p, z) =
1

z − Ea(p)− Eb(p) + iε
.
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As an exploratory study, we first consider the D̄Λc − D̄Σc interactions.
The t-channel meson exchange and u-channel doubly-charmed baryon
exchange are considered.
Several resonant and bound states with different spin and parity are
dynamically generated.

JP

A B

zR [MeV]
Couplings [10−3 MeV−

1
2 ]

zR [MeV]
Couplings [10−3 MeV−

1
2 ]

gD̄Λc
gD̄Σc

gD̄Λc
gD̄Σc

1
2

−
4295− i 3.7 1.4 + i 0.2 13.2 + i 0.8 4297− i 3.0 1.1 + i 0.2 10.9 + i 0.6

1
2

+
4334− i 28 1.1− i 1.1 −1.9 + i 3.6 4334− i 30 1.0− i 1.0 −1.9 + i 3.7

3
2

+
4325− i 54 0.3− i 1.1 0.8− i 4.5 4325− i 54 0.3− i 1.0 0.7− i 4.6

3
2

−
4380− i 147 0.5− i 1.9 −1.4 + i 5.6 4378− i146 0.5− i 1.7 −1.3 + i 5.6

C. W. Shen, D. Rönchen, U. G. Meißner and B. S. Zou, arXiv:1710.03885[hep-ph]
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Figure: Absolute value of TD̄Λc D̄Λc

(second Riemann sheet) with
JP = 3/2−. The pole at
zR = 4380− i 147 MeV is clearly
visible.
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We also extended it to the hidden beauty sector to study the BΛb − BΣb

interactions.

JP

A B

zR [MeV]
Couplings [10−3 MeV−

1
2 ]

zR [MeV]
Couplings [10−3 MeV−

1
2 ]

gBΛb
gBΣb

gBΛb
gBΣb

1
2

−
10998− i 10 1.2 + i 0.3 23.3 + i 1.5 11005− i 7 1.0 + i 0.3 22.4 + i 1.3

1
2

+
11078− i 4.4 0.7 + i 0.1 −0.9 + i 4.1 11081− i 2.8 0.6 + i 0.1 −0.6 + i 3.6

3
2

+
11093− i 1.8 0.4− i 0.004 0.5− i 0.7 11093− i 1.5 0.4− i 0.01 0.5− i 0.7

3
2

−
11120− i 25 0.3− i 0.3 −1.1 + i 1.6 11120− i 25 0.3− i 0.3 −1.1 + i 1.6

5
2

−
11116− i 38 0.2− i 0.4 0.7− i 2.0 11116− i 38 0.2− i 0.4 0.7− i 2.0

5
2

+
11149− i 88 0.1− i 0.6 −0.8 + i 2.6 11148− i 86 0.1− i 0.5 −0.8 + i 2.5

7
2

+
11123− i 104 0.2 + i 0.5 −0.1 + i 2.6 11124− i 102 0.2 + i 0.5 −0.1 + i 2.5

7
2

−
11176− i 160 0.04 + i 0.3 0.4− i 1.7 11171− i 168 0.1 + i 0.5 0.4− i 2.3

As the b-quark mass is heavier than the c-quark mass, there are more
resonances observed for BΛb − BΣb interactions and they are more tightly
bound.
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Figure: Partial-wave content of the
total cross section for B0Λb → B0Λb

using cut-off values A. Black line:
full solution. Only dominant partial
waves are shown.

Figure: Absolute value of TBΛb BΛb

(second Riemann sheet) with
JP = 7/2+.
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Overview

1 Disentangling the hadronic molecule nature of the pentaquark-like
structure

LHCb’s observation of pentaquark states
Predictions prior to LHCb observation
Explanations after LHCb observation

2 The decay width of the Pc to all possible final states

3 Heavy meson - heavy baryon coupled-channel interactions in
Jülich-Bonn model

4 Summary and prospects
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Summary and prospects

The relative ratio of the decays of P+
c (4380) to D̄∗Λc and J/ψp is very

different for Pc being a D̄∗Σc or D̄Σ∗c bound state with JP = 3
2

−
.

From the total decay width, Pc(4380) being a D̄Σ∗c molecule state with

JP = 3
2

−
and Pc(4450) being a D̄∗Σc molecule state with JP = 5

2

+
is

more reasonable.

More channels including D̄∗Λc and D̄∗Σc are taken into consideration in
the Jülich-Bonn dynamical coupled-channel calculations.(← in progress.)

Searching in the D̄∗Λc and D̄Λc system in the forthcoming experiments in
LHCb, γp experiment at JLAB and πp experiment at JPARC can be used
to disentangle the nature of these Pc states and to achieve a reliable
picture of the pentaquark hadron spectrum.
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