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Studies about pentaquarks before LHCb experiment

Gell-Mann and Zweig proposed not only the existence of the qq̄ mesons and qqq
baryons but also the possible existence of the tetraquarks and pentaquarks.

Gell-Mann, Phys. Lett. 8 (1964) 214 Zweig, CERN Report 8419/TH.401 (1964)

Theoretical studies

The pentaquarks composed of light quarks:

Hogaasen and Sorba, Strotmann, Nucl. Phys. B145 (1978) 119.

Charmed Pentaquark:

Gignoux et al., PLB193(1987)323

Lipkin PLB195(1987)484

The name “pentaquark” was proposed.

.......

Experiment(LEPS,2003): Θ
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Hidden-charmed N∗ above 4 GeV

Hidden-charmed N∗ above 4 GeV

Prediction of Narrow N� and�� Resonances with Hidden Charm above 4 GeV

Jia-Jun Wu,1,2 R. Molina,2,3 E. Oset,2,3 and B. S. Zou1,3

1Institute of High Energy Physics, CAS, Beijing 100049, China
2Departamento de Fı́sica Teórica and IFIC, Centro Mixto Universidad de Valencia-CSIC, Institutos de Investigación de Paterna,

Apartado 22085, 46071 Valencia, Spain
3Theoretical Physics Center for Science Facilities, CAS, Beijing 100049, China

(Received 5 July 2010; published 29 November 2010)

The interaction between various charmed mesons and charmed baryons is studied within the framework

of the coupled-channel unitary approach with the local hidden gauge formalism. Several meson-baryon

dynamically generated narrow N� and �� resonances with hidden charm are predicted with mass above

4 GeV and width smaller than 100 MeV. The predicted new resonances definitely cannot be accom-

modated by quark models with three constituent quarks and can be looked for in the forthcoming PANDA/

FAIR experiments.

DOI: 10.1103/PhysRevLett.105.232001 PACS numbers: 14.20.Gk, 13.30.Eg, 13.75.Jz

Up to now, all established baryons can be ascribed into
3-quark (qqq) configurations [1], although some of them
were suggested to be meson-baryon dynamically generated
states [2–8] or states with large (qqqq �q) components
[9–11]. A difficulty to pin down the nature of these
baryon resonances is that the predicted states from various
models are around the same energy region and there are
always some adjustable ingredients in each model to fit
the experimental data. In this Letter, we report a study
of the interactions between various charmed mesons and
charmed baryons within the framework of the coupled-
channel unitary approach with the local hidden gauge
formalism. Several meson-baryon dynamically generated
narrow N� and �� resonances with hidden charm are
predicted with mass above 4 GeV and width smaller than
100 MeV. The predicted new resonances can be looked
for in the forthcoming PANDA/FAIR experiments [12]. If
confirmed, they definitely cannot be accommodated by
quark models with three constituent quarks.

We follow the recent approach of Ref. [13] and extend it
from three flavors to four. We consider the PB ! PB and
VB ! VB interaction by exchanging a vector meson, as
shown by the Feynman diagrams in Fig. 1.

The effective Lagrangians for the interactions involved
are [13]

LVVV ¼ ighV�½V�; @�V��i;
LPPV ¼ �ighV�½P; @�P�i;
LBBV ¼ gðh �B��½V�; B�i þ h �B��BihV�iÞ; (1)

where P and V stand for pseudoscalar and vector mesons
of the 16-plet of SU(4), respectively. Under the low energy
approximation, the three-momentum versus the mass of
the meson can be neglected. We can just take the �0

component of Eq. (1). The three-momentum and energy
of the exchanged vector are both much smaller than its
mass, so its propagator is approximately g��=M2

V . Then

with g ¼ MV=2f the transition potential corresponding to
the diagrams of Fig. 1 is given by [13]

VabðP1B1!P2B2Þ ¼
Cab

4f2
ðEP1

þ EP2
Þ; (2)

VabðV1B1!V2B2Þ ¼
Cab

4f2
ðEV1

þ EV2
Þ ~�1 � ~�2; (3)

where a, b stand for different channels of P1ðV1ÞB1 and
P2ðV2ÞB2, respectively. The variable E is the energy of the
corresponding particle. The ~� is the polarization vector
of the initial or final vector. The Cab coefficients can be
obtained by the SU(4) Clebsch-Gordan coefficients which
we take from Ref. [14]. We list the values of the Cab

coefficients for PB ! PB with isospin and strangeness
ðI; SÞ ¼ ð1=2; 0Þ and ð0;�1Þ explicitly in Table I.
With the transition potential, the coupled-channel

scattering matrix can be obtained by solving the coupled-
channel Bethe-Salpeter equation in the on-shell factoriza-
tion approach of Refs. [3,5]

T ¼ ½1� VG��1V; (4)

with G being the loop function of a meson (P), or a
vector (V), and a baryon (B). The ~�1 � ~�2 factor of Eq. (3)
factorizes out also in T. The poles in the T matrix are

FIG. 1. Feynman diagrams of pseudoscalar-baryon (a) or
vector-baryon (b) interaction via exchange of a vector meson.
P1, P2 is D

�, �D0, or D�
s , V1, V2 is D

��, �D�0, or D��
s , B1, B2 is

�c, �
þ
c , �c, �

0
c, or �c, and V� is �, K�, �, or !.

PRL 105, 232001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

3 DECEMBER 2010

0031-9007=10=105(23)=232001(4) 232001-1 � 2010 The American Physical Society

Five quark components in N∗

s�s Component of the Proton and the Strangeness Magnetic Moment

B. S. Zou*
Institute of High Energy Physics, CAS, P.O. Box 918, Beijing 100049, China

D. O. Riska†

Helsinki Institute of Physics and Department of Physical Sciences, POB 64, 00014 University of Helsinki, Finland
(Received 25 February 2005; published 11 August 2005)

A complete analysis is given of the implications of the empirical indications for a positive strangeness
magnetic moment �s of the proton on the possible configurations of the uuds�s component of the proton.
A positive value for �s is obtained in the s�s configuration where the uuds subsystem is in an orbitally
excited state with �4�FS�22�F�22�S flavor-spin symmetry, which is likely to have the lowest energy. The
configurations in which the �s is orbitally excited, which include the conventional K��0 configuration,
with the exception of that in which the uuds component has spin 2, yield negative values for �s. The
hidden strangeness analogues of recently proposed quark cluster models for the �� pentaquark give
differing signs for �s.

DOI: 10.1103/PhysRevLett.95.072001 PACS numbers: 12.39.2x, 13.40.Em, 14.20.Dh

Three recent experiments on parity violation in electron-
proton scattering suggest that the strangeness magnetic
moment of the proton �s is positive [1–3]. In contrast,
theoretical calculations have led to negative values for this
observable, with but few exceptions [4–9]. Here the im-
plications of the empirical result for the configuration of
the constituents of the proton are considered by a calcu-
lation of �s for all positive parity configurations of the
uuds �s system with one constituent in the first orbitally
excited state, which may be contained in the proton. The
results are given in the form of simple general expressions,
in which �s is proportional to the s�s probability of the
configuration.

It is shown that�s is positive in the uuds �s configuration,
which is likely to have the lowest energy, where the �s quark
is in the ground state and the uuds system is in the P state.
If, in contrast, the strange antiquark is in the P state and the
4 quarks are in their ground state, the strangeness magnetic
moment is negative (except for the energetically unfavored
case where the total spin of the uuds state equals 2). These
configurations correspond to that of a fluctuation of the
proton into a kaon and a strange hyperon, which is well
known to lead to a negative value for the strangeness
magnetic moment [10–13].

Several intriguing configurations [14–16] for the system
of 4 light flavor quarks and strange antiquarks have been
proposed to explain the structure of the (tentative) ��

pentaquark. Below their hidden strangeness analogues
are considered from the point of view of the strangeness
magnetic moment. While the diquark-diquark configura-
tions suggested in Refs. [14,15] with the �s quark in its
ground state yield positive values, the diquark-triquark
configuration suggested in Ref. [16] yields a negative value
for the strangeness magnetic moment of the proton.

If the uuds quarks are in their ground state, the spatial
state is completely symmetric �4�X, and the Pauli principle
requires that their flavor-spin state has the mixed symmetry
�31�FS so as to combine with the color state �211�C to form
the required total antisymmetry �1111�. The different fla-
vor and spin state symmetry configurations that can com-
bine to the required �31�FS mixed symmetry combination
are listed in Table I [17]. The requirement of positive parity
requires that for these configurations the strange antiquark
has to be in the P state.

If, in contrast, the strange antiquark �s is in its ground
state, the uuds system has to be in the P state in order that
the combination have positive parity. In this case the sym-
metry of the spatial state of the 4-quark system is reduced
to �31�X. When combined with the mixed symmetry color
state �211�C, this allows the flavor-spin combination either
to be completely symmetric �4�FS or to have any one of the
mixed symmetries �31�FS, �22�FS, or �211�FS. The combi-
nations of flavor and spin symmetry configurations that
lead to these symmetries are also listed in Table I [17].

In the quark model the strangeness magnetic moment is
defined as the matrix element of the operator

~� s � e
X
i

Ŝi
2ms

�~li � ~�i�; (1)

where Ŝ is the strangeness counting operator, with eigen-
value �1 for s and �1 for �s quarks, and ms is the con-
stituent mass of the strange quark.

Consider first the configurations, in which the antiquark
is in the P state. For these, the spatial state of the uuds is
completely symmetric �4�X with total orbital angular mo-
mentum 0. The corresponding wave functions for a proton
with spin-up may then be written in the general form

PRL 95, 072001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
12 AUGUST 2005

0031-9007=05=95(7)=072001(4)$23.00 072001-1  2005 The American Physical Society
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Hidden-charm molecular baryons composed of anti-charmed meson and
charmed baryon in the OBE mdoel.

CPC(HEP & NP), 2012, 36(1): 6–13 Chinese Physics C Vol. 36, No. 1, Jan., 2012

Possible hidden-charm molecular baryons composed

of an anti-charmed meson and a charmed baryon*

YANG Zhong-Cheng(���)1 SUN Zhi-Feng(���)2,4 HE Jun(��)1,3;1)

LIU Xiang(��)2,4;2) ZHU Shi-Lin(���)1;3)

1 Department of Physics and State Key Laboratory of Nuclear Physics and Technology,

Peking University, Beijing 100871, China
2 Research Center for Hadron and CSR Physics, Lanzhou University and Institute of Modern

Physics of Chinese Academy of Sciences, Lanzhou 730000, China
3 Nuclear Theory Group, Institute of Modern Physics of Chinese Academy of Sciences, Lanzhou 730000, China

4 School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China

Abstract: Using the one-boson-exchange model, we studied the possible existence of very loosely bound

hidden-charm molecular baryons composed of an anti-charmed meson and a charmed baryon. Our numerical

results indicate that the ΣcD̄
∗ and ΣcD̄ states exist, but that the ΛcD̄ and ΛcD̄

∗ molecular states do not.

Key words: exotic hidden-charm baryons, the one-boson-exchange model, molecular state

PACS: 14.20.Pt, 12.40.Yx, 12.39.Hg DOI: 10.1088/1674-1137/36/1/002

1 Introduction

In the past eight years, more and more experi-

mental observations of new hadron states have been

announced, which has inspired extensive interest in

revealing the underlying structure of these newly ob-

served states. Besides making the effort to categorize

them under the framework of the conventional qq̄ or

qqq states, theorists have also tried to explain some

of these newly observed hadrons as exotic states due

to their peculiarities, which are different from the

conventional qq̄ or qqq states.

Among different schemes to explain the structures

of these newly observed hadrons, molecular states

composed of a hadron pair became very popular due

to the fact that the corresponding observations are of-

ten near the threshold of a pair of hadrons, as shown

in in Table 1. In order to explore whether these newly

observed hadrons can be accommodated in the molec-

ular framework, there are many theoretical calcula-

tions of various molecular states [12–40].

Table 1. The thresholds near the corresponding

newly observed hadron states.

observation threshold observation threshold

X(1860) [1] pp̄ Ds (2317) [2] DK

Ds(2460) [3] D∗K X(3872) [4] D∗D

Y(3940) [5] D∗D∗ Y(4140) [6] D∗
s D∗

s

Y(4274) [7] Ds (2317)D Y(4630) [8] ΛcΛc

Z+ (4430) D1D∗/D′
1D∗ Z+ (4250) [9] D1D/D0D∗

Λc (2940) [10] D∗N Σc (2800) [11] DN

Generally speaking, conventional hadrons with a

charm quark can be grouped into three families, i.e.

charmonium, charmed meson and charmed baryon,

with the configurations [cc̄], [cq̄] and [cqq], respec-

tively, where q or q̄ denotes the light quark or anti-

quark with different flavors. In principle, we may

Received 16 May 2011, Revised 12 October 2011
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Table 3. The matrixes corresponding to
1

〈
I

(
1

2

−)∣∣∣∣Oi

∣∣∣∣I
(

1

2

−)〉

1

and
1

〈
I

(
3

2

−)∣∣∣∣Oi

∣∣∣∣I
(

3

2

−)〉

1

, where

Oi denotes operators ε2 ·ε†
4, σ ·T and S (r̂, σ, T ) in Eqs. (30)–(35). Here,

∣∣∣∣I
(

1

2

−)〉

1

and

∣∣∣∣I(
3

2

−
)

〉

1

are

defined in Eqs. (2)–(3).

ε2 ·ε†
4 σ ·T S (r̂,σ,T )

1

〈
I

(
1

2

−)∣∣∣∣Oi

∣∣∣∣I
(

1

2

−)〉

1

(
1 0

0 1

) (
2 0

0 −1

) (
0 −

√
2

−
√

2 2

)

1

〈
I

(
3

2

−)∣∣∣∣Oi

∣∣∣∣I
(

3

2

−)〉

1

⎛
⎜⎜⎝

1 0 0

0 1 0

0 0 1

⎞
⎟⎟⎠

⎛
⎜⎜⎝

−1 0 0

0 2 0

0 0 −1

⎞
⎟⎟⎠

⎛
⎜⎜⎝

0 1 −2

1 0 −1

−2 −1 0

⎞
⎟⎟⎠

the system, where mB and mP(∗) are the masses

of charmed baryon and pseudoscalar (vector) anti-

charmed meson, respectively.

3 Numerical results

In this work, we mainly investigate the hidden-

charm systems ΛcD̄ with
1

2

(
1

2

−)
, ΛcD̄

∗ with

1

2

(
1

2

−)
,

1

2

(
3

2

−)
, ΣcD̄ with

1

2

(
1

2

−)
,

3

2

(
1

2

−)
,

ΣcD̄
∗ with

1

2

(
1

2

−)
,

3

2

(
3

2

−)
,

1

2

(
1

2

−)
,

3

2

(
3

2

−)
. If

we replace D̄(∗) and the charmed baryon by the corre-

sponding B(∗) and bottom baryon, we can extend the

same formalism listed to discuss the hidden-bottom

molecular baryons composed of a bottom meson and

a bottom baryon, which include ΛbB with
1

2

(
1

2

−)
,

ΛbB
∗ with

1

2

(
1

2

−)
,

1

2

(
3

2

−)
, ΣbB with

1

2

(
1

2

−)
,

3

2

(
1

2

−)
, ΣbB

∗ with
1

2

(
1

2

−)
,

3

2

(
3

2

−)
,

1

2

(
1

2

−)
,

3

2

(
3

2

−)
.

Using the potential obtained above, the bind-

ing energy can be obtained by solving the coupled-

channel Schrödinger equation. We use the FESSDE

program [51] to produce the numerical results for

the binding energy and the corresponding root-mean-

square radius r with the variation of the cutoff Λ

in the region of 0.8 � Λ � 2.2 GeV, as shown in

Fig. 2. Here, we only show the bound state solu-

tion with binding energy less than 50 MeV since the

OBE model is only valid for dealing with the loosely

bound hadronic molecular system.

One notices that Λc does not combine with D̄(∗)

to form a hidden-charm molecular state. There does

exist a hidden-bottom molecular state composed of

Λb and B(∗). As shown in Fig. 2, we find bound

state solutions for only five hidden-charm states,

i.e. ΣcD̄
∗ states with I (JP ) =

1

2

(
1

2

−)
,

1

2

(
3

2

−)
,

3

2

(
1

2

−)
,

3

2

(
3

2

−)
and ΣcD̄ states with

3

2

(
1

2

−)
. We

also find the bound state solutions for the hidden-

bottom molecular baryons, which are ΣbB
∗ states

with I (JP ) =
1

2

(
1

2

−)
,

1

2

(
3

2

−)
,

3

2

(
1

2

−)
,

3

2

(
3

2

−)

and ΣbB with
3

2

(
1

2

−)
.

For the heavy baryon sector, we adopt the values

of coupling constants, including the signs as given in

Fig. 2. (Color online). The Λ dependence of

the binding energy and the obtained root-

mean-square radius r of the hidden-charm or

hidden-bottom system.

A [ΣcD̄
∗]1/2(3/2−) state was predicted in our OBE model.
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Other predictions in hadronic molecular state picture

Wang, Huang, Zhang, and Zou, Phys. Rev. C84 (2011) 015203

ΣcD̄ and ΛcD̄ states in a chiral quark model

The results show that the interaction between Σc and D̄ is attractive, which consequently results in a ΣcD̄

bound state with a binding energy of about 5∼42 MeV, unlike the case of the ΛcD̄ state, which has a

repulsive interaction and thus is unbound.

Karliner, Rosner, Phys. Rev. Lett. 115 (2015) 122001

New Exotic Meson and Baryon Resonances from Doubly-Heavy Hadronic Molecules

Prediction in a multiquark picture

Yuan, Wei, JH, Xu and Zou, Eur.Phys.J. A48 (2012) 61

Study of qqqcc̄ five quark system with three kinds of quark-quark hyperfine interaction

The low-lying energy spectra of five quark systems uudc̄c (I = 1/2, S = 0) and udsc̄c (I = 0,

S = −1) are investigated with three kinds of schematic interaction: the chromomagnetic interaction, the

flavor-spin-dependent interaction and the instanton-induced interaction. In all the three models, the lowest

five-quark state (uudcc or udscc) has an spin-parity JP = 1/2−; the mass of the lowest udsc̄c state is

heavier than the lowest uudc̄c state.

Jun He LHCb hidden-charmed pentaquarks as hadronic molecular states



Introduction
LHCb pentaquarks as hadronic molecular states

Results and Discussion

Studies about pentaquarks before LHCb experiment
LHCb Experiment
Theoretical studies after LHCb experiment

Proposals to search for the predicted hidden-charmed pentaquark

pp̄→ pp̄ηc and pp̄→ pp̄J/ψ at PANDA Wu, Molina, Oset, Zou, PRC84(2011)015202

σp̄p→p̄pηc and σp̄p→p̄pJ/ψ : 10∼70 nb and 0.02∼2 nb.

Main contribution comes from the predicted N∗c̄c(4265) and N∗c̄c(4418) states, respectively.

About 9000∼60000 and 20∼1700 events per day at the PANDA/FAIR facility, respectively.

J/ψ photoprodusction at JLab Huang, JH, Zhang, Chen, JPG41(2014)115004

γ

p
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LHCb Experiment: Pc(4450) and Pc(4380) PRL115(2015)072001

Observed in J/ψp channel of Λ0
b → J/ψK−p decay.

M = 4380± 8± 29 MeV, Γ = 205± 18± 86 MeV.
M = 4449.8± 1.7± 2.5 MeV, Γ = 39± 5± 19 MeV.

Pc(4380) Pc(4450) ∆(−2 lnL)

3/2− 5/2+ 0

3/2+ 5/2− 0.92

5/2+ 3/2− 2.32

.. .. > 52

J/ψp invariant mass spectrum and Argand diagram

 [GeV]pψ/Jm
4 4.2 4.4 4.6 4.8 5

E
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nt
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Theoretical studies after LHCb experiment

The LHCb experiment has been cited by 273 articles.

Anomalous triangle singularity

Liu, Wang, Zhao, PLB757(2016)231

Understanding the newly observed heavy pentaquark
candidates

Mikhail Mikhasenko, arXiv:1507.06552

A triangle singularity and the LHCb pentaquarks

Pentaquark (a color singlet)

Maiani, Polosa, Riquer, PLB749(2015)289 The New Pentaquarks in the Diquark Model

Lebed, PLB749 (2015) 454

The Pentaquark Candidates in the Dynamical Diquark Picture

Wang, EPJC76 (2016)70

Analysis of Pc(4380) and Pc(4450) as pentaquark states in the diquark model

The spin parity can be reproduced.

Chen, Chen, Liu, Steele, Zhu, PRL115(2015)172001

Towards exotic hidden-charm pentaquarks in QCD

Pc(4380) and Pc(4450) as pentaquarks with configurations [D̄∗Σc]3/2− and [D̄∗Λc − D̄Σ∗c ]
5/2+ .

Jun He LHCb hidden-charmed pentaquarks as hadronic molecular states



Introduction
LHCb pentaquarks as hadronic molecular states

Results and Discussion

Studies about pentaquarks before LHCb experiment
LHCb Experiment
Theoretical studies after LHCb experiment

Theoretical studies after LHCb experiment

S-wave molecular state : negative parity

Chen, Liu, Li, Zhu, PRL115(2015)132002

Identifying exotic hidden-charm pentaquarks

Pc(4380) and Pc(4450) as [D̄∗Σc]3/2− and [D̄∗Σ∗c ]
5/2− molecular states.

Roca, Nieves, Oset, PRD92(2015)094003

LHCb pentaquark as a D̄∗Σc − D̄∗Σ∗ molecular state

Pc(4450) as a molecualr state of most [D̄∗Σc − D̄∗Σ∗]3/2− nature

The positive parity can not be reproduced from S-wave Σ
(∗)
c D̄(∗) interaction.

P wave → positive parity

Meissner and Oller, PLB751(2015)59

Testing the χc1p composite nature of the Pc(4450)

Pc(4450) composed of a P-wave meson χc1 and a proton

JH, PLB753 (2016) 547 [arXiv:1507.05200]

D̄Σ∗c and D̄∗Σc interactions and the LHCb hidden-charmed pentaquarks

Pc(4380) and Pc(4450) as S-wave [D̄Σ∗c ]3/2− and P-wave [D̄∗Σc]5/2+ molecular states.
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Hadronic molecular state

Many exotic structures are close to thresholds of two hadrons.

Theoretically, hadron-hadron interaction can produce bound state or resonance
near the threshold

The exotic structure in experiment ↔ molecular state from hadron-hadron interaction

Example: The XYZ particles near the D(∗)D̄∗/B(∗)B̄∗ threshold

 3800

 3900

 4000

 4100

X Zc
+ Zc

0

M
as

s 
(M

eV
)

X(3872)
Zc(3900)±

Zc(3900)0

Zc(4020)± Zc(4020)0

DD
−*

D*D
−*

X Zb
± Zb

0
 10560

 10600

 10640

 10680

Zb(10610)± Zb(10610)0

Zb(10650)±

BB
−*

B*B
−*
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The LHCb hidden-charmed pentaquarks

Pc(4380) and Pc(4450) ↔ D̄Σ∗c(2520) and D̄∗Σc(2455) thresholds

Mass gaps: about 5 MeV and 15 MeV

 4320

 4360

 4400

 4440

 4480

 4520
M

as
s 

(M
eV

)

Pc(4380)

Pc(4450)

D
−

Σ

D
−

Σ*
c

D
−*Σc

D
−*Σc

*

S wave provides only negative parity state.

It conflicts with the LHCb experiment: opposite parities for two Pc states.

Higher-wave interaction will be included.
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D̄Σ∗c , D̄
∗Σc and D̄

∗Σ∗c interactions

No OZI suppression for light meson exchange
→ Heavy meson (J/ψ) exchange suppressed
→ Only light meson exchange considered

Vertex of charmed baryon and light meson

LB6B6P = −
g1

4fπ
ε
αβλκ〈B̄6

←→
∂
κ
γαγλ∂βP B6〉,

LB6B6V = −i
βSgV

2
√

2
〈B̄6
←→
∂ · V B6〉

−
imB6

λSgV

3
√

2
〈B̄6γµγν (∂

µVν − ∂νVµ)B6〉,

LB6B6σ
= −`SmB6

〈B̄6 σ B6〉,

Vertex of anticharmed meson and light meson

LP̃P̃V =
βgV√

2
P̃†a
←→
∂ µP̃bV

µ
ab
,

LP̃P̃σ = −2gsmPP̃bP̃
†
b
σ,

LP̃∗P̃∗P = −
g

fπ
εαβλκP̃

∗β†
a
←→
∂
αP̃∗κb ∂

λPab,

LP̃∗P̃∗V = −i
βgV√

2
P̃∗†µa

←→
∂
ν P̃∗bµVabν

− i2
√

2mP∗λgV P̃
∗µ†
a P̃∗νb (∂µVν − ∂νVµ)ab,

LP̃∗P̃∗σ = 2gsmP∗P̃
∗
b · P̃

∗†
b
σ
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D̄Σ∗c , D̄
∗Σc and D̄

∗Σ∗c potential JH, PLB753(2016)547

The D̄Σ∗c interaction

VV = i
βg2
V

2

[
βS

2
(k2 + k2) · (k1 + k

′
1)Σ̄
∗
c · Σ

∗
c −mΣ∗c

λS(Σ̄
∗ · q

· Σ
∗
c · (k1 + k

′
1) − Σ̄

∗
c · (k1 + k

′
1) Σ
∗
c · q

]
PV(q

2
),

Vσ = i2`SgsmDmΣ∗c
Σ
∗
c · Σ

∗
Pσ(q

2
).

The D̄∗Σ∗c interaction

VP = −i
3gg1

4f2
π

ε
αβλκ

D̄
∗†
β

(k1 + k
′
1)αD̄

∗
κqλ

· ε
α′β′λ′κ′

(k2 + k
′
2)
κ′ qβ′ Σ̄

∗
cα′Σ

∗
cλ′ PP(q

2
),

VV = ig
2
V

{
−
ββS

4
(k1 + k

′
1) · (k2 + k

′
2)D̃
∗† · D̃∗Σ̄∗c · Σ

∗
c

+ 2mΣ∗c
mD∗λλS [D̄

∗† · q(Σ̄∗c · qΣ
∗
c · D̄

∗ − Σ̄
∗
c · D̄

∗
Σ
∗
c · q)

− D̄
∗ · q(Σ̄∗c · qΣ

∗
c · D̄

∗† − Σ̄
∗
c ·D

∗†
Σ
∗
c · q)] +

mΣ∗c
βλS

2

· [q
µ

(k1 + k
′
1)
ν − qν (k1 + k

′
1)
µ

]D̄
∗† · D̄∗Σ̄∗cµΣ

∗
cν − λβSmP∗

· [qµ(k1 + k
′
1)ν − qν (k1 + k

′
1)µ]D̄

µ†
D̄
∗ν

Σ̄
∗
c · Σ

∗
c

}
PV(q

2
),

Vσ = −i2gs`SmD̄∗mΣ∗c
Σ̄
∗
c · Σ

∗
c D̄
∗† · D̄∗Pσ(q

2
).

The D̄∗Σc interaction

VP = i
gg1

4f2
π

εαβλκD̄
∗β†

(k1 + k
′
1)
α
D̄
∗κ
q
λ
ε
α′β′λ′κ′

(k2 + k
′
2)
κ′

q
β′ Σ̄c γα′γλ′ Σc PV(q

2
),

VV = ig
2
V

{ ββS
4

(k1 + k
′
1) · (k2 + k

′
2)D̄
∗† · D̄∗ Σ̄cΣ −

mΣc
βλS

6
[q
µ

· (k1 + k
′
1)
ν − qν (k1 + k

′
1)
µ

]Σ̄cγµγνΣc D̄
∗† · D̄∗ + λβSmD∗

· [qµ(k1 + k
′
1)ν − qν (k1 + k

′
1)µ]D̄

µ†
D̄
∗ν

Σ̄cΣc −
2mΣc

mD∗λλS
3

· Σ̄c[γ · q(qµγν − qνγµ) − (q
µ
γ
ν − qνγµ)γ · q]ΣcD̄†µD̄

∗
ν

}
PV(q

2
),

Vσ = i2gs`SmD∗mΣ∗c
Σ̄cΣc D̄

∗† · D̄∗Pσ(q
2
).

Form factor

Propagator:

PP(q
2
) =

 −1

q2 −m2
π

+
1

6

1

q2 −m2
η

 ,
PV(q

2
) =

 −1

q2 −m2
ρ

−
1

2

1

q2 −m2
ω

 ,
Pσ(q

2
) =

1

q2 −m2
σ

.

A form factor is introduced to compensate the off-shell effect

of exchange meson as f(q2) = ( Λ2

Λ2−q2 )4
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Bethe-Salpeter equation (BSE)

A 4D integral equation in Minkowski space

== +
k′1 k1

k2k′2

k′1

k′2

k1

k2

k′1

k′2

k1

k2

k′′1

k′′2

M V V M

M(k
′
1k
′
2, k1k2;P ) = V(k

′
1k
′
2, k1k2;P )

+

∫ d4k′′

(2π)4
V(k
′
1k
′
2, k
′′
1 k
′′
2 ;P )G(k

′′
1 k
′′
2 )M(k

′′
1 k
′′
2 , k1k2;P ).

Reduction to a 3D integral equation

Direct solution of the BSE is complicated and much computer time is required.

Integrate out the zero component of momentum k′′, k′′0.

The 4D integral equation is reduced to a familiar 3D equation on 3-vector momentum k′′.

How to do it?
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Quaipotential approximation: 4D BSE → 3D BSE Gross, PRC26(1982)2203

The BSE is equivalent to a pair of

equations

M = U − UG0M
U = V − V (G−G0)U

Quasipotential approximation

Choose G0 in a way that

G−G0 is small, so U ≈ V .

k′′0 can be integrated out.

G0 satisfies the unitarity condition

Infinite choices:

BSLT approximation

K-matrix method

Instantaneous approximation

The covariant spectator theory(CST)

G0 = 2πi
δ+(k2

1 −m2
1)

k2
2 −m2

2

Maintains manifest covariance

BS and CST are equivalent when both are
solved exactly.

Gives the correct ”one body limit”.

Preserves cluster separability.

converges more rapidly that the BSE.

CST have been applied successfully to the
study of Deuteron and the NN scattering.

The interested audience is referred to the works by Gross et al.
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Partial wave analysis: reduce 3D BSE to 1D BSE JH, PRD90 (2014)076008

The partial wave decomposition is done directly into the quantum number JP .

All partial waves based on L related to a certain JP are included.

Advantage: the experiment result is usually provided with spin parity JP .

The BSE for a fixed spin parity JP

MJP

λλ′ (p, p
′
) = VJ

P

λ,λ′ (p, p
′
) +

∑
λ′′

∫
p′′2dp′′

(2π)3
VJ

P

λλ′′ (p, p
′′

)G0(p
′′

)MJP

λ′′λ′ (p
′′
, p
′
).

where λ, λ′ and λ′′ ≥ 0 and M̂J
P

λ′λ = f
λ′fλM

JP

λ′λ , with f0 = 1√
2

and fλ 6=0 = 1.

The potential is defined as

VJ
P

λ′λ(p
′
, p) = 2π

∫
d cos θ [d

J
λλ′ (θ)Vλ′λ(p

′
,p) + ηd

J
−λλ′ (θ)Vλ′−λ(p

′
,p)],

where k1 = (W − E, 0, 0,−p), k2 = (E, 0, 0, p) and k′1 = (W − E′,−p′ sin θ, 0,−p′ cos θ),

k′2 = (E′, p′ sin θ, 0, p′ cos θ) with p = |p| in order to avoid confusion with the four-momentum p.
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Solving the 1D BSE for scattering amplitude JH, PRD90 (2014)076008

We discretize the momenta p, p′ and p′′ by the Gaussian quadrature with weight w(pi),

iMik = iVik +
N∑
j=0

iVijGjiMjk,

with the discretized propagator

Gj>0 =
w(p′′j )p′′2j

(2π)3
G0(p

′′
j ),

Gj=0 = −
ip′′o

32π2W
+
∑
j

w(pj)

(2π)3

p′′2o
2W (p′′2j − p′′2o )

 .
In numerical solution, N should be large enough to produce stable result. Usually, N = 50 is chosen.

For a certain reaction, the initial and final particles should be on-shell. The scattering amplitude is

M̂ = M00 =
∑
j

[(1− V G)
−1

]0jVj0. pole :|1− V G| = 0

The total cross section can be written as

σ =
1

16πs

|p′|
|p|

∑
JP ,λ≥0λ′≥0

2J + 1

2

∣∣∣∣∣∣ M̂
JP

λλ′
4π

∣∣∣∣∣∣
2

.

Note that the second sum extends only over positive λ and λ′. Since there is no interference between the
contributions from different partial waves, the total cross section can also be divided into partial-wave cross
sections, allowing a direct access to the importance of the individual partial waves.
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Bound states from D̄Σ∗c , D̄
∗Σc and D̄

∗Σ∗c interactions JH, PLB753(2016)547

Bound state relevant to Pc(4380) and Pc(4450)

Pc(4380): D̄Σ∗c [3/2−, 0.7−1.4], D̄Σ∗c [3/2+, 2.8−5.0], D̄∗Σc[3/2
−, 3.0−3.7];

Pc(4450): D̄∗Σc[5/2
+, 2.7−2.8], D̄∗Σc[5/2

−, 2.8−2.9], D̄∗Σ∗c [5/2+, 2−2.1].

The values in the bracket are spin-parity of the system and the cut offs in the unit of GeV which produces the

experimental mass within uncertainties.

Identification of Pc(4380) and Pc(4450) based on mass and spin parity

LHCb experiment:

Pc(4380): M = 4380± 8± 29 MeV, JP = 3/2−.

Pc(4450): M = 4449.8± 1.7± 2.5 MeV, JP = 5/2+.

Hence, we can identify the Pc(4380) and the Pc(4450) as

Pc(4380) : D̄Σ∗c [3/2−]; Pc(4450) : D̄∗Σc[5/2+].

Pc(4450) is a state from P- and F-wave D̄∗Σc interaction!
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Could P-wave state be observed in experiment? Toy Model JH, arXiv:1607.03223

Two-channel scattering of scalar mesons

Generation channel Observation channel Coupling

Mass of threshold M12 MD̄∗Σc MJ/ψp −−
mass of exchanged meson mex mπ mD

Potential iV C
q2−m2

π
0 C′

q2−m2
D

R = VP /VS

Vlij(p′, p) = 4π
∫
d cos θ Pl(θ)Vij(p′,p) 1
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Application to the D̄∗Σc interaction JH, arXiv:1607.03223
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LHCb experiment

Pc(4380) Pc(4450) ∆(−2 lnL)

3/2− 5/2+ 0

3/2+ 5/2− 0.92

5/2+ 3/2− 2.32

.. .. > 52

Bound state

Pc(4380): D̄Σ∗c [3/2−, 0.7−1.4],
D̄Σ∗c [3/2+, 2.8−5.0],
D̄∗Σc[3/2−, 3.0−3.7];

Pc(4450): D̄∗Σc[5/2+, 2.7−2.8],
D̄∗Σc[5/2−, 2.8−2.9],
D̄∗Σ∗c [5/2+, 2−2.1].

Too many bound state are produce from the interactions with different cutoffs.
The cutoff for each interaction should be different and has not been determined
in experiment or theory.

It is more natural to assign the Pc(4380) and the Pc(4450) as 3/2−-wave and
5/2+-wave D̄∗Σc state. Only one cutoff is Involved.

The existence of two or more resonant signals around 4380 MeV, especially those
with spin parity 3/2−, can not be excluded because of the large widths for the
Pc(4380) obtained here and in experiment. So, it do not conflict with the
identification based on mass and JP .
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Summary

We study the possibility to interpret two LHCb pentaquarks Pc(4380)

and Pc(4450) as molecular state from the D̄Σ∗c and D̄∗Σc interactions.

Many bound states can be produced from the D̄Σ∗c , D̄∗Σc and the D̄∗Σ∗c interactions

Two possible assignments of Pc(4380) and the Pc(4450) :

as 3/2− D̄Σ∗c and 5/2+ D̄∗Σc molecular state based on mass and JP .

as 3/2− and 5/2+ D̄∗Σc molecular state base on a two-channel analysis.

The Pc(4450) is a 5/2+ D̄∗Σc state.

The Pc(4380) may have more complicated origin.

P-wave introduction can produce a bound state as well as S-wave interaction.

The P-wave state can be observed as well as S-wave state.

P wave may be non-negligible even when the S wave is not forbidden.
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