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l. Introduction

» Experimental results

Events/(15 MeV)

e 2015 LHCb Collaboration, Phys. Rev. Lett. 115, 072001

The two P/ states are found to have
masses and widths of

Mp_ 4380y = 4380 £ 8 + 29 MeV

ch (4380) = 205 i 18 i 86MeV

Mp_ (4450) = 4449.8 £ 1.7 £+ 2.5 MeV
[p. (4450) = 39 £ 51 19 MeV

The preferred spin-parity J¥ are of
opposite values, with one state
having spin 3/2 and the other 5/2.



e 2019 LHCb Collaboration, Phys. Rev. Lett. 122 222001
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LHCb  The Pc(4312) was discovered
with 7.30 significance by analyzing
the J/Yp invariant mass spectrum.

* The previously reported Pc(4450)
structure was resolved at 5.40
significance into two narrow

states: the Pc(4440) and Pc(4457).

—
(0] o
o o
(=] (=]

[s)]
o
(=]

Weighted candidates/(2 MeV)

400

P.(4440)"

P.(4312)

y I ) .

4900 4250 4300 4350 4400 4450 4500 4550 4600
m s [MeV]

Figure 6: Fit to the cosfpweighted m ., distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+ states. The mass thresholds for the £+ D® and X+ D*? final states are
superimposed.

Table 1: Summary of - properties. The central values are hased on the fit displayed in Fig. 6.

State M [MeV ] [ [MeV]  (95% CL) R [%
P.(4312)* | 43119 £0.7558 | 98+27F 31 (< 27) | 0.30£0.074)5
P.(4440)* | 44403 £ 13751 | 206 £4.97 57  (<49) | 11103343
P.(457)" | M5T.3£06717 | 64£207 17 (<20) | 0.53 %0061
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> No

e The N¢ bound state was first studied by H. Gao .

PRC 63 (2001) 022201(R)
The QCD van der Waals attractive potential is strong enough to bind a  meson
onto a nucleon inside a nucleus to form a bound state.

* The feasibility of experimental search for the N¢ bound

state at Jefferson Lab was demonstrated by H. Gao .
PRC 75 (2007) 058201
* Measurement of coherent ¢p-meson photoproduction from

the deuteron.

CLAS Collaboration, PRC 76 (2007) 052202(R)
PLB 680 (2009) 417-422, PLB 696 (2011) 338-342

 The N¢ was a quasi-bound state in the extended chiral SU(3)

qguark model.
PRC 73 (2006) 025207



> Our work

1) Hidden-charm pentaquark

2) Hidden-bottom pentaquark
Eur. Phys. J. C. 76, 624 (2016), arXiv: 1510.04648.
Phys. Rev. D. 99, 014010 (2019), arXiv: 1811.04260.

3) Hidden-strange pentaquark
Phys. Rev. C. 95, 055202 (2017), arXiv: 1701.03210.
Phys. Rev. D. 97, 094019 (2018), arXiv: 1803.05267.




II. Quark model and calculation methods

» Quark delocalization color screening model (QDCSM)

QDCSM was developed by Nanjing-Los Alamos collaboration
in1990s aimed to multi-quark study.  (PRL 69, 2901, 1992)

Two new ingredients (based on quark cluster model
configuration):

quark delocalization (orbital excitation)
color screening (color structure)

Apply to the study of baryon-baryon interaction and
dibaryons

Apply to the study of baryon-meson interaction and
pentaquarks
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> Calculation methods

(1) Resonating group method (RGM)

In RGM, the multi-quark wave function is approximated by the cluster
wave function,

(€1, €2, R) = A[p(€1)d(€2)x(R)]

The internal motions of clusters are frozen and the relative motion
wave function satisfies the following RGM equation

JH[R”.R;h[ﬂx}r.’}?" — EJ:"-.'[R”.Rﬁw[ﬂx}r.’ﬂy
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RGM equation

f LR R )(R)dR =0

LR R)y=H(R'"\R')— EN(R" R

i
Vi

-5+ VE(R) ~ EJd(R ~ R) + H*X(R', R) - ENF¥(R',R)




(2) Generating coordinates method (GCM)

Extending the relative motion wave function to the Gaussian
function:

3 i
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(2) Kohn-Hulthen-Kato(KHK) variational method

u(R) =3 cui(R)

1=
aul™(R), R <R,
w(F) =9 (+)
(K7 (k,R) + s;hSP(k,R))R. R> R,

u(R) = up(R) + Z ¢i(uw:(R) — uo(R))

i=1
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» Some examples

1). d* mass and width in NN scattering
PRC 79 (2009) 024001

200
sc. in ChQM2
N ChQM2 ChQM2a QDCSMO QDCSMI QDCSM3 @ e mchaio
.M 1" l‘-’f 1—- l‘-’f l—- 11ff r .'wl 1—. ’;‘; 100 —3D _-'_- é(;co.}n QDCSM1
S -3
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[0cc 2393 14 - - - - - - = 0w 1.3
10cc” 2353 17 - 100 | —---10cc”_1.55
l0cc” 2351 2i - - - 3
D
3 -
0 | 1 (lflO I 2(I)0 | 3(|J'0 I 4(IJO | 5f|JO I 600
E. .(MeV)

m = 2.37 GeV,I" = 70 MeV and I(J*) =0(3")



2). A mass and width in Npi scattering
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v" The mass of the resonance state will shift by coupling to the open channel.
It is better to study the resonances in the scattering process rather than in

the limited space.
v' Extending the work to the other pentaquark systems is feasible.



lll. Hidden-charm pentaquarks
* The hidden charm pentaquark channels with I=1/2

Tahle 3 The channels involved in the calculation

v" The state with the

S = -I; Nn: N AcD A D? D - . -
- w.p =2 D’ positive parity is
s=3 NI A.D? £ Dt £ D £ Dt unbounfj in present

5=3 D calculations.

* The effective potentials
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Fig. 1 The potentials of different channels for the 177 = j_ system
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* The single channel calculation

=1 JP=3"

e 0.01 0.001 0.0001 et 0.01 0.001 0.0001
ub ub uh ub ub uh
ub ub uh ub ub ub
o ww == Pc(4450)
2w ow T =) Pc(4380)
—19/4300  —15/4304  —13/4306 —17/4510 —15/4512 —13/4514
—21/4441  —19/4443  —18/4444 f‘" )

—24/4503 —=23/4504  -21/4506 @ —15/4512 —-10/4517  —10/4517

Comparing with the LHCb’s result in 2015

v The main component of the Pc(4380) maybe Xc*D with J¥ =3/27 .

v’ The mass of the cD* with J¥ = 3/27 is close to the reported Pc(4450), but
the opposite parity of this state to Pc(4380) may prevent one from making
this assignment at that time.



e, (0

* The channel-coupling calculation | S

Table & The masses (in MeW)
of the hidden-charm molecular
pentaquarks with all channels Hec
coupling and the percentages of
each channel in the eigen-states

JP=1 _-"p=;:|- _-rpzi
0,

e
M

Nn. 417 497 352  NJJy 808 710 621  ED* 100.0 100.0 1000
FTw 230 244 293 AD* 87 19 159

AcD 146 117 145 DY 12 18 26

AD* 09 04 20 ED 35 S8 73

T 0.1 4.8 6.0 o 5.8 9.4 12.1
T 0 45 64 124
Ep* 15 2.6 0.6

v Abound state: J¥ =1/27 Nnc
v JP =3/27 NI/ (decay to open channels: D-wave Nnc)
v’ JP =5/27 3c*D* (decay to open channels: some D-wave channels)
v" Where are these states?
]P =1/2" 3cD, 3cD*, 3c*D* (decay to open channels: S-wave Nnc, NJ/J, AcD,
AcD* and some D-wave channels)
JP =3/27 3cxD, 3cD*, Sc*D* (decay to open channels: S—-wave NJ/y, AcD*and
some D-wave channels)

They maybe the resonance states.
To check whether they are resonance states or not, the study of scattering process of
the corresponding open channels are needed !



Resonance states in the scattering process
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with four-channel coupling for the 1J"

L1= system.

4400

The Ny, NJ )y, A.D, and A.D* S-wave phase shifts

There are three resonance
states: >cD, 2cD*, and 2c*D*
in the Nnc scattering phase
shifts.

In other scattering channels
there are only two
resonance states: >cD and
2cD*,

There is only a cusp around
the threshold of the third
state 2c*D¥*, because the
channel coupling pushes the
higher state above the
threshold.



TABLE II.  The masses and decay widths (in MeV) of the 1J” = 11~ resonance states in the Ny, NJ /y, A.D, and A D* S-wave
scattering process.

Two-channel coupling Four-channel coupling
LD LD LD LD LD

M; [-|I er [-.I er [-'I MF [-'I M.’ [-.I
Ny, 43129 60 M51T L 45230 35 45 45258 40
NIy 43099 20 44616 40 45147 12 .2 nr
AD 43084 0003 44526 1O 45126 0.004 0.02 nr
ADY 43116 35 4525 10 45108 0.005 1.4 nr
[ota [1.5 1.1 47 / 7.1 4.)

Pc(4312) Pc(4457)
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channel coupling for the IJF = 13- system.



TABLE III. The masses and decay widths (in MeV) of the
IJ¥ = 15~ resonance states in the NJ/yw and A_D* S-wave

scattening process.

Two-channel coupling

.D? D x.D?
M’ I'; M’ I; M’ i
NJ/y 4453.8 1.7 4379.7 4.5 45264 2.5
A D 44527 0.8 4377.6 3.2 45227 1.8
I iotal 2.5 7.7 4.3

Four-channel coupling

z.D* ;D D"
M’ I'; M’ I; M’ I';
NJ w @ 1.5 @ 1.5 nr
A D 44440 0.3 4374.4 0.9 4523.0 1.0
1.0

rtntal /

1.8 \ 2 [24

/

Pc(4440)

\
Pc(4380)




e Compare with the experiment
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Figure 6: Fit to the cosfpweighted m ., distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+ states. The mass thresholds for the £+ D® and X+ D*? final states are
superimposed.

LHCb Collaboration,
Phys. Rev. Lett. 122 222001 (2019)
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Phys. Rev. D. 99, 014010 (2019),
arXiv: 1904.00221



V. Hidden-bottom pentaquarks
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FIG. 6. The Nn,, NT, A, B and Ay B* S-wave phase shifts with
four-channel coupling for the IJ" = %lj_ system.

TABLE IV. The masses and decay widths (in MeV) of the IJ" = 11~ resonance states in the Ny, NT, A, B, and A,B* S-wave
scattering process.

Two-channel coupling Four-channel coupling

=,B x,B" B’ *,B x, B’ ‘B’
M I, M’ r, M I, DT, M T, M T,
Np, 110833 4.0 111239 14 111545 47 1079.8\ 1.2 111208\ 04 A11569\ 2.0
NT 110804 1.4 111354 66 111462 20 [11077.5 | 0.1 111258) 08 [111535) 3.0
AB 11079.0 00003 111254 20 111451 049 \11077.2 ) 0001 \111220) 0.6 \11141.8 ] 0.1
AB* 110822 2.6 111262 23 111427 022 10783/ 03 11123/ 1.2 \11415/ 04
T ol 7.0 12.3 7.4 1.6 3.0 5.5




2. JP=3/2"
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TABLE V. The masses and decay widths (in MeV) of the 1.J P —

%%_ resonance states in the NT and A,B* S-wave scattering
process.
Two-channel coupling
B B X, B*
M’ I'; M’ I'; M’ I';
NT 11 126.3 1.7 111058 44 111557 38
A, B* 111255 09 111035 2.6 111520 2.7
I'iotal 2.6 7.0 6.5
Four-channel coupling
x,B* B X B*
M’ I'; M’ I'; M’ I';
NT @ 0.2 @ 0.8 o
A, B* 11122, 0.2 N\ 102, 0.3 [I1150.0 1.8
Il 0.4 1.1 1.8

v The results are similar to the hidden-charm pentaquarks.
v" Some narrow hidden-bottom pentaquark resonances above 11 GeV are

found from corresponding scattering process.




V. Hidden-strange pentaquarks

 The hidden strange pentaquark channels

TABLE II. The coupling channels of each quantum number,

JP 25+1p Channels
1_ , | v' The states of P and D
! =y Nn'.N¢, AK.AK*. XK, LK* T*K* :
2 L2 wave are unbound in
D% N¢. AK*, XK*, XK, %" K* present calculations.
3" D3 Nn'.N¢. AK.AK*. £K.ZK* T*K*
“S3(*D3) N¢. AK*. TK*. Z*K.Z*K"
2" *Ds Nn'.N¢. AK.AK*. LK. ZK* T*K*
‘D N¢. AK*, TK*, T*K, T*K*
1 Py Ny'.N¢. AK, AK*. £K, TK* £*K*
‘P, N¢. AK*. ZK* T*K.T*K"
37 ’Ps Ny'.N¢. AK, AK*. £K, TK* £*K*
‘P N¢, AK*, ZK* T*K, Z*K*
3T ‘P Né. AK* TK* £*K. T*K*




* The effective potentials
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e The bound state calculation

TABLE III. The binding energy and the total energy of each individual channel and all coupled channels for the two S-wave bound states
with the quantum numbers J* = 1~ and % . The values are provided in units of MeV, and “ub” represents unbound.

Channel JP = %_ J' = %_
QDCSMI QDCSM2 QDCSM3 QDCSMI QDCSM2 QDCSM3

Nn' ub ub ub - - -

N¢ ub ub ub ub ub ub

AK ub ub ub — - -

AK* ub ub ub ub ub ub

K —6.7/1681.3 —26.8/16061.2 —4.9/1683.1 - - -

K* —8.9/2076.1 —30.6/2054 4 —22.4/2062.2 —21.6/2063.4 —21.1/2063.9 —21.2/2063.8
YK - - - —10.4/1869.6 —15.5/1864.5 —11.1/1868.9
T*K* —17.3/22597 —87.0/2190.0 —73.9/2203 1 —11.3/2265.7 —18.4/2258.6 —27.2/2249 8
Coupled —16.0/1881.0 —20.0/1877.0 —24.3/1872.7 —10.1/1948.9 —7.7/1951.3 —1.6/19574

v" Nn’ is a bound state by channel-coupling calculation.
v N may be a resonance state.




Phase shifts (deg)

* Resonance states in the scattering process

1. Nd

200 200 200
ol | ! — N1 | 150 | L — N | o | ; —Nr’
! - ——-AK : 1 ----AK | ----AK
! RREPERP 3K ! .
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FIG. I. The phase shifts of different scattering channels for the J ¥ = g_ systems.

TABLE V. The decay widths and branch ratios of each decay channel of N bound state.

Decay channel QDCSMI QDCSM2 QDCSM3

Ny 0.002 0.1 0.022 0.5 0.009 0.2
AK 0.011 0.3 0.120 29 0.055 1.2
K - 0.0 0.060 1.5 - 0.0

¢ decays 3.619 99.6 3.892 95.1 4.616 98.6
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2. Pc-like resonances

TABLE IV. The resonance mass and decay width (in MeV) of ~ TABLE V. The resonance mass and decay width (in MeV) of

the molecular pentaquarks with J¥ = 1~ the molecular pentaquarks with J* = %‘.

K TK* TFK* ZK* 2K UK
S wave M, I M, I, M, I, S wave M, I M, I M, I';
Ny’ 20794 1.1 2246.8 20.0 Ng 2060.6 104 cee r 22705 0.03
N¢ e ... 2080.0 3.6 2237.0  30.0 AK* 2046.1  15.0 i ik 22565 2.0
AK 1668.0 1.3 20834 1.0 22615 200 ZK* Ve nes aE - 22706 0.1
AK* 2056.6 0.2 2219.0 58.0 K 20541 2.3 .- ... 22636 3.7
TK 2071.6 4.6 22523 6.0 D wave
IZK* 22539 16.0 Ny’ 2061.4  0.001 18757 0.0004 22692 0.01
D wave N¢ 2061.0 0.2 ... 22693 0.01
N¢ 20763 03 22544  0.006 AK 2060.6 0.9 1871.6  0.08 2269.2  0.02
AK* 20763 04 22536 06 AK* 2059.1 0.3 <o 2269.1 0 0.05
TK* . . . . 22540 0.06 K 20603 09 1871.6 0.05 2269.2  0.02
K e ... 20768 001 22533 08 IK* e e - .- 2269.2 0.003

I

N*(2100) N*(1875)
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FIG. 2. The aross section of all open channels for the state ZK*
with J© =4~




VI. Summary

1. Hidden-strange pentaquark
1 bound state: JP=1/2" N’
8 resonance states: ]P =1/27 2K, ZK*, Z*K*
JP =3/27 5xK (N*(1875) ), ZKx(N*(2100)), 2*xK*, N
JP =5/27 3*K*

2. Hidden-charm pentaquark
1 bound state: JP=1/2" Nnc
8 resonance states: JP =1/27 2cD (Pc(4312)), £cD* (Pc(4457) ), Ic*D*
JP =3/27 2cxD (Pc(4380)), ZcD* (Pc(4440)), cxDx, NI/
JP =5/2" sc*D*

3. Hidden-bottom pentaquark
1 bound state: JP=1/2" Nnb
8 resonance states: ]P =1/27 ZbB, 2bB*, 2b*B*
JP = 3/273bxB, IbB*, ZbxBx*, NY
JP =5/2" 3p*B*



Thanks for your attention!



