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LHCb pentaquarks
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Prediction of Narrow N* and A* Resonances with Hidden Charm above 4 GeV

Jia-Jun Wu,"? R. Molina,>* E. Oset,>> and B.S. Zou"*
'Institute of High Energy Physics, CAS, Beijing 100049, China
2Departamento de Fisica Teérica and IFIC, Centro Mixto Universidad de Valencia-CSIC, Institutos de Investigacion de Paterna,
Apartado 22085, 46071 Valencia, Spain
STheoretical 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 A* 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.
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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 u, of the proton on the possible configurations of the uudss component of the proton.
A positive value for u, is obtained in the s§ configuration where the uuds subsystem is in an orbitally
excited state with [4]r5[22]7[22]s flavor-spin symmetry, which is likely to have the lowest energy. The
configurations in which the 5 is orbitally excited, which include the conventional K* A° configuration,
with the exception of that in which the uuds component has spin 2, yield negative values for wu,. The
hidden strangeness analogues of recently proposed quark cluster models for the §* pentaquark give
differing signs for u.



One-boson-exchange model (molecular state)
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Possible hidden-charm molecular baryons composed
of an anti-charmed meson and a charmed baryon”
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Abstract: Using the one-boson-exchange model, we studied the possible existence of very loosely bound < D
hidden-charm molecular baryons composed of an anti-charmed meson and a charmed baryon. Our numerical =
results indicate that the 2.D* and 3.D states exist, but that the A.D and A.D* molecular states do not.
Key words: exotic hidden-charm baryons, the one-boson-exchange model, molecular state
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lConstituent qguark model

Eur. Phys. J. A _(20_12) 48: G{ THE EUROPEAN Table 4. Energies (in units of MeV) of the udscé and wudce
DOI 10.1140/epja/i2012-12061-2 PHYSICAL JOURNAL A systems in the spatial ground state under three kinds of hyper-
fine interactions (i.e., with configuration mixing considered).
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udscé  wudcé | udsce  wudeé | udsce  uudce
4273 4267 4084 3933 4209 4114
4377 4363 4154 4013 4216 4131
4453 4377 4160 4119 4277 4204
4469 4471 4171 4136 4295 4207
4494 4541 4253 4156 4360 4272

Study of qqqcc five quark system with three kinds of quark-quark
hyperfine interaction
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4431 4389 4154 4013 4216 4131
4503 4445 4171 4119 4295 4204
4549 4476 4263 4136 4362 4272
4577 4526 4278 4236 4416 4322
4629 4362 4461

4719 4616 4362 4236 4461 4322
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Abstract. The low-lying energy spectra of five quark systems wudce (I = 1/2,S = 0) and udsce (I =
—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 (uudcé or udsce) has an orbital angular momentum L = 0 and the spin-parity J = 1/27;
the mass of the lowest udscé state is heavier than the lowest uudcé state.
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Table 8. Energies (in units of MeV) of positive-parity (L = 1)
gqqcé states with quantum numbers of N*- and A*-resonances
\ under three kinds of interaction, with configuration mixing

considered
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udsce uudee udsce  uudee udsce uudcee
4622 4456 4291 4138 4487 4396
4636 4480 4297 4140 4501 4426
4645 4557 4363 4238 4520 4426
4658 4581 4439 4320 4540 4470
4690 4593 4439 4367 4557 4482
4696 4632 4467 4377 4587 4490
4714 4654 4469 4404 4590 4517
4728 4676 4486 4489 4614 4518
4737 4714 4492 4508 4616 4549
4766 4720 4510 4515 4626 4566
4623 4457 4291 4138 4487 4396
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Theoretical interpretation of the LHCb pentaquark
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Pc (4380) and Pc (4450)

as hadronic molecules



LHCb pentaquarks as molecular states
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Quasipotential Bethe-Salpeter equation
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e Form factors with cutoff A are introduced at the vertex for the offshell
particles.
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P.(4380): Dx* [3/27,0.7—1.4], DXx* [3/21,2.8-5.0], D*X.[3/27,3.0-3.7];
P.(4450): D*X.[5/2%,2.7—2.8], D*%.[5/27,2.8-2.9], D*x¥*[5/2%,2-2.1].

P RIER A5

P.(4380): M = 4380 + 8 £ 29 MeV, JP =3/27.
P.(4450): M =4449.8+1.7+2.5Mev, JF =5/27T.

LHCb T1.%5 s 25 1] LA RE N

P,(4380) : DX*[3/27]; P.(4450) : D*x.[5/27T].

f f

S-wave state P-wave state

JH, Phys.Lett. B753 (2016) 547
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Prediction of Narrow N* and A* Resonances with Hidden Charm above 4 GeV

Jia-Jun Wu,"? R. Molina,>* E. Oset,>> and B.S. Zou"*
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(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 A* 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.
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s§ Component of the Proton and the Strangeness Magnetic Moment
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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 u, of the proton on the possible configurations of the uudss component of the proton.
A positive value for u, is obtained in the s§ configuration where the uuds subsystem is in an orbitally
excited state with [4]r5[22]7[22]s flavor-spin symmetry, which is likely to have the lowest energy. The
configurations in which the 5 is orbitally excited, which include the conventional K* A° configuration,
with the exception of that in which the uuds component has spin 2, yield negative values for wu,. The
hidden strangeness analogues of recently proposed quark cluster models for the §* pentaquark give
differing signs for u.



Pc(4450) and Pc(4380)

N experimental and model states below 2200 MeV
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Nucleon resonances near 2 GeV
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The N(2120) is essential to reproducing the
experimental data with assumption it is the third
state with spin parity 3/2".

JH, Chen, Phys.Rev. C86(2012)035204
JH, Nucl.Phys.A927(2014)24-35



N to Ny, Nx, and A(1520)K model amplitudes
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N(1875) as a bound state from 2(1385)K interaction

Bethe-Salpeter equation for vertex Decay through hadronic loop mechanism

o b) P

N*

P2ty P/2+k

S OB o

P/2—p P/2—k

K

/ \ S . J\r

ITx) =2 Vv Go [T y). 9k e T
N .
5t (k2 — m? SN
Go = 2mi 1521 7727,1)
\_ 2=M2 ) M = Y " ALGollMy)
A

Jun He. Phys.Rev. C91 (2015) 1, 018201



IBinding energy and branch ratio l

TABLE II: The binding energies E for £*K system with different cut
off A The cut off A, binding energy and branch ratio are in the units
of GeV, MeV and %, respectively.

A E 'l N Np Nw Nr AK 2K
1.68 3 41| 559 47 141 224 23 0.6
1.72 8 731 558 4.7 140 226 23 0.6
1.76 16 11| 557 47 140 227 22 0.6
1.80 28 155 556 48 142 228 2.1 0.5
1.84 44 204 553 49 146 227 20 0.5
1.88 67 257 549 5.1 149 229 18 0.4
1.92 100 312 536 5.1 147 248 1.5 0.3
PDG [1] | 30732 24735 670 201 7% 0.740%
BnGa [2] O"_‘gg 2001’%8 60j}% 33 4:‘% 15*%
ING )| -85 324 57.1 123 208 9.7 0

Branch ratio is not sensitive to the cut off

The results support molecular state assumption
Jun He. Phys.Rev. C91 (2015) 1, 018201



N(2100) in ¢ photoproduction

w

TTTTTTTT T TT T TTT T TT T T T T T TTTT [ TTTT[TTTTTTTT]TTTTT

N

25 — )‘?\ Pomeron ATC Al
i T | p
By p p p p
4 {

LEPS, Phys. Rev. Lett.

)
I
|
-
&
~
G
e

Fig. 1. (a) Pomeron-exchange, (b) (7, n)-exchange, and (c,d) s- and u-channel N*-exchange diagrams for y p — ¢p reaction.
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Fig. 2. Differential cross section of yp — ¢p at forward direction as a function of GeV in d)p Cha ] nel W|th 3/2—

photon energy E, . The dotted, dashed, and solid lines denote contributions from
nonresonant, resonance with J” =3/2~, and their sum, respectively. Data are from
Refs. [10,17].

OZl rule = N* decay to ¢p should be suppressed in three quark picture

If we recall that the Pc(4450) was observed in J /Yp channel,
N(2100) may be its partner in the strange sector observed ¢p channel.



Hidden-strange partners of LHCb pentaquarks



Mass (MeV)

Threshold and mass

% * I*(Z*
4500 |- P% L 1 2200
P,(4450)
ey D >, K
P(4380) i 1 2000
4400 |- .
— * Kz*
PXe | L 1 1800
D KS
4300 | D2 - 1600

Pc(4380) is close to Z_.°D threshold
Pc(4450) is close to £.D" threshold

-

N(1875) is close to 2"K threshold
N(2100) is close to K" threshold



Lagrangians for ~*K and 2 K* interactions
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The coupling constants are obtained with SU(3) symmetry.



The bound states from the X *K interaction

with vector meson (p, w, ¢) exchanges

iV = £ SKET8EET oy {—kl L4 kg Kzzv[kl,m}uﬂ

2 _ 2 p ]
q> — ms my dmsy

TABLE I: The bound states from the 2* K interaction with the varia-
tion of the cutoffs A or p”“* . The cutoff A, cutoff p”“*, and energy
W are in units of GeV, GeV, and MeV, respectively.

I( JP) A pmax %% I( JP) A pmax %%

%(%_) 1.5 1.10 1880 %(%Jr) 1.60 1.238 1878

1.6 1.15 1879 1.61 1.249 1870
N(1875)
1.7 125 1874 1.62 1259 1862
1.8 134 1862 1.63 1269 1854
1.9 156 1832 1.64 1280 1844

JH, Phys.Rev. D95 (2017), 074031



The bound states from the X K* interaction

TABLE III: The bound states from the XK* interaction at different
cutoffs A or p™**. The cutoff A, cutoff p”**, and energy W are in
. units of GeV, GeV, and MeV, respectively.

with vector (p, w, ¢)meson
I( ]P) A pmux 1% I( JP) A pmwc W
and pseudoscalar (n,;t) meson 1] o8 046 206 || 43 | 147 0755 2086
09 050 2085 1.19 0.765 2082
eXChangeS- N(2100)[ 1.0 0.57 2081 121 0.781 2076
1.1 062 2076 123 0.796 2069
12 0.69 2068 125 0.808 2060
13" [ 125 0.831 2086 || 2(2%) | 1.31 0910 2087

n 8K K> ngzv i Y 2(z) 2(2) ’
Vv = fi [€" - g€” + (ki + ) 126 0.839 2084 132 0917 2084
127 0.845 2080 133 0935 2071
—€Ve-q- lq ee’ — k- €€
1.28 0.849 2076 1.34 0945 2061
m 129 0.854 2072 129 0953 2048
. 8w qVQV/ _( Y l.KEZVO'V’pq )u i .
qz _ mV 2my P 3(37) | 143 0999 2086 || 3(37) | 093 0.603 2085
f 1.44 1.007 2080 094 0612 2084
gK*K*P ZZP ya/ﬁ

[ = VPl € k € UYysdu, 145 1.015 2071 0.95 0.620 2081
a\q" — p 1.46  1.022 2059 096 0.625 2078
147 1.031 2044 097 0.631 2074

JH, Phys.Rev. D95 (2017), 074031



3/2 state in the X *K- 2 K* interaction

. Vv = fng*Ksz*WG” ki€ g
with vector (p, w, ¢)meson ity |
and pseudoscalar  (n,n) | [‘_‘pfqﬁ‘zrypqﬂ]%”qz_m%] :
: 1
meson exchanges. Vo = ifigkin 2 K + @)l gy L
mp q° —mg
AZK*
0.8 1.0 1.2 1.4 1.6
As+k
1.5 2086+i 2081+i2 2068+i4 2046+i8 1994+il12
1880 1879 1879 1878 1878
1.7 2086+i 2081+i2 2067+i4 2046+i8 1995+il11l
1874 1874 1873 1871 1869
1.9 2086+i 2081+i3 2067+i5 2046+i8 1.995+i10
1831 1828 1824 1819 1810
2.1 2086+i 2081+i3 2067+i5 2045+i7 1993+i8
1786 1779 1768 1759 1740




state in the X *K- 2 K* interaction

AZ*K = 1.7 GeV AZK* = 1.3 GeV .
N(1875) N(2100)

20 — |

Py 10 - 1 -6
;t '

= 0 -8
E |

-10 -10

-20 - 1 . . . 1 . . . _12

1.84 1.92 2.00 2.08

Re(z) (GeV)

JH, Phys.Rev. D95 (2017), 074031



The quark delocalization color screening model
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FIG. 1: The potentials of different channels for the JZ =

P_ 13-
and J© = 55 systems.

TABLE III: The binding energy and masses (in MeV) of the
molecular pentaquarks.

JV =17 JV =27

2 2

Channel B/M Channel B/M
YK —18.8/1669.2 YK —22.7/2062.3
YK —7.2/2077.8 YK —7.4/1872.6

S*K* —21.9/2255.1| YFK*  —6.8/2270.2

Huang, Zhu, Phys.Rev. D97 (2018) no.9, 094019



Decay behaviors in the effective Lagrangian approach

Widths (MeV)

Mode JP =3/2" JP=1/2"
N(1875) KX* N(2080) K*X N(2080) K*X%
No(500) 2.6 0.05 0.3
N 3.8 0.2 22.7
pN 2.3 3.8 6.1
o wp 6.6 11.3 18.2
. ’ KY. 0.03 1.4 9.1
‘<‘ Br KA 0.7 3.7 19.3
2 N—>—  7p 0.6 0.4 1.8
TA 201.4 82.6 46.9
K*A - 2.4 7.9
op - 19.2 27.0
K~ - 7.3 1.3
K(z) 7 K A(1520) - 0.1 1.3
N7 - K A(1405) - 8.0 8.8
o ” KA 10.1 ; ;

AE) KX - 41.3 46.1
Total 228.2 181.7 216.8

Lin, Shen, Zhou, arXiv:1805.06843



Experiment
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Summary



Two hidden-charm pentaquarks were observed at LHCb.

It can be interpreted a X.D and Z.D* molecular states.

Three 3/ 2= nucleon resonances:
* N (1875):
>“K molecular state, partner of Pc(4380)
* N (2100) in & photoproduction:
>K* molecular state, partner of Pc(4450)
* N (2120) in KA(1520) photoproduction
[N(3/27)];in constituent quark model

Further experiments at Belle Il, JLab ......
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