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A brief history

LHCb pentaquarks

Hidden-charm pentaquarks with strangeness |
---- also see in J) Wu'’'s talk

Lattice simulations

« Conclusions an Propects



Conventional hadrons vs. Exotic hadrons

Conv. Hadrons

meson

Hundreds of hadrons can be
described as gq and gqq states

Volume 8, number 3 PHYSICS LETTERS

1 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M.GELL-MANN
Calif Institute of Tech B Calif

Rocalved 4 Jlnu.lry 1964

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assig'n to the triplet t the following
properties: spin %, z = -}, and baryon number 3.
We then refer to the members u3 d-% and s-7 of
thz trlplet as "quarks" 6) q and t.he members of the

= et as anti-quarks @. Baryons can now be
constructed fromy quarks by using the combinations
(@qq), (@qaqqd)] etc., while mesons are made out
of (qd), (qqqq) etc. It is assuming that the lowest
D on_con dtion (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while

baryon

/ Tetraquark
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21 February 1964
AN SU’3 MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING
*)
II
G, Zweig
CERN~-Geneva

*
) Version I is CERN preprint 8182/TH.401, Jan. 17, 1964.

——————————

Ol

Hadronic molecule

Exotic Hadrons

——————————————

Pentaquark Hybrid Glueball

The multiquark states were predicted at
the birth of Quark Model.

6)

In general, we would expect that baryons are built not only from the product
of three aces, AAA, but also from -AAAAA, EAAAAA, etc,, where n
denotes an anti-ace, Similarly, mesons could be formed from IA, Yy
etcs For the low mass mesons and baryons we will assume the simplest
possibilities, AA and AMA, that is, "deuces and treys",

The experimental and theoretical study of
such states is a key to understand QCD
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Light-flavor Pentaquarks

o A(1405)  [uds]

- 1959: K Nmolecule predicted by Dalitz-Tuan, PRL2,425

-1961: A(1405)- 3 7 observed by Alston et al., PRL6, 698

- 1995: K N dynamically generated, by Kaiser et al., NPA954, 325

- 2001: two-pole structure by K N—> 7 by Oller et al., PLB500, 263

______ ... on two-pole structure, eg. Meillner, Symmetry12,981(2020),
Xie et al., PRD108, L111502...

. 9"'(1540) [uudds] also see JX Lu’s talk...

- 1997: predicted w/ chiral soliton model by Diakonov et al., ZPA359, 305

- 2003: 6%(1540) > K*n by LEPS, PRL91, 012002

- 2004: appear on Review of Particle Physics (RPP) by PDG, supported by many exp.
- 2005: not supported by many high stats exp.

- 2006: removed from RPP by PDG



Hidden-charm Pentaquarks: Predictions

I'g [MeV]
e 2006: SU(4)+unitarity, by Hofmann et al., NPA776,17-51 (39 o Lol 00s
DX, 5.6
D&, 5.6
® 2010: local hidden gauge + unitarity, by J.J. Wu et al., PRL105, 232001 i Ve
(I, 5) M T r; v _ -1
(1/2,0) N nN n'N KX n.N r=n-va~v
D¥. 4261 56.9 3.8 81 3.9 17.0 23.4
(1/2,0) pN wN K*% J/ N B, B,
D*S,. 4412 47.3 3.2 104 13.7 19.2

® 2013: HQSS + local hidden gauge + unitarity, by C.W. Xiao et al., PRD88, 56012

— DX.(1/27), DX%(3/27), D*Xc(1/27,3/27),
D*¥*(1/27,3/27,5/27): binding energy ~ 50 MeV

® 2012: One-boson-exchange model (7,7, p,w, o) + Schrodinger Eq., by Z.C. Yang et al., CPC36, 6
< DY.(1/27), D*S,(1/27,3/27): 0 ~ 50 MeV

Review papers:
H.X. Chen, et al., Phys. Rept. 639, 1 (2016)
F.K. Guo, et al., Rev.M0d.Phys.90,015004(2018)
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e Chiral quark model, W.L. Wang et al., PRC84, 015203 (2011)
Hyperfine interaction, S.G. Yuan et al., EPJA48, 61 (2012)




Charmonium-pentaquark states (I)

Observation of exotic structures

5 6
mg, [GeV7]

LHCb

(P.) in A) — J/ypK~

LHCb, PRL 115, 072001 (2015)

S
i K
W (;} )
AO u g PC
b —-V\’_u

P.(4380)" : M = 4380 + 8 4 29 MeV

' =205+ 18 + 86 MeV
P.(4450)" : M = 4449.8 + 1.7 + 2.5 MeV
['=39+5+19 MeV

Preferred Parity: Opposite




Charmonium-pentaquark states (ll)

LHCb, PRL 122, 222001 (2019)

—0 —
IiD I:Dp*°
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the P.(4440)" and P.(4457)" states. The six-dimensional amplitude analysis reported in
Ref. [9], which provided evidence for the P.(4380)" state, is also obsolete since it used the State M [MeV] I' [MeV]
single P.(4450)" state and it lacked the P.(4312)" state. Therefore, the results presented n 163 n 3 7
in the Letter weaken the previously reported evidence for the P.(4380)" state, but do not P.(4312) 4311.9 £0.7757g 9.8 £2.77
contradict its existence, since the present one-dimensional analysis is not sensitive to wide - P.(4440)" | 4440.3 + 1.3311:% 20.6 + 4. 9+10 1
P states. Only a future six-dimensional amplitude analysis of A} — JibpK~ decays P (4450) <: i +4.1 + 5

. n n n . L P.(4457) 4457.3 £0.677 - 6.4£2.0" 7 9
that includes the P.(4440)", P.(4457)", and P.(4312)" states will be able to determine if .
there is still evidence for the P.(4380)7 state or any other wide P states.




Proposals [after 2019]

Compact Pentaquark

Chromomagnetic model, JB Cheng and YR Liu, PRD100, 054002 (2019)
P.(4312), P.(4440), P.(4457): JP =3/2—,1/27,3/2~

P_(4380)*, P (4440)* and P (4457)" is 37, C.R. Deng, PRD105, 116021 (2022)

Compact diquark model, Ali et al., JHEP10, 256 (2019) 3/27 4240 + 29

_|_
R. Zhu et al., PLB797, 134869(2019) 3/2+ 4440 + 35
Giron et al., JHEPO5, 061 (2019) 5/2 4457 £ 35

Hadron-Charmonium [Compact (QQ) surrounded by light quarks|
Eides et al., Mod. Phys. Lett. A 35, 2050151 (2020) JP =1/2%, 1/27, 3/27

/ Hadronic Molecule [Extended object] )

H.X. Chen et al., PRD100, 051501 (2019) . .

R. Chen et al., PRD100, 011502 (2019) Kinematic effect

F.K. Guo et al., PRD99, 091501 (2019) Kuang et al., EPJC80,433 (2020)
M.Z. Liu et al., PRL122, 242001 (2019) Nakamura, PRD103, L111503(2021)
Z.H. Guo et al., PLB793, 144 (2019) Burns et al.,, PRD106,054029(2022)
L. Meng et al., PRD100, 014031(2019) | | ...

J.J. Wu et al., PRC100, 035026 (2019)

e J




Heavy Quark Spin Symmetry (HQSS)

e For a heavy-quark @) (charm, bottom) with mg > Aqcp
-B
1= chromomag. interaction 72 0: independent of heavy-quark spin
mq
e For a hadron containing a heavy-quark @: J = sg + js
so=30i=0®1

o-wave b?;)r/gl?r;;n;saczgs)system Je = % @ g - O Contact Interaction: Only 2 LECs
Molecule JE M (MeV) Molecule Jt M (MeV)
A DX, 17 4311.8—4313.0| B DX, 17 4306.3 — 4307.7
A Dx* 27 | 4376.1 — 4377.0| B Dx* 27 | 4370.5 — 4371.7
A D*3%. 1= 4440.3* B D*3%. 1= 4457.3%*
A D*3%. - 4457.3%* B D*3%. - 4440.3*
A D*x* 17 4500.2 — 4501.0| B D*x* 17 4523.2—4523.6
A D*x* 27 4510.6 — 4510.8| B D*x* 27 4516.5 — 4516.6
A D*x* 57 4523.3 — 4523.6| B D*x* 527 4500.2 — 4501.0

Liu et al., PRL122,242001 (2019)

7 Pcstates! | xia0 et al., PRD88, 56012 (2013)




Molecular Interpretation [EFT]

MLD et al., PRL124,072001(2020)

e A coupled-channel analysis of the LHCb spectra using an EFT approach M:P et al. JHEPO8,157 (2021)

T =~ P.(4312) Pc(4440) Pq(4457)
//_400 85 \\ 160 .35 28 0 65 140 205 MeV
e — | ! —
\\nc J/wf/ACD ADAADY®.D =D 5. D* ;D
N
——————— K™
Ao, g
p
e o @ -
Jiy

() y2 () A () 52 (%)
7 LECs for contact Production D¥Wye” = DWie” 2 LECs

DWEM(S) = J/Tp(S), J/Tp(D)
2 LECs
10




“Contact” Fits to the LHCb data

MLD et al., PRL124,072001(2020)
MLD et al., JHEP08,157 (2021)

Solution A Solution B
300} LHCb: my,>1.9 GeV { . o7 el 300} LHCb: my,>1.9 GeV A0 GeVl 1 A > Agope ~ /200 ~ 0.7 GeV
Scheme | - A<0.9 GeV. Scheme | <o << A=0.9GeV
2501 Solution A —=== A=11Ge] 250} Solution B T ARGV 1 Cutoff-independent for both solution A and B
———= N=13 Ge ———= N=1.3 GeV.

S.D* P.(4440)  P.(4457)
53—

N=1.5GeV] 1
Fit A 3
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2 2 _ _ oy e
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300 1000}

Scheme I: Contact Scheme I: Contact Scheme I:: Contact

LHCb: cospe-weighted -
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8]
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LHCb: mg,>1.9 GeV . :
2500 Migp> e 900[ LHCb: pr all 5
— Solution A: x?/dof = 0.93:

1000L  — Solution A: x2/dof = 1.00.
— Solution B: x?/dof = 0.97

— Solution B: x%/dof = 1.03:
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800+
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— Solution A: x2/dof = 0.91:
— Solution B: x?/dof = 0.91:
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Weighted cafldidates:/(Z MeV)
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~J
S
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Line shape and Pc Poles: Contact

MLD et al., PRL124,072001(2020)

» 2D zD D 2D MLD et al., JHEP08,157 (2021)
‘ } = Po(4312), Pc(4440), Po(4457) are well

LHCb: my,>1.9 GeV

understood as >.D, >.D" and >.D"

S
(%]
= 250}
< quasi-bound states, respectively
2 200} -, VT 1 L | -
-fé , \ Llll g = A narrow Pc(4380) state predicted as NOT the broad Pc(4380)
g 150 Tt : W A -] « ) . .
2."D 3/2-molecule i nin dat .
—0-3 a2c 3 olecuie s see data reported by LHCb in 2015
.Ez)‘) 1000 _____ Soilution A x2/d0f=§).91 : ]
olution B: x2/dof = 0. : P .

Z sl Senmn = =~ 3,'D" states are not seen yet, their

4250 4300 4350 4400 4450 4500 production rate is Suppressed ?

MeV
iy p | ] — prompt production in the pp collision in the LHC

Poles and quantum numbers: P. Ling et al., EPJC81,819 (2021)
solution A solution B 1000 : —
thr. ((MeV]) |JF  Pole [MeV] |JP  Pole [MeV] 3 Scheme I: Contact
— 1= 1= S 900f LHCb: pr all © ]
P.(4312)| £.D (4321.6) |3~ 4314(1) —4(1)i |1~ 4312(2) — 4(2)s < oo -0 o
— — — < - oumn O \
P.(4380)| 1D (4386.2) |3~ 4377(1) — 7(1)i |3~ 4375(2) — 6(1)i g 800 — souons: icor=os | N
FL(4440) | e D" (4462.1) |3 A440(1) — 9(2)1 |3 4441(3) — 5(2)i § 7000 o oHTTT : \,
P.(4457)|S.D* (4462.1)|3~ 4458(2) —3(1)i |3  4462(4) — 5(3)i S ol ;
— o . = 8 el E'.‘.-.
P. XD (4526.7) %_ 4498(2) — 9(3)i %_ 4526(3) — 9(2)i go so0. ¢ J. gl R
P, YrD* (4526.7)| 37 4510(2) — 14(3)i| 37 4521(2) — 12(3)i z sool Sk : : : :
P. X:D* (4526.7)|57 4525(2) — 9(3)i |2~ 4501(3) — 6(4)i 4250 4300 4350 4400 4450 4500

myy p [MeV]



Including OPE

MLD et al., PRL124,072001(2020)
contact + OPE . _MIDetal., JHEP08,157 (2021)

= No solution A 300f T (HCb: meg1.9 Gev
Scheme | + OPE ———— N=0.8 GeV.
i 4 ———- A=1.0GeV]
Solution B
250 - A=1.2GeV]
froeee N=1.4 GeV

1= Solution B:
Cut-off dependent

200+

1504}[ ‘

)
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Weighted candidates/(2 MeV)
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300 L ! j ) 4 300 L ! J 131300 ;3‘5;)’ : -;4;1)» - 4450 45;]0 4550 : 00 4350 4400 4450 4500 4550
Scheme Il Scheme Il M., o MeV] Mo MeV]
N Solution A A=0.9 GeV 2 . - A=09Gev w05 050
2 olution . AiGev > @l - - == A=11GeV
E 250[ LHCb: myp>1.9 GeV W o As13Gev ] E 250 LHCb: myy>1.9 GeV — === A=13GeV o Fit: mp>1.9 GoV Fit: m,>1.9 GeV
= 1 B | ———— A<15Gev = 1 ———— A=15GeV. 600 Solution A: 1,p ~ 150 Solution B: 7.p
I A=1.7 GeV 3 A=1.7 GeV 500 Scheme Il . Scheme Il
-~ =3 £ L
= L = L £ w0 g
| 2000 bl 1 E b 200 Em % 100
o o 8
S I R 1 O v 1 = y ~ ©
< BB < iRt 200 50
; 150 1 _g 150 100
3 2 [liccs it L AT 0
= g 4250 4300 4350 4400 4450 4500 4250 4300 4350 4400 4450 4500
.? 100} .%‘3 100} My p [MeV] M, [MeV]
= Overdetermined. w/ AcDW Ay ~ 0.9 GeV

4350 4400 4450 4500 4250 4300 4350 4400 4450 4500 - -
myjyp [MeV] myjup [MeV] 1 Cutoff-independent only for solution B

4250 4300




Including OPE

contact + OPE

5 No solution A

MLD et al., PRL124,072001(2020)
MLD et al., JHEP08,157 (2021)

w
(=3
(=]
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[
[=)
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l ———— N=0.8 GeV]

2
=
T )
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1 © 150 —
=1 %
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-2 100[
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0 4250 4300 4350 4400 4450 4500
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Solution A Agose ~ 0.7 GeV Solution B

contact + OPE + S-D

400

|
Fit: myy>1.9 GeV Rescer 2000 Fit:m>1.9GeV
Solution: A | o :’:'G"’

Solution: B

Fit B shows a much more natural pattern than fit A
= Pc(4440) is 3/2- and P.(4457) is 1/2-

= experlmentally testable via A, — KE( )D(*) and Ay — K7jep

ISOR AT e ¢
IOOF'I]

Weighted c:

-5 100

11_3150 fya le[FI‘l‘t‘l T

4250 4300 4350 4400 44l50
myyp [MeV]

4500

4250 4300

4350 4400
myyp [MeV]

4450

o

50 1400 4450 4500
My, [MeV] M [M V]

= Overdetermined. w/ AcDW Ay ~ 0.9 GeV

4500

e Cutoff-independent only for solution B

PRD104,094039(2021) 14

)39 OMYWEIIIN] Yalikun et al.,



Prompt production in the LHC

Poles and quantum numbers: e ~N P. Ling et al., Eur.Phys.).C 81, 819 (2021)
solution A solution B _ _
thr. (MeV]) |77 Pole MeV] |JF Pole [MeV] g 10 =, = P(4312) 4 10 g 1 =P (4312 | 10
P.(4312)| ©.D (4321.6) |3~ 4314(1) — 4(1)i |3~ 4312(2) — 4(2)i 3 1-?T+ "'ic(‘;;‘;o) 1 N V-P4STY D
P.(4380)] SD (4386.2) |2 4377(1) — 7(1)i |2 4375(2) — 6(1)i g T‘;‘_._ aP(12) | . - LFd172)
m— Y — hale e = °
P.(4440)[S.D* (4462.1) [ 4440(1) — 9(2)i |5 4441(3) — 5(2)i 9 g0 L = 107 L L
P.(4457)|S.D* (4462.1) |37 4458(2) — 3(1)i |3 4462(4) — 5(3)i . = ey g 10° S
— — — ) R A A, 2 I e
P, i D* (4526.7)| 17 4498(2) — 9(3)i |1~ 4526(3) — 9(2)i vE@ Tiig 10 P (<) s
* TY* R= 43— - —_ —
P, EeD" (4526.7) 5 4510(2) — 14(3)i 5 4521(2) — 12(3)i S 10 Ea P30 ] 10 S 1 P01 1
P. $:D* (4526.7)|53 4525(2) —9(3)i |3~ 4501(3) — 6(4)i ° 0 5...‘...—-—_._ -v-P,(4457)" 9 -v-P,(4440)"
J S ETILL R < wPER) |
R e LU -,
All 1072 L -*-.; """" dee 102 1072 ":"'*'
L = I =
P > 10 ~+E 10 S E 1 10
- =Py512) 3 "B =Py512)
e 2 r - 7]
Madgraphd i.- 15 —o— EE 1 iF 125 —-— E f
+ T 10 - P ] c - -
Phythia8 8" EE P EE 0 3 0 e - =
C - o —- 3
107 - 107 - —
E (e) —'—3 102 - () = 10
N d’q ® 5\ o 0123 45678 0123456738
M[PC(E)]Ng / (%)3/\/1[(20 D ) (q) + all] x Ga(E,q) x T (E), b [GeV] o [GeV]




(Some) More Molecular Interpretations.

® the P.(4312)" peak as a virtual (unbound) state e ;
JPAC, PRL123, 092001 (2019) 3 H% % 3
® JP (4457) — 1/2+ and JP (4440) — 3/2— 426 4.28 4'30\{%(;:5) 434 436 438 1840 18.45 18.50 18.5Rses:tzggvz;s.ss 1870 1875 18.80
e % B Acl2599) Burns et al., PRD100, 114033(2019)
D*/\D* D*/\ D
FIG. 1. Elastic and inelastic #-channel pion-exchange diagrams
in the X.D* — A.(2595)D system.
® P.(4457) interpreted as a J¥ = 1/2% state @ b a0
1.01 t LHCbdata w‘hﬁf —— 1001
AE a0 Ar ~ Pc(4312) ; ; ! 'Iﬁi
A D JZ Wu et al., CPL41,091202(2024) | 3°°
- P.(4312) D° S 00
-0.5
e interpreting the P.(4457) pentaquark as a [ = % D*¥. bound state (with spin J = %)

T T T T T T T 0
0 20 40 60 80 100 120 140
Neuron humber

|Pc(4457)+> = COS 9] |D*02:> + sin 0] |D*_2:+> FZ Peng et a|,221109154 ZY Zhang et al., Sci.Bull.68,981(2023)
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Triangle Diagrams

Nakamura, PRD103,L111503 (2021)
+ + + .
LHCb, PRL122, P.(4312)*, P.(4380)*, and P.(4457)* as double triangle cusps
222001 (2019)
double triangle amplitudes reproduce the peak structures of P.(4312)", P.(4380)", and P.(4457)*
Only the P.(4440)" peak is due to a resonance
S K K
2
N
\ﬁ Aﬁ A,
81000 P.(4440)" P
g — Iy
D()
E i Jly
3
£, 500
%, 1200 -— T T T T T T T (a) _-‘ » T T T T T T T
- I 1200
: | |
- Z 1000 | } ’ 4 1000 |
0 2 i 5 o ] [
s s | _ oy ] e
g1o00 T 800 I TIY N T U S
g 5 | Mot N ] e
E g | i\ LA L
S 5, 600 - I i : S il 4 400 ..o
3 500 F Y i
':S) E — 0 E Xca pA* ; b n "‘ i ‘:I ' I N o :i ‘ 1 i H 200 -—
g ‘ a00 Hif} "}. R T R o0 B (RN
= T ’ , 4200 4250 4300 4350 4400 4450 4500 4550 4600 4200 4250 4300 A350 4400 4450 4500 4550 4600
4300 4300 4400 4500 4600 M, , (MeV) My, , (MeV)
my,, [GeV] vp . ) / vp
=12 3/2 3/2+




A Production/Rescattering Model

1/27:
3/27:
1/2%:

A.(2595)D. A,(2595) D",

AD,AD", 5D, 5,0, T:D*, NIy, Nn,
AD* D, 3D 5D NJ Jyr

Burns et al.,

Ac(2625)D*, NJ /y(*Py;2). NJ [w(*Py2). Nn. (P, )

.ﬁ,& <4< ﬁ,&* 5<°

. Wé

o tﬂ

#f‘!“ il
NS’ 5 M@zz@:mw k"@ »p\
| n
: W@* 4
: M# N WWw W H{\W
W mmmﬁ* W{# JW

M(3/V p) / Gev

1/N.

1/N,

PRD106,054029 (2022)

T T 1

expt ——
N
32— et

total —
{ 4

T T T T
expt ——

| 1/2- —
3/2- — 4
{ total — |

expt ——
t 1/2- —— 7] 0.9
3/2- —— 4

V24— |
total —

expt ——

4.35 4.4
M(3/¥ p) / Gev

M3V p) / Gev

Case 2a/3 Case 2b Case 4 Case 5
1/2~ pole 4312 —24i 4308 — 5.2i 4312 —2.6i 4312 —24i
3/27 pole 4376.5 — 9.0i 4375 - 10.7i 4376.5 —9.1i 4376.5 — 8.9i
| 3/27_pole 4444 - 2.56i 4440 - 3.3i 4444.5 - 2.56i 4444 - 2.56i
(:’ 1/2" pole ) ;7 4458 -0i )




A look at the J/y photoproduction

2227721 GlueX,PRL123,072001(2019)

T Q Wang et al., PRD92(2015)

JJ Wu et al.,PRC100(2019)

yp-U/UJp:g)’I/J Jlyp>Jlyp

o J/Y J/9 No evidence for Pc.

—aA— Cornell
- === Kharzeev etal. x 2.3

A ——— JPAC P}(4440)
oo —— — incoherent sum of: 9 ?
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0 0
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JPAC, PRD108,054018(2023)

AR

A ) I  Gna=10GeV (2019)
o k : ) seeagazs o) ] P
18l Gmax=1.2 GeV - I . AN I
(+)0 E % N é - +e L M*»?—
\ s | | L | HONO | E 5]\ | MX Duan et al., 2409.10364

- g 1§ = o N e\

Mechanism for the near-threshold J/v photoproduc- ) g : 2 . . % i oo

tion through A D' which then resatter into J/¢p. ! 05 B 5. ?‘“ The production of PC

i " 4T

. suppressed
8500 9000 . [M:gﬁ|ué"7€120253)

sl )

__ . . ﬂ A similar result by
The A;’D threshol.d 1s.0n1y 116 MeV above the J/yp t}.lresholfi, { = i uy X Zhang, 2410.1015
rendering the contribution from the A.D channel potentiallly sizeable. D L P e

MLD et al., EPJC80,1053(2021) The 1nclus10n of the open charm channels and intermediate P, states can
significantly improve the descriptions of the differential cross section data




Charmonium-pentaquark states (lll)

P. state in B — | /Ypp LHCb, PRL128,062001(2022)
 New pentaquark candidate: P.(4337)* - J/Yp > 30

M = 43371 (stat)¥3(syst) MeV, I = 29125 (stat)*1 (syst) MeV

 No evidence of P} states observed in A} — K~
e b = J/Yp [ P.(4312) ? ]

Proposals
Compact pentaquark C.R. Deng, PRD105, 116021 (2022)

Hadroncharmonium: xc0(18) p bound state
Ferretti et al., Sci.Bull.67,1209(2022)

Io

m?(J/ y p) [GeV?] P.(4312)* and P,(4337)* as interfering X.D and A.D* threshold cusps
~ ~ ? Nakamura et al.,PRD104,L091503(2021)
> [ > [ 0 A Zc 0
3 60F 1 B0 ] B » B! ) :
= | = | N, ---see J) Wu's talk
S40f it } 1 4o b P I
21 30 ] B B
%‘20_- 1 S200 ] A few of possibilities are reviewed, including D* A, and DX, states
L ko] L
% ; .‘_‘—L._,.,$\?\ g 4 w\\i\\\frhu?ﬂ"‘t'— )* - ) * - > *
O O™ 4142 43 [4a © O 40 42 43 44 D*Ac-D2cand D™ Ac-D 2
m(J/y p)[GeV] m(J/y p)[GeV]
MJ Yan et al.,EPJC82,574 (2022)

— New P, structure * '



Hidden-charm Pentaquarks with strangeness (l)

= SU(3) partner P, is predicted, and suggested to search forin Z = J/YAK~

LHCb, Sci.Bull.66,1278
(2021)

4458.8 +2.9"17 MeV
17.3 £ 6,582 MeV
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e ]
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20|
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7
310 P, (4459)

T
——Data 9 fo'
P,

es g
..... Fit without P, |

—— Fit with P

Yield / (6 MeV)

m?, [GeV]

J) Wu et al., PRL105, 232001(2010);
HX Chen et al.,PRC93,065203(2016) ...

Molecular Interpretation
B. Wang et al., PRD101,034018(2020)

System  [ED),  [E:D7],  [ED7)y  [EDL [ED7), [EDY [EDT) [ED) | [EDTY [ED
AE —18.5jg6_-§4 —15.6366;% —2.03{?8 —7.5j;‘_§22 —17.oj766_-;7 —8.0j;‘_§ —0.75’;(%7 —13.3t§;§8 —17.8f%’322 —II.Sf%(i
M 44237184 4568.718% 45823118 4502.9742 46354187 464447 4651.710] 4319.4438 | 4456.91337 4463.0438

MLD et al.,PRD104, 114034(2021)

Our different analyses clearly indicate the molecular nature of the

P, (4459) with a clear E.D* dominant component.

——Data9fb’ |
P ]

P E
..... Fit without P, |
— Fitwith P, 4

151 (210 o1 @20

Yield/(6 MeV)
Yield/(6 MeV)

Yield/(6 MeV)
Yield/(6 MeV)

See review papers:
An updated review of the new hadron states, HX Chen et al.,
Rept.Prog.Phys.86,026201(2023)

L. Meng et al., Phys. Rept.1019,1(2023)

ChPT for heavy hadrons and ChEFT for heavy hadronic molecules,

21




Hidden-charm

60
40

Pentaquarks with strangeness (ll)
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(Some) Proposals

---see also J) Wu'’s talk

PL(4338)" is likely to be a 1/2~ compact P, pentaquark

framework of MIT bag model wx zhang et al., PRD109,114037 (2024)

e HQSS+local hidden gauge

Feijoo et al., PLB839, 137760(2023)

]P _1- Poles NeA DsAc¢ DE. DE.
-2 , - - .
. gi 0.12 — i0.00 3.01 —0.01 4.85+i0.01 0.01-i0.03
4198.94 +10.11 &G —035+i1.01  —1924+i0.05  -20.35-i0.07  —0.03+i0.09
- ; gi 0.71 —i0.08 0.05 +i0.00 -0.06+i0.04  2.79-i0.35
Prs(4459) BRIHTD_Jgch 11441071 0.76+i182 —043-i153  —26.54+i0.64
]P 1 3~ Poles J/vA DfA¢ D*E. D*E.
=35 55 g 0.11 —i0.00 3.17 —i0.01 5.07+i0.01 0.00 — i0.04
A / 433798 +10.12 gGl  —013+i1.07  —1857+i0.06  —19.94-i0.07  —0.01+i0.10
P S (4338) 456573+ i15.58 & 0.70 —i0.16 0.09 — i0.03 —0.104i0.09  2.84—i0.72
giGll  624+i21.04  2.07+i3.40 —-1.37—i2.81 —26.31+i1.15

Burns et al., PLB838,137715 (2023)

® The LHCD state P$s(4338) as a triangle singularity

and much more works ...
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More Pentaquarks ...

XK Dong et al., Progr.Phys.41,65(2021)
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Lattice QCD study of the Pc states

_ _ 1~
@ ® ¥ D and T D* scattering(J* = — HY Xing et al., 2210.08555
/v " \ 4 Five opera_tors:
¢ ® 01 = ZD(p) (Ip| =0)
T T 0, =Z.D(-p) (Ip| = 1) Single-Channel
03 = Z@D(-p) (Ip| =V/2)
scattering parameters spectrum \_ % = =@D*p) (pl=1 DT
4.65 g 001
v50. >.D: P(4312) ?
. dy = — 2.0(3)(5)fm
' * E; = 6(2)(2)MeV
S 4.501 * x 03 50s o.i)o 0.05 0.10 0.15
S_%. e p?(GeV?)
T 4.45 TN
440 : S % D* :P,(4440)/ P (4457) ? - ID*
aas. . x ay = —2.3(5)(1)fm - -
Ep = 7(3)()MeV 1
4.30 — . . : : : s
2.0 2.5 3.0 3.5 4.0 45 Y S S —
L(fm)
+ The finite-volume energies lie below the free energies, indicating rather strong i Ij;
attractive interactions. Cou pled-Cha N nel St] I I gO| ng ' o 0_;)0 T T o

p?(Gev?)
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Conclusions and Propects

Conclusions
 Molecular interpretation of the Pc’s and 7 Pc’s are predicted from HQSS

« A narrow Pc(4380), different from the broad one reporeted by LHCb in 2015

o 300 Scheme Il :
DC ([MeV]) JF Pole [MeV] E LHCb: myy>1.9 GeV -
P.(4312) 5D (43216) | L- 4313(1) — 3(1) s :
P.(4380) $:D (4386.2) | 3 4376(1) — 6(2)i , B 200}
P,(4440) = D* (4462.1)] 37 4441(2) — 6(2)i 2l
P,(4457) T.D* (4462.1)) 17 4461(2) — 5(2)i 3 150
T. TiD" (4526.7) % 1525(4) — 9(1): £ 100} : :
P, $:D* (4526.7)) 37 4520(3) — 12(3)i il T Saens =07
Propects F. YiD* (4526.7)] 5 4500(2) — 9(6)i * sof o N P
4250 4300 4350 4400 4450 4500
« The production mechanism of the LHCb pentaquarks mijup [MeV]

« The missing Pc’s from HQSS, Pc’s with strangeness

« Lattice simulations

STCF: charmonium-like, clearly defined IS&FS properities, full event reconstruction

Pc: ete™ — ppJ/v, A D5, S DHp Pcs(s):ete™ — AAJT /¢, 2T /4, and EZ.J /) Pcsss: cte™ — QOJ /9

Thank you very much for your attention! 25
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