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> Exotic hadrons and pentaquark states
> Mass spectra of P.. and P
> Decay behaviors

> Summary



Quark model and Exotic hadrons Standard Hadrons
> Quark Model: gg mesons and gqq baryons OO0 ?

» Exotic Hadrons: hadrons beyond QM, such as

multiquarks, hybrids, glueballs... Exotic Hadrons
» Many of them contain charm quarks: % %
hidden-charm pentaquarks and doubly charmed
hadrons!
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Pentaquarks: LHCb’s observation in 2015

Two hidden-charm Pc states were observed in A9 — J /WK ~p process
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P.(4380) and P.(4450) in J/v¥p
structure (PRL115, 072001(2015))

M; = (4380 & 8 £ 29) MeV

[, = (205 + 18 + 86) MeV
Mo = (4449.8 £ 1.7 +2.5)MeV ,
[, =(39+5+19)MeV.



Combined Run 2 data in 2019:

PRL 122 (2019) 222001
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State M [MeV | [' [MeV | (95% CL) R [%]
P.(4312)* | 4311.9+0.7188 | 98+2.7+ 37T  (<27) |0.30+0.077934
P,(4440)* | 44403 +1.3%57 | 206 +4.97.37  (<49) |1.11+0.33%0%
P.(4457)t | 4457.3+ 06131 | 6.4+20% 37  (<20) |0.53+0.167013




Pcs pentaquarks with strangeness

Two hidden-charm pentaquark states with strangeness were

observed in the J/y A invariant mass spectrum!
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Doubly charmed baryon

LHCDb discovered =/}
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A long-lived, weakly decaying doubly charmed baryon:
M=3621.40+0.72+0.27 + 0.14 MeV
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Doubly charmed tetraquark T..(3875)"

In 2022, LHCb reported T}, in the mass spectrum of D’D%xn™:

an exotic narrow tetraquark state with ccuid and I = 0, J° = 1"
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Next, searching for doubly charmed P_.. pentaquarks?

Various theoretical investigations on the P.. pentaquark states:

> One-boson-exchange (OBE) models, Chiral effective field theory,
Bethe-Sapeter approach, QCD sum rules, Resonating group method,

Chiral quark model......

> In QCD sum rules, we study the P, states without strangeness in the
AE*)D(*), EE*)D(*) molecular picture and with strangeness in both the
52*’)1)*, E. K", 2:..p molecular picture and diquark-diquark-

antiquark compact picture.



P_.. pentaquarks without strangeness

We construct the /lg*)D(*), 22*)1)(*) molecular currents:
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Both negative and positive parities are considered!
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Parity projected sum rules:

The non-y: and y5 couplings to opposite parities:

OJ_1X,/2-) = fxu(p),
<O|J—|X1/2+> o= f?%”(l’)’
The invariant function contains both contributions

2 p+M f+2 [A)_M;
My — MR -p

n(y*) = fx 4

The parity projected sum rules were adopted:

5 41(;)1- [\/7/)1 QCD( ) + P QCD( )] eXp ( A;;) sds
j = )

oz [V3phaco(s) F Placo(s)] exp (—57) ds
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P_.. pentaquark mass predictions:
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P_.. pentaquark mass predictions:

PRD109 (2024) 094018

Current J"  s50[GeV?]  M3[GeV?] Mass [GeV] Two-hadron threshold [GeV]
JAD 1= 195(+5%) 283-3.43 4137010 el
JEP = 183(£5%) 340-370 408018 4.32
SO 3 203(45%)  3.17-347 4141008 S
JED 3= 22.8(+5%) 3.82-422 4478 St
JADT 3 210(+5%) 3.55-395 43101 4.29
JND 3 208(£5%) 291351 4424013 73
JNDT s 200(45%)  3.09-3.69  4.41701] +86
JED* = 25.0(£5%) 4.0-4.6 4.69%011 i

> Some P, states were predicted to be lower than their thresholds!

> Pentaquarks in the isospin quartet with I = 3/2 are absolute exotic:

[PF* (ccuud), P (ccuum), P (ccddd), P2 (ccddu)]
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Strong decays PRD109 (2024) 094018

J* Current Partial wave I=1 I=3
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> Especially interesting for the triply and neutral charged pentaquarks:
Pz'_c++ N :'(*)++n+/p+’zg*)++D(*)+ and P(C)C N :'(*)"'n—/p—,zg*)ol)(*)ﬂ
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P_... pentaquarks with strangeness

Interpolating currents in the = 2*’)1)(*) molecular picture:
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P_.., pentaquark mass predictions:

Mass [GeV|
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Two-body strong decays: P/ — =} K’ Q. n*
» Three-point correlation function
(p,p,q) = f d'xdy e e 40| T{Jp,., (DI 0)IL_(0))0)

(p,p,q) = f d*xd'y €7 *e (O[T {Jp,,, (DTS ()T,_(0))0)

&1 = [eanc(cE Cyuch)yysudldayssal| 15 =1/27

T
Jz, = 6abc(ca CYpCb)'Yp')'Suc,

J-=id- Ss, J+=ig Su’
JQCC =€abc(CZC'y/1cb)'y#»yssc, K a’Y5%a n aY5Uq

Coupling to hadrons via:

0l&1 P2 ) = A3 , -

Ol¢11Pces ) mi".(.,.u(P) Oz, |Ecc(p, 8)) = fz_u(p, s),

(OlJxIK) = fkm—K = Ak, OV, (P, ) = fa. ulp, s).
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Transition matrix elements are

(Eeep s S YR(@Pees(P)) = gp. = gz, (P, S up, (P, 5),

cey (
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In the chiral limit, we establish a sum rule for the coupling constant

by picking out the 1/q* terms in OPE

2 ol 2 2 S
1 mp msz Q°+m 0 .
2 ccs =cc K —S/M 2
= 7(So0, M3) = ds p(s)e 8 + R(M
8p...2.ck (50, Mp) /l;a,_‘,/lEn/IK(mPcc_\- +mg_) e—méa, M3 e—mf,m /M2 02 I( p(s) (Mp)|,

The spectral function: quark and gluon condensates contribute

512757
Ax,y, 5) (3(x = DA, , 5) + m2 + 25(x = D)y = 1)y)),

o(s) = f ™ dx f ™ dy =2y (T(GGIm(2Gg) — (N ((x— Dy + 1>—y_il(<GG>+16n2ms<<ss>—2<qq>))
Xnin Ymin

Up to dim-4
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Sum rules for the coupling constant

: =+ K%channel

2
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Coupling constant and decay width are:
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Sum rules for the Q. 7" channel:
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Coupling constant and decay width are:

gpirar o+ = —(0.193 + 0.03) GeV?

(Pt > Qtmt) =19.56 + 10.36 MeV

Total decay width: I',++ = 84.58 + 18.8 MeV

(Pl - EFFKC):T(PHE - Qint) = 3.3:1
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Summary

> We systematically predicted the mass spectra of the doubly
charmed pentaquark states P.. and P__;

» We suggest to search for the triply and neutral charged

pentaquarks: Pt - E0 gt pt st DG+ and PO S
£ /p=, 20°D®0 | pelonging to the exotic isospin quartet

[P+ (ccuud), PET (ccuun), Pt (ceddd), P2 (ccddu)] with I = 3/2.
> We calculate the decay width of Pt} with J¥ = 1/2~ via the

processes P/ — /YK Q. mt.
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Thank you



