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> Exotic hadrons and pentaquark states
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and predict their spin-parity quantum numbers

> Challenges for hidden-charm pentaquark states

> Summary



i Quark model and exotic hadrons

meson(qq) baryon(ggq)

o Quark model is established to classify hadrons:J¥¢ quantum
numbers and flavour quantum numbers.

@ However, the hadron structures are more complicated in QCD. It may
allow for hadrons which lie outside the naive quark model.

@ Mesons with exotic J©¢ quantum numbers:
JPC =0=—=,0t—, 1=+, 2=, ...

@ Baryons with exotic flavour quantum numbers:
dibaryon, pentaquark,...



* Exotic hadrons

U

dibaryon pentaquark molecule

09

tetraquark glueball hybrid



# Pentaquark states

In 2015, LHCb reported two
hidden-charm pentaquark states
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P.(4380) and P.(4450) in J/vp 2
invariant mass distribution via %’600
A — J/K~p decay (PRL115, %
072001(2015)) 400
M = (4380 + 8 +29) MeV,

M, = (205 + 18 4 86) MeV,
Mo = (4449.8 + 1.7 + 2.5) MeV,
M= (39+5+19)MeV.

Prefer spins: J = 3/2 for P.(4380) while J =5/2 for P.(4450).
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Theoretical interpretations

® Molecular scheme: (OBE and OPE models)
CPC36,6(2012), PRL115,122001(2015), PRL115,132002(2015), PLB753,547(2016),...

® Dynamically generated resonances: (couple channel unitary approach)
PRL105,232001(2010), PRC84,015202(2011), PRD92,114002(2015),...

® QCD sum rules:
PRL115,172001(2015), EPIC76,43(2016), EPIC76,70(2016), 1602.02433,...

® Tightly bound pentaquarks: antiquark-diquark-diquark, diquark-triquark
pictures (chiral quark model)
PLB749,289(2015), MPA30,1550190(2015), JHEP1512,128(2015), PLB749,454(2015),..

® Non-resonance explanations (Kinematical effect):
PRD92,071502(2015), PLB757,231(2016),1507.06552,...

® Other theoretical scheme: topological soliton model, two channel framework,

doublet-exotic molecule structure, ...
PRD92,051501(2015),PLB751,59(2015),JETPL102,271(2015), EPJA51,152(2015),... .



i Pentaquark Configurations

Two possible configurations:

@ Combination of J/v and p [Cycq][€?°q.qbqc]:

@ Configuration [C4q4][€?°°caqbqc]:




i QCD sum rules

o Study two-point correlation function of current J,(x) with the same
quantum numbers with hadron state:

) =1 [ 5@ T L)

o Classify states | X) by coupling to current (2|J,(x)|X) # 0
@ Currents are probes of spectrum and might not overlap with state

@ Hadron level: described by the dispersion relation

2\N m(s N-1
N(g*) = (qw) / SN(;_nq(z)_,-e)d”;}bn(qz)",



#QCD sum rules

@ Quark-gluon level: evaluated via operator product expansion(OPE)
p(s) = pP*18(s) + p{9 (s) + p{CC)(s) + p{" () + plE=Ca) () + ..,

@ Apply Borel transform to correlation functions

@ Quark-hadron duality: Laplace Sum Rules with QCD spectral function
So

e M) [ d Ot — Gt
4mQ

@ Predict Hadron mass via:

£1 50, M2
mx (50, Mg) = \/ﬁo ESO, Mg;.
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Pentaquark states

Two possible configurations (PrL115, 172001(2015)):

@ Combination of J/1 and p [E4¢4][€?°€q2qb9.):

nie? = [Eqvucd]leavc(ul Cdp)ysuc),
5o = [Cayucall€anc(us Crysdp)uc),
775{6% - :Ed’Yqu: :Eabc(UaT C’Yu’stb)uc] -+ {/,t o 1/} .
@ Configuration [S4q4][€**°c.qpqc]:
P = [gyudallease(u] Croup)r scel
W = [esdalleasc(u] Cruus)ecl
Jguy = [Gamadallesse(u] Crus)vsce] + {u & v},
J?j,:} = [Cavuysdal[eapc(u) Cyoup)ee] + {1 < v},
Iy = [eomudllease(u] Crrsds)ce] + {n ¢ v} 11




Pentaquark Configurations

These two color configurations are related via Fierz transformation and color
rearrangement:

5de €abc — 5da 6ebc + 5db Caec + 5dc Eabe .

= ft&er. 1 p* 1 pxr
ccuud C'} JDZC+§JMC+”"

Mou gk
céuud  f.t.&ec.r. 1 D*x: 1 Dx: 3 D*A.
M3{pv} g {w}t §J{#V} - §J{uv} T

These relations suggest that these structures coupled by the currents, if exist,
would naturally decay into J/1 and proton final states.
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Pentaquark Configurations

Two possible configurations (PRL115, 172001(2015)):

@ Combination of J/v and p [Eyc4][€?°°q.qbq.):

nie? = [Eqvucd]leavc(ul Cdb)ysuc),
7755””“' = [Cavucd] :eabC(U.;r Cysdp)uc,
N5iy = [Cavucalleanc(u, Croysds)uc] + {u ¢ v}.

OPE is too simple to give reliable mass predictions!

ceses



Pentaquark Configurations

Two possible configurations (PRL115, 172001(2015)):

@ Configuration [Cyq4][€*°°c.qbqc]:
JE*ZC = [Capdd] €abe(Uy Cyuup)Y Y5,
35 = [arsddllease(u] Cruu)cd,
Jox = [Cavudalleasc(u] Croup)ysce] + {p ¢ v},
Jﬁfxz} = :Ed'Yu’Yde][eabC(UTC’Yuub)cc. +{u < v},
BN = [emudllease(u] Crsds)ec] +{n v}

SO



Pc(4380) and Pc(4450)

PRL115 (2015), 172001
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_ — +0.19
M[D* ¥.],3/2— == 4.37_0.12 GeV 3
_ _ — +0.20
M[DZ’C"&D*/\C],S/2+ = 4477573 GeV,

which supports P.(4380) as a [D*X.] hidden-charm pentaquark with JP = 3/2~ while
P.(4450) as an admixture of [D*A.] and [DX?*] with JP = 5/2% and the mixing angle is
fine-tuned to be § = —51 + 5°.

We also predict their hidden-bottom partners

0.23
M[B*zb]’3/2— == 11.55t0-14 GeV,

MigsraB*n,)5/2+ = 116615757 GeV. 15



Challenges

® The Pc(4380) and Pc(4450) are only reported by LHCb, should be
confirmed in other processes and analyses. Bellell, CMS, JPARC....

® Many isospin and spin partner states were predicted by various
theoretical approaches. Where and how can them be observed?

® Experimental identification of the parities for the two Pc states is
crucial for the discrimination of various models.

® Identification of the dominant decay modes of the two Pc states is
important!

® Is it possible to produce the hidden-bottom pentaquarks
experimentally?

® Other hidden-charm multiquark systems may also exist! 16



i Summary

® | HCb reported two exotic hidden-charm pentaquark states
in 2015: Pc(4380) and Pc(4450).

® Studied the Pcs in two possible configurations:
J/psi+proton and charmed-baryon+charmed-meson.

® Using charmed-baryon+charmed-meson configuration,
we reproduced the masses of two Pc states and
predicted their spin-parity quantum numbers.

® Remain many theoretical and experimental challenges!

17



Than youl!
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Other pentaquark states

TABLE I: Numerical results for the spin J = 1/2 hidden-charm pentaquark states.

Current Definedin  Structure | s, [GeV?] Borel Window [GeV?] | Mass [GeV] (J, P)

M2 = M Eq. (8) [pn.] - - - -
Ns =1 Eq. (9) [pJiw] - - - _
ms Eq.(10)  [N*J/¥] - - - -

&-&  Eq.(13) [A.D] - - - -
&-&  Eq.(14) [A.D"] - - - -

&4 Eq. (15) [Z.D] 20 - 24 4.12 - 4.52 4457017 (1/2,-)
i Eq. (16) [A:D] 25 -29 4.40 - 4.76 4.86:016  (1/2,4)
£ Eq.(17)  [E:D7] | 22-26 3.64 - 4.25 473701 (1/2,-)
1o Eq.(18)  [A.D] 23 -27 3.70 - 4.22 4670000 (1/2,4)
W Eq. (21) (Z:D] 19 - 23 3.95 - 4.47 4337017 (1/2,-)
U3 Eq.(22)  [ED7] | 21-25 3.50 - 4.11 4597010 (1/2,-)

arXiv: 1602.02433



Other pentaquark states

TABLE II: Numerical results for the spin J = 3/2 hidden-charm pentaquark states.

Current Defined in  Structure | s, [GeV?] Borel Window [GeV?] | Mass [GeV] (J, P)
M3 = My Eq. (A1)  [pJi¥] - = - -
Mg Eq.(A2)  [N°n] - - _ _
719 Eq.(A3)  [NJ/y] = = = =
Esu — Eny Eq.(A4)  [AD'] - - - -
&80 Eq. (AS) [Z:D] 21-25 3.93 - 4.51 4.56j3:{§ (3/2,-)
Exp Eq. (A6) [A:D] 23 -27 4.12 - 4.63 4.56j3:§§ (3/2,+)
Ersu Eq. (A7) (£:D°] 21-25 3.85-4.30 4.674)3 (3/2,-)
Err Eq. (AB) [AID] 23 - 27 4.07 - 4.50 4.68:‘32{3 (3/2,+)
&3y Eq. (A9) (£.D] 2024 3.97 - 4.41 4.46*:3:{3‘ (3/2,-)
&3 Eq. (A10) [A.D] 27-131 432 -5.11 5.18’:3:{‘25 (3/2,+)
Wy Eq. (A1) (Z:D] 20-24 3.88 - 4.41 4.45jg:{_‘; (3/2,-)
Wsy Eq. (A12) [£:D°] 21-25 3.86 - 4.46 4617018 (3/2,-)
Yo, (J,?'x* in Ref. [46]) Eq. (Al13) [(Z.D"] 19-23 3.94 - 4.27 43701 (3/2,-)

arXiv: 1602.02433
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Other pentaquark states

TABLE III: Numerical results for the spin J = 5/2 hidden-charm pentaquark states.

Current Defined in Structure so [GeV?]  Borel Window [GeV?] | Mass [GeV] (J, P)

Mgy Eq. (BI) NI/ = = = =
§13ur Eq. (B2) [£:D] 20-24 3.51-4.00 4507018 (5/2,-)
Eis (J7 inRef. [46])  Eq. (B3) (A:D] 2%-28 4,09 - 4.59 47605 (5/2,4)
Uy Eq. (B4) 5:D] 21-25 3.88 - 4.40 459017 (502,-)
Ui (I inRef.[46])  Eq.(B5)  Pwave[L:D] | 25-29 430- 473 48201 (5/2,4)
I (SN inRef. [46])  Eq.(40)  P-wave [AD'&E:D)| 20-24 3.22-3.50 44T (502, 4)

arXiv: 1602.02433
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