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Hidden charm and beauty hadrons reveal tetraquarks and pentaquarks

*Heavy quark pairs are difficult to be created or destroyed by QCD forces inside hadrons.

*Hadrons with a c¢ or bb pair and electrically charged must contain additional light quarks,
realising the hypothesis advanced by Gell-Mann in the Sixties

M. Gell-Mann, A Schematic Model of Baryons and Mesons, PL 8, 214, 1964 Baryons can now be

constructed from quarks by using the combinations
(qaq), (@qaaq), etc., while mesons are made out
of (qd), (qqqad), ete. It is assuming that the lowest

*These are the exotic X, Y,Z mesons and the
pentaquarks discovered over the last decade

There are indeed new valence quark configurations !!

® Tetraquarks are more easy to find at the increase of the quark mass, just as pentaquarks
The presence of heavy quarks appears to increase the possibility of binding

® Hidden heavy flavors have been the first, now we also have the LHCb open heavy flavor
X0(2900) JP=0" and X;(2900) JP=1-in the D+ K- channel (¢5ud or D* K* molecule ?)

® First unexpected charmonium is the still controversial X(3872) (discovered by Belle 2003)
Still controversial because very close to the threshold




Expected and Unexpected Charmonia

figures by:
S. L. Olsen, arXiv:1511.01589, arXiv:1812.10947,




Z.(4430)*— ¥'+r discovered by Belle,
valence quark composition: ccud

"Observation of the resonant character of the Z(4430)"
state".LHCb, Physical Review Letters. 112 (22): 222002(2014).

2013

Ze(4020):—hctn

Z(4020)* 8.9




Recent reports of Exotic hadrons!

DX (6900) (<)
LHCDb, Science Bulletin 65 (2020) 1983

Confirmed by

G. Aad et al. (ATLAS), Phys. Rev. Lett. 131, 151902
(2023), 2304.08962.

Hayrapetyan et al. (CMS), Phys. Rev. Lett. 132,
111901 (2024)

The LHCDb collaboration also reported evidence of two
additional structures in the same decay channel, peaking
at approximately 6400 MeV and 7200 MeV

As well as confirming the X(6900), ATLAS reported a
broad structure starting from the di-J/{ threshold with a
global statistical significance far exceeding 5 o. ATLAS
also explored the J/§¢ @(2S) decay channel and reported
an additional peak not seen in the di-J/y mode, with
statistical significance larger than 3 o.

Recently, CMS investigated the di-J/p mass spectrum and
confirmed the previously discovered X(6900) state.

CMS also found two new states, X(6600) and X(7300)
with 6.9 and 4.7 standard deviations.




Recent reports of Exotic hadrons

> X0,1(2900) Amplitude analysis of
LHCb, PRL125, 242001 (2020), Phys. Rev. D 102, 112003 (2020)

confirmed in a different production channel :

>

LHCb, PRL133, 131902 (2024)

3.9 standard deviation 9 o standard deviation

statistical significance >

Amplitude analysis of NS O Lco, PRL133, 131902 (2024)

Xo,1 observed in [ QERSENIEN 11 o standard deviation

X(2900): M = 2.866 + 0.007 & 0.002 GeV/c?,
I'=57+12+4 MeV,

X,(2900): M = 2.904 £ 0.005 + 0.001 GeV/c?,
I'=110%£11 £ 4 MeV,




Z:5(3985) ™ (ccsu) (BESIII, Phys. Rev. Lett. 126, 102001
(2021)) (5.3 statistical significance)

Mass and width are respectively

ete™ > (Zes(3985))KtY - (D;D*° + D7*DOK ™

Z.4(4003)" (ccus) (LHCb, Phys. Rev. Lett. 127, 082001
(2021) (15 statistical significance)

Bt = (Z1.(4003)¢p - (J/PK*) ¢




Discovery of the doubly charmed T/ in D°D°x ™" invariant mass distribution
with a 22 standard deviations arXi1v:2109.01038 ( Nature Physics 2022) and
arXiv:2109.01056 (Nature Physics Communication 2022).

The minimal quark content for this newly observed state is ccud
Mass and width

M =~ 3875 MeV
‘This is the narrowest exotic [~ 0410 MeV

state observed to date’

‘Moreover, a combination of D** DO threshold is at

the near-threshold 3875.1 MeV
mass, narrow decay width and

its appearance in prompt

hadroproduction show its

genuine

resonance nature. This is the

first such exotic resonance ever

observed.” Nature

Physics volume 18, pages 751—

754 (arXiv:2109.01038)



https://www.nature.com/nphys
https://www.nature.com/nphys

Pc (uudcc)

The LHCb observation [1] was further [1] R. Aaij er al. [LHCb Collaboration], Phys. Rev. Lett. 115 (2015) 072001
[2] R. Aaij er al. [LHCb Collaboration], Phys. Rev. Lett. 117 (2016) no.8,

supported by another two articles 082002
[3] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 117 (2016) no.8,

by the same group [2,3]: hon,




As well as revealing the new P.(4312) state Why pentaquark states?
with 7.3 sigma statistical significance, the

LHCDb 2019 analysis also uncovered a more
complex structure of P.(4450), consisting of
two narrow nearby separate peaks,
P.(4440) and P.(4457) with the two-peak
structure hypothesis having a statistical
significance of 5.4 sigma with respect to the
single-peak structure hypothesis.

The masses and widths of the three narrow
pentaquark states are as follows

AY - J/¥pK~ channel (P, - J/¥ p)

State M [MeV] I [MeV]
P.(4312)" 4311940772~ 984 2.7

-0.6

P_.(4440)" 4440.3 + 1.314! 20.6 + 4.9187

—10.1

—4.7
P.(4457)" 4457.3 +0.61} 6.4 + 2.0437

[*] R. Aaij et al. (LHCDb), Phys. Rev. Lett. 122, 222001 (2019). . '
Number of events versus J/Psi p invariant mass [*]. The

mass thresholds for the £, D and £, D ~ final states are
superimposed.




2020 AY - J/®AK™ channel (P, — J/¥ A)

Pcs (udscc)(4459) LHCb, Sci.Bull. 66 (2021) 1278-1287

Significance of P%(4459) exceeds 3 o after
considering all the systematic uncertainties.

I

This is similar to the two Pc(4440) and Pc(4457)
which are just below the 2+, threshold

The mass of Pcs(4459) is about 19 MeV below the
threshold




Evidence for a new structure
AuguSt 2021 in the J/v¢p and J/v¢p systems
in Bg — J /1 pp decays

arXiv:2108.04720v1 [hep-ex] 10 Aug 2021,
Phys. Rev. Lett. 128,062001 (2022)

BY - (P1)P ~ (J/¥P)P
B3 - (P)p - (J/¥P)p
The P.(4437) statistical significance is in the range of

3.1 to 3.7 depending on the assigned J” hypothesis:
+
3.1 sigma for J¥ = %

Mp, =4337 77 T2 MeV, ¥
Fe 26_4 1_42 | 3.7 sigma for JP = ;




Pcs(4338) October 2022.

e the Pcs(4338) was announced by LHCb at around M =4338 MeV in the




No consensus, yet

. F-K. Guo, C. Hanhart, Christoph, U-G
Hadronic Molecule MeiBner, Q. Wang, Q. Zhao, and B-S
Zou, arXiv 1705.00141 (2017)

OCD

Forces

1

L. Maiani, F. Piccinini, A. D. Polosa and V.Riquer,

Compact Diquark-Antidiquark Phys. Rev. D 89 (2014) 114010,




For pentaquarks

guclear Hadronic Molecule?
orces (DX?, D*%,,...)

Compact pentaquark

Baryon-meson

Nuclear  QCD molecule with

Forces % Forces
5-quark core

JaJun Wu,R. Molina, E. Oset,B. S.Zou,PRC84(2011)015202

E. Santopinto, A. Giachino, Phys. Rev. D96 (2017) 014014

Y. Yamaguchi, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi
and M. Takizawa, Phys. Rev. D 96, no. 11, 114031 (2017).
Y. Yamaguchi, H. Garca-Tecocoatzi, A. Giachino, A. Hosaka, E.

Santopinto, S. Takeuchi and M. Takizawa, Phys. Rev. D 101 (2020)
no.9, 091502




Compact 5q state

E. Santopinto, A. Giachino, Phys. Rev. D96 (2017) 014014.
P states by an algebraic model

5-quark configurations

Sp = 112,312, Scc= 01 Sp =1/2,Sc= 0,1

Using only simmetry considerations, and an equal spaced mass formula, we have predicted the strange pentaquark with
[=0 Pcs(4457) for which LHCD reported evidence (LHCb, Sci.Bull. 66 (2021) 1278-1287) and suggested to look for it in
the A J/'¥Y channel (in fact cited by LHCb). According to our model also [=1 Pcs should exist ( in the X J/'¥ channel) and
[=1/2 Pcss (in E J/¥ channel)




Compact 5q state?

We have predicted the strange pentaquark with I=0, P2, for which LHCb reported evidence at M=4459 MeV and suggested
to look for it in the A J/'¥ channel . According to our model also I=1 P, should exist ( in the £ J/'Y channel) and [=1/2 P,
(in £ J/¥ channel).

P2(4459) The LHCb Coll. LHCb, Sci.Bull. 66 (2021) 1278-
1287,
Evidence of a J /WA structure and observation of
excited £~ states in the E, — J/WAK™ decay
from E. Santopinto and A. Giachino, Phys. Rev. D96 (2017) 014014




In which channels the other hidden charm pentaguarks which fill
the SU(3) flavor octet can be observed?

=) P4 K-, Pt — JJU+ Bt

Pt(4584) a ccuus state with isospin 1 so it can be
observed in J/WX* invariant mass spectrum; it is important
to perform a an amplitude analysis of Eg - J/YItK~
decays!

I

P27 (4694) a ccuss state with isospin %; this state can be observed in J
J/WZE" invariant mass spectrum after performing an amplitude analysis of
Q, - J/PE"K° decays!







Hidden-charm pentaquarks as a meson-baryon molecule with coupled channels
for D*)A_ and D(*)zﬁ*’
Y. Yamaguchi, E. Santopinto, Phys. Rev. D Phys.Rev. D96 (2017) no.1, 014018

This description is motivated by the fact that the observed pentaquarks are found to be just
below the 2D theshold(P.(4312)),%% D (P.(4380)) and £.D* (P.(4440) and P.(4457))

Near the threshold, resonances are expected to have an exotic structure, like the hadronic
molecules

This the similar to the work by Wu et al. [*] but it is based on SU(3) flavor symmetry




Upgrade of the model:
Coupled channel between the meson-baryon states and
the five quark states

Hidden-charm and bottom meson-baryon molecules coupled with five-quark states,Y. Yamaguchi, A. G., A.
Hosaka, E. Santopinto, S. Tacheuchi, M. Takizawa, Phys .Rev. D96 (2017) no.11, 114031

Meson-baryon interactions are obtained from the EFFECTIVE LAGRANGIANS satisfying the
heavy quark and chiral symmetries













EFFECTIVE LAGRANGIANS

Coupling between

. ) Definition of the
In Dirac space axial current

[1]:
§ = e¥n , f, = 92.3 MeV

M is the traceless 3 x 3 Hermitian matrix of the pseudoscalar mesons

The coupling constant g, is determined by the strong decay of D* — D«

[1] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto, F. Fer-
uglio and G. Nardulli, Phys. Rept. 281, 145 (1997) doi:10.1016/S0370-
1573(96)00027-0 [hep-ph/9605342].




EFFECTIVE LAGRANGIANS

Coupling between the

[2]: In Flavour space
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The phase factor§ = —1
= (\/5/3)94 =% is obtained from Quark Model

2] Y. R. Liu and M. Oka, Phys. Rev. D 85, 014015 (2012)

d0i:10.1103/PhysRevD.85.014015 [arXiv:1103.4624 [hep-ph]].



* From the effective Lagrangians introduced above, we obtain the pseudoscalar
meson exchange potentials

* The coupled channel Hamiltonian is obtained by coupling the meson-baryon
channels to the compact five-quark states

Kinetic energy and OPEP of
the Meson-Baryon system

Coupling between the
meson-baryon channels
and the five- quark core

Kinetic energy
and harmonic
oscillator
potential of the
five quark states

HMBwMB _|_Vw5q — EQ/)MB,
V'I‘,(pMB o H5qw5q — E,(/)E)q )

coupled channel Schrodinger equation




3]

* In Refs. we studied the hidden-charm pentaquarks by coupling the A.D™ and

2% D™ meson-baryon channels to a uudc¢ compact core with a meson-baryon
binding interaction satisfying the heavy quark and chiral symmetries.

We predicted the three pentaquark states, P.(4312), P,(4440) and P.(4457) two years

before the experimental observation by LHCb.

For this reason we wrote a Rapid Communication, Y. Yamaguchi, H. Garcia-Tecocoatzi, A.
Giachino, A. Hosaka, E. Santopinto, S. Takeuchi and M. Takizawa Phys.Rev.D 101 (2020)
091502 (R)

[3] Y. Yamaguchi, A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi, M. Takizawa,
Phys. Rev. D 96 114031 (2017)







Very recently the LHCb Collaboration announced the observation of a new strange pentaquark
P.s(4338) [*]

significance>100

= Spin-parity:
J =% determined
P =-1 favored, 2" rejected @90% CL

This new state has been observed inthe B~ — J/WAp decay process as a resonance
in J/WA invariant mass (minimal quark content ccuds)
with a statistical significance > 10 standard deviations [*]

[*] Aaij et al. (LHCb collaboration), arXiv:2210.10346, Phys.
Rev. Lett. 131, 031901 — Published 17 July 2023




In [1] we constructed a coupled-channel model for the hidden-charm pentaquarks with strangeness whose quark content is udscc,

P.., described as ACES(*), Eg’*)ﬁ ) molecules coupled to the five-quark states. The meson baryon interactions satisfy heavy quark

and chiral symmetries.
We reproduce the experimental mass and quantum numbers /¥ of Pcs(4338) for which LHCb has just announced the discovery. We
make other predictions for new Pcs states as molecular states near threshold regions that can be studied by LHCb.

[1] A.Giachino , A. Hosaka ,E. Santopinto, S. Takeuchi, M.
Takizawa , Y. Yamaguchi, Phys. Rev. D 108, 074012 (2023)

Consistence with the two-peak structure
hypothesis by LHCb, P..(4468) and
P..(4455)




l. Belov, A. Giachino, E. Santopinto, 2409.12070 [hep-ph]

Inputs
* pQCD. CTEQ18 NLO

* Wave functions by G. J. Wang, L. Meng, M. Oka, S.L. Zhu , PRD 104,
036016 (2021)



https://arxiv.org/abs/2409.12070

|. Belov, A. Giachino, E. Santopinto, 2409.12070 [hep-ph]

®(nS) = 10¢(nS) ¢ = |¥(0,0,0)2/M°



https://arxiv.org/abs/2409.12070

|. Belov, A. Giachino, E. Santopinto, 2409.12070 [hep-ph]

®(nS) = 10'%¢(nS) 6 = |¥(0,0,0)[2/M°



https://arxiv.org/abs/2409.12070

. Belov, A. Giachino, E. Santopinto, 2409.12070 [hep-ph]

by G. J. Wang, L. Meng, M. Oka, S.L. Zhu, PRD 104, 036016
(2021)

[26] G.J. Wang, L. Meng, M. Oka, S.L. Zhu , PRD 104, 036016 (2021)



https://arxiv.org/abs/2409.12070

For the future, it can be usefull to have:

e Efficiencies from ATLAS and CMS

 The absolute value of the cross section from LHCb, CMS, ATLAS




NsingEQE(pp_) T4c+X) 'BI'(T4C — J/".pz]//(,b)

L denotes the integral luminosity

Npucp(6905) = 252 + 63




Thanks for your attention!




ICHEP 2022, July 2022 , X(6600), X(6900) and X(7300)
CMS Collaboration, Jingqing Zhang et al., 2212.00504 [hep-ex], PoS ICHEP2022 775



https://inspirehep.net/authors/1035209
https://arxiv.org/abs/2212.00504

ATLAS Confirmation of the X(6900) ( >5 ¢ ) Phys. Rev.
Letters 131,151902, 2023)







