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Spectroscopy at the LHC

W. Wiślicki, PTF meeting in Katowice, October 2022



• 2017 LHCb five states confirmed by Belle in 2018
• 2018 LHCb and                   and      at and
• 2020 LHCb four states (problem!)   
• 2020 LHCb and
• 2021 LHCb two at and
• 2021 CMS    



Classification by SU(3) q.n.

light quarks have spin 0
SU(3) triplet, total spin 1/2

light quarks have spin 1
SU(3) sextet, total spin
1/2 and 3/2, hyperfine split
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(3 1/2+)                             (6  1/2+)                                            (6 3/2+)

Charm and Bottom ground states

2535 MeV 69 MeV 2602 MeV
5893 MeV 20 MeV 5913 MeV

2409 MeV
5736 MeV

Fully confirmed experimentally (except for       )            PDG:
SU(3) symmetry (both for c and b sector!)  

Hyperfine splittings
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Exited states in QM models

In both cases breathing and rotational modes contribute
leading to a plethora of possible states.
Some organizing principle would be usefull
heavy quark symmetry: 1/mQ
large Nc chiral soliton models





chirally inv. manyquark int.

chiral symmetry breaking:

Chiral Quark Soliton Model



adding vlance quarks:

Chiral Quark Soliton Model

chirally inv. manyquark int.



soliton configuration
no quantum numbers except B

“classical” baryon:

Chiral Quark Soliton Model

chirally inv. manyquark int.

due to hedgehog symmetry
of the mean field only
grand spin

K = T + S
is a good quantum number



rotation generates flavor and spin

Chiral Quark Soliton Model

soliton configuration
no quantum numbers except B

chirally inv. manyquark int.

“quantum” baryon:



Mass formula

x
P.O. Mazur, M.A. Nowak, MP, Phys. Lett. 147B (1984) 137 
E. Guadagnini, Nucl. Phys. B236 (1984) 35
S. Jain, S.R. Wadia, Nucl. Phys. B258 (1985) 713

baryon mass:

octet-decuplet splitting: 

constraint:



Soliton with Nc− 1 quarks

color factorizes!

(Nc−1) ×

if Nc is large, Nc- 1 is also large and one
can use the same mean field arguments

plus one heavy quark

G.S. Yang, H.C. Kim, M.V. Polyakov, MP Phys. Rev. D94 (2016) 071502
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if Nc is large, Nc- 1 is also large and one
can use the same mean field arguments

plus one heavy quark

G.S. Yang, H.C. Kim, M.V. Polyakov, MP Phys. Rev. D94 (2016) 071502





Allowed SU(3) irreps. 

= (Nc−1)/3



Chiral Quark Soliton Model
continuation

Need to add:
1) chiral symmetry breaking
2)   soliton-h.q. spin interaction

reproduces QM model results (GMO relations)
+
“Gudagnini-like” relation

Q = c



Chiral Quark Soliton Model
continuation

Need to add:
1) symmetry breaking
2)   soliton-h.q. spin interaction

model independent prediction
G.-S. Yang, H.-Ch. Kim, M.V. Polyakov, MP, Phys.Rev.D 94 (2016) 071502

Q = c

reproduces QM model results (GMO relations)
+
“Gudagnini-like” relation





Excitations

Suppose we write the Schrödinger equation for λ modes.
Reduced mass
Excitations depend on the potential used

soliton zero modes
(rotations)

?



Positive parity 
Higher SU(3) representations

Three exotic (pentaquark) multiplets
spin 0 soliton is heavier than spin 1



Negative parity



Negative parity
octet and decuplet                      antitriplet and sextet                   antitriplet and sextet



One K=1 quark excited solitons

+ heavy quark

T’ + J = K = 1



3bar excited P=− heavy baryons

add heavy quark
total spin 1/2  and 3/2



3bar excited P=− heavy baryons
(3 1/2⎻)                       (3 1/2+) 



3bar excited P=− heavy baryons
(3 1/2⎻)                       (3 1/2+) 

h.f splitting ratio:



sextet excited P=− heavy baryons

30 states!



sextet excited P=− heavy baryons

Splittings and average multiplet masses depend on J
three new parameters

known from antitriplet



sextet excited P=− heavy baryons

Are Omega_c states discovered
by the LHCb in 2017 members
of SU(3) sextets?



Hai-Yang Cheng, Chin. J. Phys. 78 (2022) 324-362



LHCb Omegas

69 MeV

not seen by Belle
but not excluded

as in the ground state sextet!



soliton in 15 (quatroquark)
(spin 1 < spin 0)
+ heavy quark:  1/2 + 3/2   

2/3

LHCb Omegas

H.C. Kim, M.V. Plyakov, MP arXiv:1704.04082 [hep-ph]



Two narrow
states
(1 MeV) 
inerpreted as
pentaquarks



Charm decay widths
with one adjustable parameter that takes
into account the fact that soliton is built up
from Nc − 1 quarks. 

× 5



Charm decay widths
with one adjustable parameter that takes
into account the fact that soliton is built up
from Nc − 1 quarks. 

× 5
numerical
coincidence?

or
there is
a good reason



LHCb Omegas

24 MeV

not seen by Belle
but not excluded

Recall that h.f. splitting for negative parity 3bar was 28 – 36 MeV



=24

heavy
states
above
Ξ + D
threshold,
large p.s.
also to
Ωc+ π,
can be
very
wide



Possible scenarios for remaining
sextet states

Use also beaty hadrons (unknown SU(3) assignement) as input:

states with * are from LHCb Phys.Rev.D 103 (2021) 1, 012004



Possible scenario



Problem

Not listed in PDG summary,
too dense if compared
with the charm sector



Decays

607



Missing states?

607



Decays

607



Decays

607

and
have

been found in
3-body decays to



Exotica



Exotica
Three exotic multiplets:

J=1, very narrow ~ 1 MeV
J=0, wide, ~ 150 - 400 MeV 



Exotica
Three exotic multiplets:

J=1, very narrow ~ 1 MeV
J=0, wide, ~ 150 - 400 MeV 

decaying weakly







Alternative assignements of 6

H. Y. Cheng, Chin. J. Phys. 78, 324-362 (2022) 
R. Bijker at al. Phys.Rev.D 105 (2022) 7, 074029
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What is the experimental status
of light pentaquarks today?

Q+

X







and various conference
proceedings
e.g. T. Nakano
MENU 2016









What is the experimental status
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Q+

X



Pentanucleon?
D. Werthmuller et al. [A2 Collaboration] 
Phys. Rev. Lett. 111 (2013) 23, 232001
Eur. Phys. J. A 49 (2013) 154
Phys. Rev. Rev. C 90 (2014) 015205
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Pentanucleon?

8 10

N

S

X

Q

M.V. Polyakov and A. Rathke,
On photoexcitation of baryon anti-decuplet
Eur. Phys. J. A 18 (2003) 691

natural (but not the only one) explanation if N* is a pentaquark




