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Baryons (Three quark systems)
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Discovery
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@LHCb

Exotic hadrons at LHC

….And so at Belle, BES III, COMPASS, CMS, ALICE, ATLAS, JLAB
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Exotic Hadrons

 Hadrons whose quantum numbers require a

valence quark content beyond qqq or 𝒒ഥ𝒒

are called as “exotics”, e.g. 𝒄𝒄ഥ𝒖ഥ𝒅, glueball

 Hadrons whose spin, parity and charge 

conjugation are forbidden in the non-relativistic

quark model are also often termed “exotics” (spin exotics)

 Cryptoexotics : 
• mass/width does not fit with meson or baryon spectra

• overpopulation of the spectra

• production or decay properties incompatible with standard mesons/baryons
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A constituent picture of Hadrons

 QCD : Fundamental degrees of freedoms are quarks (6 flavours) and gluons (8 degrees of freedom) 

Constituents Combinations Naming convention
(quark model)

𝟑⊗ ഥ𝟑 𝟏⊕ 𝟖 Meson

𝟑⊗ 𝟑⊗ 𝟑 𝟏⊕ 𝟖⊕ 𝟖⊕𝟏𝟎 Baryon

𝟖⊗ 𝟖 𝟏⊕ 𝟖⊕ 𝟖⊕𝟏𝟎⊕ 𝟏𝟎⊕ 𝟐𝟕 Glueball

ഥ𝟑⊗ 𝟖⊗ 𝟑 𝟏⊕ 𝟖⊕ 𝟖⊕ 𝟖⊕𝟏𝟎⊕ 𝟏𝟎⊕ 𝟐𝟕 Hybrid

ഥ𝟑⊗ ഥ𝟑⊗ 𝟑⊗ 𝟑 𝟏⊕ 𝟏⊕ 𝟖⊕𝟖⊕ 𝟖⊕𝟖⊕𝟏𝟎⊕ 𝟏𝟎⊕ 𝟐𝟕 Tetraquark/molecule

𝟑⊗ 𝟑⊗ 𝟑⊗ 𝟑⊗ ഥ𝟑 𝟏⊕ 𝟏⊕ 𝟏⊕𝟖⊕𝟖⊕ 𝟖⊕𝟖⊕𝟖⊕𝟖⊕𝟖
⊕𝟏𝟎⊕ 𝟏𝟎⊕ 𝟐𝟕⊕ 𝟑𝟓 +⋯

Pentaquark

……….. ……….. ?

 Confinement conjecture: quarks and gluons must be combined into colour-neutral combinations of hadrons

A constituent model of hadrons

 However, there can be strong mixings between different hadrons with the same quantum numbers

9
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Quest

 Does nature permit what QCD allows?

 Are there subatomic particles beyond mesons and baryons valence   

structures?

11
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𝒄ത𝒄𝒅ഥ𝒖
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𝑻𝒄𝒄
+ (𝒄𝒄ഥ𝒖ഥ𝒅) Nature Physics,18, 751(2022) @ LHCb

15

𝑫∗(𝒄ഥ𝒅)𝑫𝟎(𝒄ഥ𝒖)
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@LHCb

Exotic hadrons at LHC

….And so at Belle, BES III, COMPASS, CMS, ALICE, ATLAS, JLAB



ICHEPAP-2023@SINP

S = 0, 1

17

Spin Exotics
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S = 0, 1

SLL CPSLJ   )1(    ,)1(   , 1


Combine with orbital angular momentum L

18

Spin Exotics
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S = 0, 1

SLL CPSLJ   )1(    ,)1(   , 1


Allowed : ,....2,2,2,1,1,1,0,0
PC

J

Combine with orbital angular momentum L

L = 0 L = 1 L = 2 L = 3 ….

Singlet (S = 0) 0−+ 1+− 2−+ 3+− ….

Triplet (S = 1) 1−− 1, 2, 3 ++ 1, 2, 3 −− 2, 3, 4 ++ ….

S-wave P-wave D-wave F-wave

Are these all? 19

Spin Exotics
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SLL CPSLJ   )1(    ,)1(   , 1


Forbidden (within such a model) 

quantum numbers : 
𝒐𝒅𝒅−+ , 𝒆𝒗𝒆𝒏+−

𝑱𝑷𝑪: 𝟎+−, 𝟎−−, 𝟏−+, 𝟐+−, 𝟑−+, 𝟒+−, … .

Any meson with these “forbidden” quantum numbers are called 

EXOTIC MESON (spin exotic)

20

Spin Exotics
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@COMPASS: HQL23

Mass:

Width:
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Exotic hadrons and lattice QCD

• Tetraquark and pentaquark hadrons have been observed experimentally with heavy quark 

contents.  ….LHC, Belle, BES

• Are their possibilities to find more of those? And other multiquark states?

• What are the structures and properties of these exotic hadrons?

• What can lattice studies do?

22

 Can predict more exotic states with possible valence structures and energies

 Can decipher structures and properties of exotic hadrons
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𝐶 =
𝐷𝐺𝐷𝑞𝐷ത𝑞𝐶𝑒−𝑆𝑄𝐶𝐷׬

𝐷𝐺𝐷𝑞𝐷ത𝑞׬ 𝑒−𝑆𝑄𝐶𝐷

𝑆𝑄𝐶𝐷 = න𝑑4𝑥 𝐿𝑄𝐶𝐷(𝑚𝑞,𝑔𝑠)

23

QCD

𝐥𝐚𝐫𝐠𝐞 𝐭𝐢𝐦𝐞 ~ 𝒆−𝑬𝟎𝒕
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𝐶 =
𝐷𝐺𝐷𝑞𝐷ത𝑞𝐶𝑒−𝑆𝑄𝐶𝐷׬

𝐷𝐺𝐷𝑞𝐷ത𝑞׬ 𝑒−𝑆𝑄𝐶𝐷

𝑆𝑄𝐶𝐷 = න𝑑4𝑥 𝐿𝑄𝐶𝐷(𝑚𝑞,𝑔𝑠)

𝒂

𝑵𝒂

𝐶 =
𝐷𝑈𝐷𝑞𝐷ത𝑞𝐶𝑒−𝑺𝑸𝑪𝑫׬

𝑬

𝐷𝑈𝐷𝑞𝐷ത𝑞׬ 𝑒
−𝑺𝑸𝑪𝑫

𝑬
≈

1

𝑁
෍

𝑛

𝐶(𝐷−1(𝑈𝑛))

t

  n  1 2   1 

Euclidean time

𝑆𝑄𝐶𝐷
𝐸 = 𝑆𝑄𝐶𝐷

𝐸 [𝑈, 𝑞𝑖, 𝐷 𝑈 ,𝑚𝑞
𝑖
,𝑎]

24

QCD  LQCD

∆𝐶 =
1

𝑁
+ systematics

𝝉 𝐥𝐚𝐫𝐠𝐞~ 𝒆−𝑬𝟎𝝉

𝑪𝒂𝒃
𝟐𝒑𝒕

𝒕, 𝑷 = = ෍

𝒏

𝒁𝒃,𝒏𝒁𝒂,𝒏
† 𝒆−𝑬𝒏𝒕

𝐥𝐚𝐫𝐠𝐞 𝐭𝐢𝐦𝐞 ~ 𝒆−𝑬𝟎𝒕
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q q

ഥ𝑸ഥ𝑸

q q

𝑸
ഥ𝑸ഥ𝑸 𝟑 → 𝑸

𝒒𝑪𝜸𝟓𝒒′ ഥ𝑸𝑪𝜸𝒊ഥ𝑸
′

𝒒𝒒′ ഥ𝑸ഥ𝑸′
How about ? 

A possible structure:

Heavy four-quark states

25

Possible states? : ഥ𝒃ഥ𝒃𝒖𝒅, ഥ𝒃ഥ𝒃𝒖𝒔, ഥ𝒃ഥ𝒃𝒖𝒄, ഥ𝒃ഥ𝒃𝒔𝒄,
ഥ𝒃ത𝒄𝒖𝒅, ഥ𝒃ത𝒄𝒖𝒔 𝒆𝒕𝒄.

𝑱 = 𝟏, 𝒍𝟏𝒍𝟐ഥ𝑸ഥ𝑸 𝑱 = 𝟎, 𝒍𝒍ഥ𝑸ഥ𝑸
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[𝝍𝒊 𝒙 𝚪𝟏𝝍𝒋 𝒙 ][ഥ𝝍𝒍(𝒙)𝚪𝟐ഥ𝝍𝒌(𝒙)]Tetraquark type:

෍

𝒙

𝒆𝒊𝒑𝟏. 𝒙 ഥ𝝍𝒌(𝒙)𝚪𝟏𝝍𝒊 𝒙 ෍

𝒚

𝒆𝒊𝒑𝟐. 𝒚 ഥ𝝍𝒍 𝒚 𝚪𝟐𝝍𝒋 𝒚Meson-meson type:

with the appropriate color and spin combinations

26

Possible Interpolating operators for four-quark hadrons

With diquark-antidiquark

𝒙 = 𝒚 ∶ 𝑳𝒐𝒄𝒂𝒍
𝒙 ≠ 𝒚 ∶ 𝑵𝒐𝒏 − 𝒍𝒐𝒄𝒂𝒍

𝒒𝑪𝜸𝟓𝒒′ ഥ𝑸𝑪𝜸𝒊ഥ𝑸
′

ഥ𝟑, 𝑱 = 𝟎 𝟑, 𝑱 = 𝟏
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LQCD: bound states of

𝑻𝒃𝒃 ഥ𝒃ഥ𝒃𝒖𝒅 , 𝑻𝒃𝒃𝒔 ഥ𝒃ഥ𝒃𝒖𝒔 , 𝑻𝒃𝒄 ഥ𝒃ത𝒄𝒖𝒅 , 𝑻𝒄𝒄 ത𝒄ത𝒄𝒖𝒅

Expt: 𝑻𝒄𝒄 ത𝒄ത𝒄𝒖𝒅
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Results so far𝑻𝒃𝒃 ≡ ഥ𝒃ഥ𝒃𝒖𝒅
𝐵∗ 𝐵∗

𝐵 𝐵

Summary plot: Pflaumer (2023)28
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Results so far𝑻𝒃𝒃 ≡ ഥ𝒃ഥ𝒃𝒖𝒔
𝐵𝑠
∗ 𝐵𝑠

∗

𝐵 𝐵

Summary plot: Pflaumer (2023)29
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Junnarkar et al, 
PRD99 034507 (2019) 

30
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ഥ𝒃ത𝒄𝒒𝟏𝒒𝟐?What about 𝑻𝒃𝒄:

Various models predicted mixed results for 𝒖𝒅ഥ𝒃ത𝒄 (𝟏
+
):

 HQ-symmetry inspired and non-chiral models: mostly unbound
or very weekly bound

 QCD sum rule, chiral models:  a bound state (both for 0 and 1-isospins)
with binding over a wide range ~ 20-400 MeV ! Hudspith et al, Phys. Rev. D102, 114506 (2020)

31
B. Colquhoun et al, Rev. Mex. Fis. Suppl. 3 (2022) 3, 0308044
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Infinite volume scattering 
amplitude

Finite volume spectra plus 
boundary condition

𝐝𝐞𝐭 𝜹𝑮𝑽 𝑬 +𝑴−𝟏(𝑬)

Resonance structure from finite volume study

Z. Davoudi@Lat18

Luscher:
CMP 105,153 (1986);
NPB 354, 531(1991)
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Presence of a bound state

𝑏𝑐𝑢𝑑 0(1+) 𝐵∗ 𝐵∗

𝐷 𝐷

Tetraquarks with charm and 

bottom may be accessible to 

experiments - theoretical 

predictions can help in such 

searches!

Strong indication of a bound state of about 20-40 MeV binding energy

33

M Padmanath, A Radhakrishnan, N Mathur

arXiv:2307.14128

arXiv: 2312.0292

Bound or virtual bound 
state within a few MeV or 

less below threshold
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Glueball

 A glueball is a 

gluonic bound state.

 In the theory of QCD, gluon self 

coupling admits the existence of 

such a state.

 No conclusive experimental 

evidence of glueball as yet though 

the fo states are indicative. Difficult 

to detect due to mixing but the 

searches are  ongoing

 However, lattice QCD calculations 

can tell us about glueball spectra

𝟖⊗ 𝟖 𝟏⊕ 𝟖⊕ 𝟖⊕ 𝟏𝟎⊕ 𝟏𝟎⊕ 𝟐𝟕
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Glueball

Really
Exotic!

 A glueball is a 

gluonic bound state.

 In the theory of QCD gluon 

self coupling admits the 

existence of such a state.

 No conclusive experimental 

evidence of glueball as yet 

though the fo states are 

indicative. Difficult to detect 

due to mixing but the searches 

are  ongoing

 Signal-to-noise ratios in lattice glueball correlation functions with dynamical quarks are still very poor.
 Multiple channels with glueball, two-quarks and four-quarks with the same quantum numbers 

need to be addressed together
 Precise calculations with dynamical quarks including mixing effects are necessary

Chen… NM, et al. PRD73, 014516 

(2006)

SU(3) Spectra
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𝜦𝜦 (𝒖𝒅𝒔𝒔𝒖𝒅) Proposed by Jaffe (1976)

H Dibaryon

Bound state of two 𝜦

 Has to be below the two proton threshold. Then it will be bound

 If it exists it is extremely stable and could be a candidate for SM dark matter?
(May not be as oxygen may not exist with that!)

BABAR Collaboration:

Phys. Rev. Lett. 122, 072002 (2019)
No signal is observed 

in 𝜰 𝐝𝐞𝐜𝐚𝐲𝐬 (90% confidence limit)

Alice: Phys. Rev. C 99, 024001 (2019)

Belle: PRL 110,222002(2013)
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H-dibaryon at 𝐒𝐔(𝟑)𝐅 symmetric point

Green et al : Phys. Rev. Lett. 127 (2021) 24, 242003

37
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Are there heavy dibaryons?
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Deuteron-like heavy dibaryons

39
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u c

d b

Deuteron-like heavy dibaryons

40
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b
u

s
d

u c

d b

Deuteron-like heavy dibaryons

41
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b
u

s
d

u c

d b

Deuteron-like heavy dibaryons

42
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Deuteron-like heavy dibaryons

𝒏𝒑 𝜴𝒄𝒄𝒃𝜴𝒄𝒃𝒃

𝜴𝒄𝜴𝒄𝒄𝜴𝒃𝜴𝒃𝒃

Junnarkar and NM : Phys. Rev. Lett. 123, 162003(2019)
43
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NM, Padmanath and Chakraborty: PRL 130, 111901 (2023)

Most beautiful dibaryons!
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Heavy Dibaryon Candidates?

PRL 123,162003 (2019): Junnarkar, NM
NM, Padmanath and ChakrabortyPRL 130, 111901 (2023): 

PRD 106, 054511 (2019): Junnarkar, NM
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ALICE: Phys Rev Lett 131, 102302 (2023)

Hypernuclei
Nuclei with one or more hyperon
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Models for Exotics

Exciting discovery : 

Compact Tetraquark

Molecules

(like deuteron!)

Hybrids

Hadro-quarkonium

Glueballs

Experimental effects

Cusp/rescattering effects
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They (Exotic hadrons) are here (in Nature): Experiments have discovered Exotic hadrons.

Many more will be discovered soon: Good time for experimentalists in spectroscopy.

No one has any clue about their formation and structures: Good time for theoreticians.

Lattice QCD provides a rigorous approach to hadron spectroscopy. Lattice QCD calculations have 

predicted and postdicted some of these exotic hadrons. 

Lattice QCD calculations are essential :

To predict the unknown exotic hadrons, hence aiding their discovery,

To understand the structures and properties of exotic hadrons

Conclusions and Outlooks
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Hudspith etal 2021

m decreases

𝑚𝑏 increases

 Heavier the heavy quark masses, 
stronger the binding

 Lighter the light quark masses, stronger 
the binding

 Heavier the heavy quark masses, stronger 
the binding

 Heavier the light quark masses, deeper 
the binding

Four-quark hadrons (𝑸𝟏𝑸𝟐ഥ𝒒𝟏ഥ𝒒𝟐) Six-quark hadrons (𝑸𝟏𝑸𝟐𝒒𝟏𝑸𝟏𝑸𝟐𝒒𝟐)

PRL 123,162003 (2019)

PRL 130, 111901 (2023) 
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Infinite volume scattering 
amplitude

Finite volume spectra plus 
boundary condition

𝐝𝐞𝐭 𝜹𝑮𝑽 𝑬 +𝑴−𝟏(𝑬)

Resonance structure from finite volume study

Z. Davoudi@Lat18

Luscher:
CMP 105,153 (1986);
NPB 354, 531(1991)
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Example of an Exotic

 States with quantum number : 𝟏−+

 It is not possible to write an interpolating 

field for this state with a form :

 Possible operators : 

qBq

DDBqBq

qDq

aqqqq

qDq

qEq

qBqi

BqBqi

qEq

kjijk

kjijkikjijk

kjijk

b

i

baa

bab

lk

a

jkl

bab

lk

a

jkl

bab

lk

a

jkl

bab

j

a







































4

45

155

4

45

4

4

    ,

  

   

,







51

Hadspec (2008)

ഥ𝒒𝜞𝒒
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𝑻𝒄𝒄

52
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States near threshold

𝑐𝑐𝑢𝑑 0(1+)

Exploring tetraquarks with bottom and 

charm may be accessible to experiments 

Motivates the study of 𝑏𝑐𝑢𝑑
but significant finite volume effects possible - close 

to threshold

A lattice calculation had seen presence of an 

energy level below lowest threshold- later 

discovered by LHCb!

Junnarkar, et. al.

Junnarkar et al. (2019)

Need to find the poles in the scattering amplitude to extract (virtual) 
bound poles:

Other recent lattice studies confirm 
the presence the bound state:

𝐷∗ 𝐷∗

𝐷 𝐷

Lyu et al. arXiv.2302.04505

Chen et al. j.physletb.2022.137391

−9.9MeV

MeV

Nat. Phys. 18, 751–754 (2022)

M
e
V

What does LQCD tell us?

https://doi.org/10.48550/arXiv.2302.04505
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 Bound state: 𝑝 = 𝑖 𝑝 → 𝑒𝑖𝑝𝑟 = 𝑒−|𝑝|𝑟

 Virtual bound state 𝑝 = −𝑖 𝑝 → 𝑒𝑖𝑝𝑟 = 𝑒|𝑝|𝑟

like the spin-singlet dineutron

PRL 129, 032002 (2022)
Padmanath and Prelovsek

𝑻𝒄𝒄 on lattice

Slide thanks: Padmanath and Sasa
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