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Exotic hadrons at LHC
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Exotic Hadrons

P Hadrons whose guantum numbers require a
valence quark content beyond qqgor Aa
are called as 0 e x o @, €.g: =5 4™ glueball

U Hadrons whose spin, parity and charge
conjugation are forbidden in the non -relativistic
guark model are also oftentermed O ex od i CsSpi n

U Cryptoexotics :
Z mass/width does not fit with mesonor baryon spectra
£ overpopulation of the spectra
£ production or decayproperties incompatible with standard mesons/baryons

ICHEPAP-2023@SINP
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A constituent picture of Hadrons

A QCD : Fundamental degrees of freedoms are quarfisv@irs and gluons (8 degrees of freedom)

A Confinement conjecture: quarks and gluons must be combinecbilsta-neutral combinations of hadror
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A constituent model of hadrons

A However, there can be strong mixings between different hadrons with the same quantum numbers
ICHEPAP-2023@SINP 9



A SCHEMATIC MODEL OF BARYONS AND MESONS

BH Summer School 2023

M. GELL-MANN

California Institute of Technology, Pasadena, California

Received 4 January 1964

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 7, z = -3, and baryon number 3-
We then refer to the members ui, d-3, and s-3 of
the triplet as "'quarks' 6) g and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
(aaq), S%Sﬂﬂgs), etc., while mesons are made out
of (qg), (aqgq), etc. It is assuming that the lowest
baryon cmzé'Luration (aqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (g q) similarly gives
just 1 and 8.

*

10



Quest

U Does nature permit what QCD allows?

U Are there subatomic particles beyond mesons and baryons valence
structures?

ICHEPAP-2023@SINP 1



|24 Selected for a Viewpoint in Physics week ending
PRL 115, 072001 (2015) PHYSICAL REVIEW LETTERS 14 AUGUST 2015

S

Observation of J/ywp Resonances Consistent with Pentaquark States
in A) - J/wK p Decays

R. Aaij et al.”
(LHCb Collaboration)
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PRL 115, 072001 (2015)

|24 Selected for a Viewpoint in Physics

PHYSICAL REVIEW LETTERS

week ending
14 AUGUST 2015

5%

Observation of J/ywp Resonances Consistent with Pentaquark States

in A) - J/wK p Decays

R. Aaij er al.”
(LHCb Collaboration)
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PRL 112, 222002 (2014)

PHYSICAL REVIEW LETTERS

week ending
6 JUNE 2014

S

Observation of the Resonant Character of the Z(4430) State

R. Aaij et al.”
(LHCb Collaboration)
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Exotic hadrons at LHC
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Spin EXxotics

S, L S=0 1 s=1/2 s=0
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Spin EXxotics

S L S=0 1 s=1/2

. e @

Combine with orbital angular momentum L
|

J=LAS, P=(-D'", C=(-1n-*s

ICHEPAP-2023@SINP 18



Spin EXxotics

S L S=0 1 s=1/2

. &+ @

Combine with orbital angular momentum L
|

J=LAS, P=(-D'", C=(D-s

___

Singlet (S = 0) Tt

Triplet (S =1) P {ph:ho} {ph:hcr} {chcrhr} e .
S-wave P-wave D-wave F-wave

Allowed: J™©=0%*0"1" 1,12 2772, ..

ICHEPAP-2023@SINP Are these all? 19



Spin EXxotics

N\

J=LAS P

|
0
\>
4
.|.
=
|
0
\>
4
.|.
)

kg, A A A K

m] --F-O-I

Forbidden (within such amodel)
guantum numbers

Any meson with these “forbidden” quantum numbers are called

EXOTIC MESON (spin exotic)
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PHYSICAL REVIEW LETTERS 129, 192002 (2022)

Observation of an Isoscalar Resonance with Exotic JF¢=1"+
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Exotic hadrons and lattice QCD

A Tetraquarkandpentaquarkadrons have been observed experimentally with heavy quark
contentse. LHC, Bell e, BES

A Are their possibilities to find more of those? And othmirltiquarkstates?
A What are the structures and properties of these exotic hadrons?

A What can lattice studies do?

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

A Can decipher structures and properties of exotic hadrons

ICHEPAP-2023@SINP
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Heavy four-quark states

Q et Q

A possible structure:

(A p A¥[FFaF)
How about ?

(ad  {FF3

Possible states? : -H—H-(} H{-O*\{H{-()JH]H—HV%
o Mo Vg 1

LoPmmE L e
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Possible Interpolating operators for four-quark hadrons

(4 @ a¥fra )
4
(b3 Ak 3
Tetraquark type: B (0) I (.) I n @ With diquark-antidiquark

Meson-meson type:

with the appropriate color and spin combinations

BH Summer School 2023
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LQCD: bound states of

T4 4 FHR I8y g (HHIO Wi o (o Ao ™

Expt: Al G 9

ICHEPAP-2023@SINP



(0] (0]
JI‘ _H_ _H_k -H—H-(} B cesuitssofar
0 0}
Lattice QCD Static potentials Other approaches
501 i i
] ]
i i
':)' () fromremmrmrrmrr s s e J.. ..................... :__ ...........................................................................................
- : : f
= 1 ' B3
=0 J 1 H -
p ; : * i
—100 1 ! ! ¥ ®
? i i ¥ i i - & 0 5
& i i
2 —1501 : E 1
._§ ' ' <
£ o) ¥ (¥ s
s s
] i
—250 1 H H

e o - P e

Pflaumer et al (2023)

Hudspith and Mohler (2023)

Aoki and Aoki (2022)
Colquhoun et al. (2021)
Mohanta and Basak (2020)
Leskovec et al. (2019)
Junnarkar et al. (2018)
Francis et al. (2016)
Bicudo et al. (2016)

Brown and Orginos (2012) %
Bicudo and Wagner (2012) X
Liu et al. (2019)

Wang et al. (2018)

Park et al. (2018)

Wang (2017)

Eichten and Quigg (2017)
Karliner and Rosner (2017)
Lee and Yasui (2009)

HH KO1 MY HM B ] B e
B e = PV e H

Zhang ct al. (2007)

Ebert et al. (2007)

Navarra et al. (2007)

Vijande et al. (2006)

Janc and Rosina (2004)

Vijande et al. (2003)

Brink and Stancu (1998)
Carlsen et al. (1988)
Silvestre-Brac and Semay (1993)

ICHEPAP-2023@SINP
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What about 7| 4fFa 4 ?

Various models predicted mixed results for ¢ %

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

U 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)

udeb, I =0 JF =0° uddh. [=0JP =1
200 200
. !
100 - "
g () eeseassanncanee .I....'..............'..... ..... i s ?
- > o
- = Oty Bl i
= x - =5 e " &
¥ —200 . x
i ¢ HQ Symmetry __5- —1001 e HQ Symmetry
. 004 ™ Nonchiral models ™ ®  Nonchiral models 3
*  Chiral models —2004 %  Chiral models :s *
¢ QCD sum rules ®  (QCD sum rules
600 300

B. Colquhoun et al, Rev. Mex. Fis. Suppl. 3 (2022) 3, 0308044 "
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Resonance structure from finite volume study

Luscher :
CMP 105,153 (1986);

NPB 354, 531(1991)

gl

A S
11 4 [V 4 I J-I -‘
H Hit T( ) \ I
Finite volume spectra plus Infinite volume scattering
boundary condition amplitude
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O 2P 0
W TP
Presence of a bound state 0 o
M Padmanath, A Radhakrishnan, N Mathur
1.002 - oo arXiv:2307.14128
m,~0.5GeV 0.6 GeV 0.7 GeV 1.0 GeV 3.0 GeV Bt
1.000- ' 0.02 1
4 + L " éﬂ 0.00
150.998 | -
o} + f i. ~0.02 —
0,996 + 0.0 | /L e —ii—
— fi Lr*idof ~4.1/6]
—0.06 - —'—..ﬁ; |Xz-'fd"-?f"’ 2.4/4]
0.994 - L tfm] eweee fi [ dof ~2.3/6] MAIES,.,
3 45 3 45 3 4 5 3 4 5 3 4 5 0% 00 0.04 0.08 0.12 0.16 0.20
Strong indication of a bound state of about 20-40 MeV binding energy
1.5
Lyu et al This work Leskol/ec etal Aokietal
—1.0- 2023 2019 2023 _
T Tetraquarks with charm and Bound or virtual bound
gn | ¢ $ bottom may be accessible to | state within a few MeV or
S ' @ experiments - theoretical less below threshold
=00 m predictions can help in such arXiv: 2312.0292
searches!
—0.5 " - * "
DD( ) DBE 18 BBE L BB( mgg
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Glueball

U A glueballisa
gluonicbound state

U In the theory ofQCD, gluonself
couplingadmitsthe existence of
such a state.

U No conclusive experimental
evidence ofjlueballas yet though
thef, states are indicative. Difficult
to detect due to mixing but the
searches are ongoing

U0 However, lattice QCD calculations
can tell us abouwglueballspectra
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Glueball

U A glueballis a _ 1o | | 5
gluonicbound state ~ O mm—— Really:
2+-_<3T::_ Exotic !

U In the theory of QCylL..~
self couplingadmitsthe g |

existenceof such astate 2 m— 3 S ——— (ﬁ
L 6 2++_0 — © 7 &

U No conclusive experimental , = Ve - M
evidence ofjlueballas yet 4| ot — T Lj’] Lﬁ
though thd states are
indicative. Difficult to detect 2 | 1 F PL
due to mixingbut the searches Ch e nNM, et al. PRD73, 014516 fj)_h_/
are ongoing 0 (ZOOGL s 0

A Signal-to-noise ratios in lattice glueball correlation functions with dynamical quarks are still very poor.
A Multiple channels with glueball, two-quarks and four-quarks with the same quantum numbers
need to be addressed together
ICHEPMR-@BIs@BARUlations with dynamical quarks including mixing effects are necessary



H Dibaryon

Bound state of two @ X X [ \ A £¢ [ Proposed by Jaffe (1976)

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

U 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!)

No H dibaryon

expected signals for Bf(Y >HX)=1/20Bf(Y >dX)

Y

FiE g oF SRR I IS L I I IS I I IR IR 5r T ——r——
B Yel-gApn’ ][ %/ % YIS A E _H_j s+ s Y(28) 3 - ALICE pp Vs = 7 TeV ]
E 4N £ el ~ F (3S) 3 r rg=1.125 +0.018 *20%% 1 1
A s G 1 | el
EE 1ol : ] —Y(25)+Y(3S) 3 - + AA @ AA pairs
= T == S aakia S ] : W Syst. uncentaintics
i E:E: v E < 25 TR = E Femtoscopic fit ]
b3 o ﬁ#ﬁﬁﬂhﬁ} ﬁﬁjﬁ JJ’JIHH o= -+—t ‘ ‘]IA“&%‘VT}:L l:ni e T 3 s —— Femtoscopic fit (STAR) |
e “Meap)-2m (Mev) ) ' J M(?A)—zn-;‘zfmew E - § E ]
15 = - ]
d oy of N S E e
i I i I T " . 1 - F
P e ﬂ@“ £ s i d > sF E R e S S
= 3O 7h7 Hpde 5 = =
NS ol Tt T T R v R T I osp . . ;
E 8 residusl = rasidial - . . . . - i K . E o 0 PRI T PR PRI T
'§ 6| :E"DE
€2 R % TL ® %L T +Jf+ Jmﬁ LL [ (GeV) 0 0.05 0.1 0.15 0.2
72 L * k2 “H‘"}hff,_-}%’}:‘]%{‘m{ﬂ -H-‘ _H-%_} ,527 T —I—-—I—"f‘ + TH +++l l%l C II b ms k* (Gevfc)
e o E e e o T MER-2m (Mewv) BABAR Olla Oration:
M(Apr)-2m,  BH-Kimetal(Bele) pRLLIO 22062 @083) \y s A o Phys. Rev. Lett. 122, 072002 (2019) Alice: Phys Rev. C 99, 024001 (2019)
Belle: PRL 110,222002(2013) No signal is observed

in e "H'H"HH®0% confidence limit)
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H-dibaryonatn n . symmetric point

071 4 L>24mm
304 ! Lz24fm, [p?|Smy/4
> L~2.1 fm
220 - '
- .
9 =

10 y t

$ t
0

0.000 0.002 0.004 0.006 0.008 0.010
a® (fm?)

B P = 45641135001 £0.634ys MeV.

Greenetal: PhysRev. Lett127 (2021) 24, 242003
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Are there heavy dibaryons?
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Deuteron-like heavy dibaryons
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Deuteron-like heay dibayons
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} Deuteron-like heavy dibaryons

41



ICHEPAP-2023@SINP

Deuteron-like heavy dibaryons

@
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} Deuteron-like heavy dibaryons

Dud
Dbs Dcs
CHH Y

Junnarkar and NM : Phys. Rev. Lett. 123, 162003(2019)
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NM, Padmanath and Chakraborty: PRL 130, 111901 (2023)
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=100 1

=125 -

=150 -

Heavy Dibaryon Candidates?

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

PRD 106, 054511 (2019): Junnarkar, NM
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Hypernuclel
Nuclel with one or more hyperon

*H—3He + 7z (B.R.~ 25%)

_ =TT T I 1T 17T I 1T 1T 1T 1T 1T 1T LI | | 1T 17T | T T T4
o C 4
g a5 ALICE, Pb-Pb t=ct<2cm
©  [0-90%, s, = 5.02 TeV| %2/ NDF =0.80 H
O g 2=p, <9GeVic 1 S=87=10 J
é = 4 sus R SINS+B(30)=7.6=1.1 7
o 25t aH+ A W, =2991[15 =021 MeV/ic®
_ — = Signal + Background aH J
:B 20|~ — Background —
-— — L —
- — .
O 15 —
wF . =
"t H H }l } -
e LI
= e ]E
£I 1 L * 1 | TI“TIJ I“]-;;

96

L1 | | ) N | | 1 1
501502 503 304
M(He + = and c.c.) (GeV/c?)

M

7T = (253 = 1 1(stat) = 6(syst) ps
B, = (102 £ 63(stat) = 67(syst) keV

ALICE: Phys Rev Lett 131, 102302 (2023)
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Models for Exotics

(O8)

Y .
(&)* Molecules q %
=) 1 - Y,

(like deuteron!)

_ q
Hybrids O'Zoa

Hadro-quarkonium

¥ Glueballs @

q

==Y, Experimental effects

Cuspfrescattering effects
ICHEPAP-2023@SINP TE‘I FORY —
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Conclusions and Outlooks

+ They (Exotic hadrons) aleere(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 formataml structures: Good time for theoreticians.

+ Lattice QCD provides a rigorous approach to hadron spectroscopy. Lattice QCD calculations h.
predicted angbostdictecsome 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
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Four-quark hadrons |- |- A A

- | § T dt}u’t,‘.]\wx

Y)

0
= 50
3
Z =100
T
& 150
&
/1
—200
Hudspith etal 2021 & wav
—250 o sty

(.00 0.25 0.50 0.75 1.00 1.25 1.50 1.7 2.00
my/my

< m.. Increases

U Heavier the heavy quark masses,
stronger the binding

\ U Lighter the light quark masses, stronger
the binding

N—

ICHEPAP-2023@SINP

Six-quark hadrons [k [k a4 |- |- 4
«——— M decreases

‘;i

20} PRL 123,162003 (2019)

. j PRL 130, 111901 (2023)
2 60D j }
:': Dhe T)xq 1.38¢
q )

100 D by i-:’, +

120F D2 'D;,?,x.

0.0 0. 0.4 P 1.0 1.2
My /m,,

4 ELAOAAOAOD
U Heavier the heavy quark masses, stronger

the binding
U Heavier the light quark masses, deeper /
| the binding y
A i
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Resonance structure from finite volume study

Luscher :
CMP 105,153 (1986);

NPB 354, 531(1991)

gl

A S
11 4 [V 4 I J-I -‘
H Hit T( ) \ I
Finite volume spectra plus Infinite volume scattering
boundary condition amplitude
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Example of an Exotic

U States with quantum number :

U It is not possible to write an interpolating
field for this state with a form A* A

U Possible operators :

g, Ea”,
ie,, éf:égk B2g® Y rAB i = eijkﬁjl_))k
iejklc%g4gk B*°q” :Ez‘jk%([ﬁjzﬁk]Jr{ﬁyﬁk})
G a
jqu g5g4gk E b > = 'EZJIC%[ﬁjH ﬁk]
qg4Dq — ey Ik
(% a (-'\5 v
Qag5CIbe95% ;Y pAa i
Ijkqg5g4gj Dkq ]Ez - @’ijkﬁj(ﬁk
G C C
|qugj kq Bi = Ijk D Dk
|Jk qg4gj Hadspec (2008)
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J

JL AL

Lk y
dm = Mg — (Mmpe+ +mpo)
I I - I I I J. Carlson ef al, 1987
- B. Silvestre-Brac and C. Semay 1993
R C. Semay and B, Silvestre-Brac 1994
= - M. A Moinesteor 1965
Doubly charm tetraquark T.. ' ecdu . S. Pepin et al 1996
- B. A. Gelman and 5. Nussinoy 200013
D*+D0 D*0pD " : J. Vijande et al. 2003
- 0. Janc and M. Rosina 2004
601 om =m — (mD*+ + 7nDO) \ - | F. Navarra et al. 2007
o - J. Vijande et al 20007
50F dMpote = —0.36 + 0.04 MeV . D. Ebert et al. 2007
E . 5. H. Lee and 5. Yasui 200
40k LHCb 2109.01038, 2109.01056 b ' Y. Yang et al. 2009
o — M. Li et al. 2012
o —_— G.-(). Feng et al 2013
300 * §.-0. Luo et al. 2017
o - M. Karliner and J. Rosner 2mT
20:; . E. J. Eichten and C. Quige 2017
- — £ G, Wang 2m7
- — W. Park et al. 2018
10&__ L] P. Junnarkar ef al. 2018
- . L. Theig &t ol 2018
0;‘” . L M.-ZL Lin ef el 2019
T S VR V| S H L. Maiani et al. 2019
3.87 3.88 ! G, Yang et al. 2019
0710 __+ L] Y. Tan ef ol 2020
m(D D ™ ) Gev . Q.-F. Li et al. 2020
- E. Braaten et al. 2020
— D, Gao et al, 2020
. J-B. Cheng et al. 2020
- 8. Noh ef al 2021
B R. N. Faustov ef al. 2021
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What does LQCD tell us?

States near threshold

(07 (0] Need to find the poles in the scattering amplitude to extract (virtual)

TR :
') Qﬂ TT p bound poles: Padmanath et al. Phys.Rev.Lett. 129 (2022)
om= o8- A6
<+
, , / DOD*+ \
A lattice calculation had seen pr@sence ofan © *I Re(E) —mp+y —mpo [MeV]
energy level below lowest threshold- later lFI -10  -05 05 10
. 2
discovered by LHCb! 2
300 -0.03f —
# Junnarkar, et. al. 4 Rosner,.et.al 5
200l $  Francis,.ct.al I Bicudo,.ct.al N — /
+  Eichten,et.al ' Cheung,.et.al * . |
100f 5 ! LHCb 0 1
— Junnarkar et al. (2019) r | e ~35F |
> 60 : ‘; 30 - 1 |
= 0 iy v C : e 5¢ !
) * ¥ & - - | g 20F M |
< { s . | S 1sp v |
—100 — : S 10F !
+ ' s “f | " SE, %@\tﬁi
o L ! Bt (T U R ==
—200f @ M 53 s & | :]+ %‘ﬁ DoDo”»,O 3.874 3876
©e 80 - | ——— Background Mpops,- (GEV C7)
~300 : - : - 3 f ! Tera
udbb ushb uchb udee usce s 20; + i s g*og tt:rrgssmg + +
Exploring tetraquarks with bottom and or HfH b H# HHHﬂﬁﬁHH Hﬂﬁ
charm may be accessible to experiments 0 et ' M %) #
: T R L . . Nat. Phys. 18, 751i 754,(2022), . |
Motivates the study of w @Q _ e P - o
but significant finite volume effects possible - lg¢se Mgy (GeV ¢?)
to threshold Other recent lattice studies confirm |y, et al. arxiv.2302.04505
the presence the bound state: Chen et al. j.physletb.2022.137391
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https://doi.org/10.48550/arXiv.2302.04505

/ ’.a 4 | -
W | JJJL Jon lattice
Ld ]{ PRL 129, 032002 (2022) " T
« / - | Padmanath and Prelovsek ‘ ‘ ,
? l‘ pO|e OfT(E) . una state pols p:‘||p|
! 0 / f dmr._ = Re(E) —mpo—mp-+ [MeV] \
DD* .
(7) e — s
J E m | J 1 r - _ > _ >
peotd ' —ip a lat o L —
1 1 m. 280 MeV l | ? 1/30
cots" N — 4 D2 =209 -
p 1=0 (1) 2 0 P ’ l increasing myy
dg \ / 0 / >
0.2 | 6771 = M+ — ,71[)-* + Mpo - P ‘|.n.l.|||.| st.  virt. bound st.
) T ( Do) om= cm'E th
G o1 mp [MeV] |6mr,. [MeV] e t S
= - = i Si u/d
% lat. m™)| 1927(1) -9.9*3% |virtual bound st.  th.
- —— NL=;2 1 lat. m")| 1762(1) | -15.0(*%) |virtual bound st.
—— Ny =24 , | .
os ; : ‘ exXp.  |1864.85(5)| —0.36(4) bound st.
=0.008 -0.004 0.000 0.004 0.008 0.012
(p/Epp-)?
iy —1 < L e : .
T o< (pcotog — ip) A Boundstate:f] )| © Q Q==X
A Virtual bound state I MmO Q (6
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like the spin-singlet dineutron Slide thanks: Padmanath and Sasa



