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EXOTIC HADRONS BACK IN SPOTLIGHT

While the existence of exotic hadrons was predicted since the formulation of the
quark model, no hadrons were definitively identified as exotic for many decades.

The B-factories shed new light on the field with the discovery of two mesons

\Dso*(2317)+ and x.,(3872) (a.k.a. X(3872)) exhibiting unexpected properties: y.
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OBSERVATION OF EXPLICIT EXOTIC HADRONS

-

However, despite the precise measurements of their masses and widths,
determination of their spin-parities and comprehensive studies of their production
1n various collision systems, the fundamental nature of these mesons, whether
conventional quark-antiquark states or exotic hadrons, remains unresolved.

Observation of first charmonium-like meson: T,.;(4430)* , x .. 744300+

/ [PRL 100 (2008) 142001]  [PRD 79 (2009) 112001] [PRL 112 (2014) 222002]
o Multidimensional amplitude analysis b LSRR L
! i [
I L -
3 [
o Resonance or rescattering effect? | el e L]
) Natural width of Z(4430) [MeV]
State T N N
Belle 45 +18_ 430 107488 74 00 +41_;+26_
\ LHCh 172 £ 13 97,
3

QCD connections with astroparticle, hadronic, nuclear physics - ESPP2026




I

ExoTic HADRONS @ LHC
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The LHC experiments picked up the baton and r 1
firmly established the existence of explicitly '

B0

exotic hadrons in prompt pp production and from -
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-
§
]

b-hadron decays 0 o e
\ https://ko enbur ch/ articles.html
/ [PRL 122 (2019) 222001] [Nature Physics 18 (2022) 751] [PRL 132 (2024) 111901]
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WHAT’S NEXT?

-

Over the years, an abundance of exotic hadrons has been discovered, so many
that PDG2024 has introduced a dedicated naming scheme for them. As with
conventional hadrons in the early stages of hadron spectroscopy, recognizing
underlying patterns is key to exploring their internal dynamics

HADRO- . TETRACUARK
QUARKONIUM 7

Why do many exotics lack flavour/isospin o

BOOOE0
'>~.\Vo‘,)qk‘
; N7

partners?

How the quarks are bound together inside the / _ ~ Guesau
exotic hadrons?

Do hybrids/glueballs exist?

\ Credit: C. Hanhart /{
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lMExoTic HADRONS :
THEORY INPUTS FROM LATTICE QCD

\

Lattice QCD is expected to provide important information on exotic hadrons (when not too \
high above lowest threshold)

=» First-principle calculations :
- calculations based on path integral formalism (hypercubic lattice used as UV regulator)
- can make predictions (quantifiable uncertainties), guide experiments
- complementary to exp. : e.g. freedom to tune the quark masses, probe internal structure

=» Path integral evaluated with Markov Chain Monte Carlo
- calculations are affected by statistical uncertainties
— Increasing need of computing resources

=*» Formulated in Euclidean spacetime
- extraction of the mass of stable hadrons (within QCD) is straightforward
- hadronic resonances are not asymptotic states of QCD, first principle
calculations challenging

— no direct access to mass (# stable hadrons) : use the finite-volume lattice to extract the
scattering amplitude matrix /
— significant theory and algorithmic developments in the last decades /
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TACKLING THE NATURE OF ¥.(3872)

(
» Nature of the x,,(3872) state can be elucidated by studies of its lineshape
» Measurements of the compositness (the probability of finding molecular state in the eigenstate)
and effective range provided new tools to discriminate between different models
U J
/ o LHCb Upgrade II will increase the sensitivity to the lineshape parameters \&
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O Belle Il targets 40 times more data than previous B-factories 3
o Efficient photon and n° reconstruction makes a lineshape measurement S
of x.1(3872) via D°D*" decays possible together to the first observations of §
the predicted neutral partners of charged tetraquark states s b
M(D°D") (GeVic?)
k [PRD 107 (2023) 112011]
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rFEMTOSCOPY AS A PROBE FOR
ExoTic HADRONS

The femtoscopy technique consists of the measurement of
correlations in momentum space for hadron-hadron pairs

-

Coo k")

Correlation functions sensitive to the scattering parameters and
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Haidenbauer et al. [22] 0.67 0.04 (0.8-1.3)

(@2 /47— 2.25)

Hofmann and Lutz [23] —0.16 —0.26 | (1.3-1.6)
Yamaguchi et al. [25] —4.38 —0.07 | (0.6-1.1)
Fontoura et al. [24] 0.16 —0.25 (1.1-1.5)

[PRD 106 (2022) 052010]
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rFEMTOSCOPY AS A PROBE FOR
ExoTic HADRONS

\_

[arXiv:2211.02491]
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THE EXOTIC NATURE OF Y.,(3872)

Multiplicity dependence in pp, pA and AA collisions is a
further handle on the formation mechanism of exotics
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Reconstruction Efficiency
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@LICE 3 and LHCb Upgrade II capable to reconstruct the x.,(3872) — J/yntm
decays at very low pp, where theoretical models disagree significantly

ALICE3 Study, pp V5 = 14 TeV
%.(3872) = Jly+m'n, Jy| < 1.44, BR = 0.24%

ALICE

5 10 15
P, (GeV/c)
[arXiv:2211.02491]

QCD connections with astroparticle, hadronic, nuclear physics - ESPP2026 10 |




I

TACKLING THE NATURE OF T ,(4430)"

& » Observation of several exotic hadronic resonances with hidden charm or
beauty in the last decade at LHC and B-factories
» Most of them are quite broad and observed 1in 3-body decays of b-hadrons

(e.g. BY > Z(4430) (= ¢(2S) m) K*)

J
s N
e . N 5 Toh Ty
LHCb Upgrade II would allow to test further their nature by: g \LHCbD . +LHCb3 b
: < N\ C O : ~-LHCb 300 fb’!
» Probing the resonant character- _ & 0-2m + | chmlangn |
. . . S~o i i —Breit-Wigner |
» Searching for isospin partners T~ E My, —HTSMEV T
P R i Ty =172MeV 7|
» Measurements of quantum numbers oJ j. e s 5

Such goal relies on amplitude analysis techniques. o4l | )
Refinement of theoretical parametrization of hadronic N + 1

amplitudes and advanced understanding of the light SN RN EIS B R
04 02 0 0.2

tr re required in the meantim
9 spectroscopy are require e mea e Y Re A} 0,
[arXiv:1808.08865]
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TACKLING THE NATURE OF PENTAQUARKS P,

/
©)
@)
©)

and measure quantum numbers

As for other hadrons, multiplets of pentaquarks should exist
Pt — J/Y p (uudce) and P..° — JAp A (udsce) observed
LHCDb Upgrade II could search for other flavour partners

.
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[PRL 131 (2023) 031901]

o
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{a)

Probing P* nature also in different production mechanisms:
e.g. Electroproduction (EIC) or Photoproduction (GlueX)

(b)

FIG. 1. {a) Electroproduction channel to be measured by EIC. (b)
Photoproduction channel investigated by GlueX experiment [12].

[arXiv:2503.02676]
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rDOUBLE HEAVY TETRAQUARK IN

LATTICE QCD

a

T

Binding energy (MeV)

——

Alexandrou et al. (2024
Hudspith et al. (2023)
Aoki et al. (2022)
Mohanta et al. (2020)
Leskovec et al. (2019)

Francis et al. (2016)

\_
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T..(3875)* observed in 2021 by LHCb, lies near

threshold. Other possibles states : T, T}y,
What does theory tell us ?

— Ty, benchmark for lattice studies : lattice

calculations predict a strongly bound
tetraquark

— first results for T. and T,  available, lattice

finds attraction

— need to improve on systematics (physical M, and

small @ limit)

— quark mass dependence : study binding

mechanism ?

S
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rSEARCH FOR THE DOUBLY HEAVY (EXOTIC)
HADRONS (S}, Q05 Thes Zpbs Qs Thpy €tC...)

-

LHCb Upgrade II: Observations of many doubly heavy hadrons, both
conventional and exotic, will become within reach. This includes the doubly
heavy tetraquark states (T}, and T};), which are expected to have large
\_ _ enough binding energies such that only weak decays are possible.

Exclusive approach: e.g. X, > B D n™
 Suppressed by BFs: 2 x (b 2 ¢) x (c 2 s) x efficiency

possible source of displaced B, mesons
» What about an inclusive approach? E.g. Displaced

(> Weakly decaying double beauty hadrons are the only A

charm hadrons used to measure inclusive o(pp—bbX)

O
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\_ /

Yields and shape can return insights on the cross-section, mass and lifetime /

Theoretical inputs required to probe the composition of the bb-hadron mixture

/
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SUMMARY

>

>
>

\_

4 Complementarity of experiments essential in exploring spectroscopy

LHCb Upgrade II: large production cross-sections, more performant for decay mode involving
charged particles (e.g. x.1(3872)>J/gnm, ...), unique in many sectors: B,, B.(), &, .

ALICE 3: Probing the exotic nature of the hadrons by exploiting the final state correlations
Belle II: small background, more suitable for decay modes with neutrals in the final state (e.g.

X.1(3872)>dJ/¢ y and its isospin/C-odd partners, ...)

~

/Support and resources for the future of Lattice QCD

State-of-the-art simulations are computationally very demanding. Access to Tier-0/1
computing resources.

Storage is also important (processing + long term storage : petabytes, more in the future)

New algorithms/optimizations to exploit new HPC architectures: requires support for training /
career-perspectives for research-software engineers.

s
~

\/\7\7\7

Predictions are always complicated...even more when concerning unknown states!

D,,*(2317)* xa(3872) P Q ** T,.(3875)"

Candidates / (1 MeV)
oW
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Events/0.010 GeV

\‘

OOSS 00T¢ 001€  000€
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2003 — > 2003 —— 2015 — 5 2017 —— 2021 —— ..to be continued
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/

QCD connections with astroparticle, hadronic, nuclear physics - ESPP2026 15




[BACKUP




SUMMARY TABLE

Measurements Exp./Facility Observable Useful for
X.1(3872) LHCb U2 DD* correlation Standard vs exotic
(a.k.a X(3872)) ALICE 3 Prompt/b-hadron molecule vs
CMS production tetragaurk
Belle I1 Low pt production
T.(3875)* LHCb U2 DD* correlation Exotic
ALICE 3 Prompt/bc-hadron molecule vs
production tetraqaurk
E o od Epe LHCb U2 Exclusive cc and bc bound
ALICE 3 reconstruction mechanism
Filling SU(4)
multiplets
T/ Top LHCb U2 Exclusive First weakly
reconstruction & decaying Exotic
Detached Bc
production
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