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Esposito, AP, Polosa, Phys.Rept.

HadSpec, PRD

The spectrum of hadron excitations 
is incredibly rich

Several new observations 
beyond the minimal quark content

QCD spectrum
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Hadron Spectroscopy at EIC Multiquark
Hybrids

╙ȾⱶⱫ
Ⱬ

Ⱬ

Hadroquarkonium

GlueballMeson Baryon

Molecule

«The Electron Ion Collider will 
act like an enormous 
microscope»

We want to use it to study 
«human-size» hadrons!

Color confinement
Manifestation of gluonic degrees of freedom
Non-perturbative dressing effects
Light-ήvs. heavy-ή
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Building the EIC spectroscopy community

Goals

ÅDemonstrate a strong physics case for a 
hadron spectroscopy program at EIC 
(to be part of the next EIC physics book)
ÅStudy the impact on EIC design (machine 

and detectors)

Working groups

ÅMultiquark& Gluonicstates
conveners: F.K. Guo, R. Mitchell

ÅDiffractive production
conveners: W. Schafer, R. McNulty

ÅHeavy flavor in media
conveners: C. Weiss, G. Bruno

A. Pilloni& M. BattaglieriςLight and heavy quark spectroscopy at EIC
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(Cornell potential)

Effective theories
(HQET, NRQCD, pNRQCD...)

Integrate out heavy DOF
Ҩ

Quarkonium orthodoxy & exotic

approximate heavy quark 
spin symmetry (HQSS)

A. Pilloni& M. BattaglieriςLight and heavy quark spectroscopy at EIC

spectrum, decay & production rates 

A host of unexpected resonances have appeared

Hardly reconciled with usual charmonium 
interpretation

Esposito, AP, Polosa, Phys.Rept. 668

Bottomonium exotic sector not
equally well explored



ÅDiscovered in 
ὄᴼὑὢᴼὑὐȾ‪““

ÅQuantum numbers ρ

ÅVery close to ὈὈᶻthreshold

ÅToo narrow for an above-
treshold charmonium

ÅIsospin violation too big 
ᴼ Ⱦ

ᴼ Ⱦ
πͯȢψ πȢσ

ÅMassprediction not 
compatible with … ςὖ

ὓ σψχρȢφψ πȢρχMeV
ὓ ὓ ᶻ σ ρωςËÅ6
ɜ ρȢς-Å6ͽωπϷ
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ὢσψχς

A. PilloniςSpectroscopy: overview and theory

Sizeable prompt production at 
hadron colliders, ḐυϷof ‪ςὛ

„ ὄὢᴼὐȾ‪““
ρȢπφπȢρρπȢρυÎÂ@CMS



ὩὩ ᴼὤ σωππ“ ᴼὐȾ‪““ and O ὈὈᶻ “
ὓ σψψψȢχ σȢτMeV, ɜ συ χMeV

ὩὩ ᴼὤ τπςπ“ ᴼὬ““ and O ὈᶻὈᶻ“
ὓ τπςσȢω ςȢτMeV, ɜ ρπ φMeV
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Charged ὤstates: ὤ σωππȟὤ τπςπ

Two states ὐ ρ appear

slightly above ὈᶻὈz thresholds

Charged quarkonium-like resonances have been found, 4q needed

A. PilloniςSpectroscopy: overview and theory
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Pentaquarks!
LHCb, PRL 115, 072001
LHCb, PRL 117, 082003 

Quantum numbers
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Two states seen in ɤ ᴼ ὐȾ‪ὴὑ ,
evidence in  ɤ ᴼ ὐȾ‪ὴ“
ὓ τσψπψ ςω-Å6
ɜ ςπυρψ ψφ-Å6
ὓ τττωȢψ ρȢχ ςȢυ-Å6
ɜ σω υ ρω-Å6

A. PilloniςSpectroscopy: overview and theory

LHCb, PRL 122, 222001 
Higher statistics analysis revealed a two-

peak structure of the narrow state,
plus a new lighter one

Quantum numbers still unknown
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Models

Molecule
Bound or virtual state 
generated by long-range 
exchange forces

Multiquark
Several (cluster) 

of valence 
quarks

Hybrids
Containing gluonic
degrees of freedom

╙ȾⱶⱫ
Ⱬ

Ⱬ
Hadroquarkonium
Heavy core interacting with a light 
cloud via Van der Waals forces

Rescattering effects
Structures generated by 

cross-channel rescattering, 
very process-dependent

Compact

Extended

A. PilloniςSpectroscopy: overview and theory
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What at the EIC?

ÅHigh energy in the CoM, possibility to study heavy flavors
charm sector well explored, little is known for the bottom sector

ÅMeson(-like) spectroscopy: ὢȟ, ὤȟ

ÅBaryon(-like) spectroscopy: ὖȟ

ÅCoupling to (virtual) photons can provide 
more information about their nature 

ÅInteraction of exotic with nuclear media 
can complement the study in AA and pA

Need for cross section estimates
of signal + irreducible background

A. PilloniςSpectroscopy: overview and theory
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Reactions to be studied for the YR
ÅExclusive ὖphotoproduction: C. Fanelli, A. Hiller Blin, D. Winney, 

ÅExclusive ὢȟὢȟὤphotoproduction: M. Albaladejo

ÅDiffractive semi-inclusive ph.production: V. Mathieu, A. Szczepaniak

ÅSemi-inclusive ὢproduction: AP, X. Yao

Å(study of the scalar exotics in ‎‎fusion)

Å(production of hybrids and doubly heavy)

Åall to be extended to the ὦὦsector

ÅPartial overlap with Exclusive and Diffractive WG

A. PilloniςSpectroscopy: overview and theory
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Exclusive ὖphotoproduction

A. PilloniςSpectroscopy: overview and theory

At Jlab12 measurements of direct ὖ
production are being performed

Using VMD, "2ὖᴼὐȾ‪ὴḐρϷ
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Exclusive ὖphotoproduction

A. PilloniςSpectroscopy: overview and theory

At EIC energies the direct 
production is negligible,
backward region 
dominated by u-channel 
ὖexchange

Main bkg is due to ordinary ὔᶻexchanges
OZI suppressed

All couplings are known or 
related to the GlueX BR estimate

Ḑί
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Polarized ὖphotoproduction

A. PilloniςSpectroscopy: overview and theory

Ḑί

D. Winney, C. Fanelli, 
AP et al. (JPAC), PRD100, 034019

Sensitivity of Polarization observables 
to 5q parameters at SBS

Easily extended for the EIC
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Exclusive ὢȟὤ photoproduction

A. PilloniςSpectroscopy: overview and theory

ὤ production has been
studied in the literature

Lin, Liu, Xu PRD88, 114009

VMD + saturation of the 
width by measured 
decay modes provide 
rigid prediction 

Vector meson exchange 
is well known, and leads 
to rigid prediction 
for the ὢ



16

Another ὢ?

A. Guskov

A. PilloniςSpectroscopy: overview and theory

COMPASS claimed the existence of a state
degenerate with the ὢσψχς, but with ὅ ρ

Large photoproduction cross section
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Another ὢ?

A. Guskov

A. PilloniςSpectroscopy: overview and theory

COMPASS claimed the existence of a state
degenerate with the ὢσψχς, but with ὅ ρ

Large photoproduction cross section
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Diffractive semi-inclusive ὤ ph.

A. PilloniςSpectroscopy: overview and theory

If the target fragments are 
separated from the beam ones, 
one can invoke Regge 
factorization

Large rapidity gap
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Diffractive semi-inclusive ὤ ph.

A. PilloniςSpectroscopy: overview and theory

If the target fragments are 
separated from the beam ones, 
one can invoke Regge 
factorization

)Í

Quark-Regge duality allows to 
replace the intermediate hadrons 
with a Pomeron exchange
Triple Pomeron vertex well known
Model needed for              coupling
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Semi-inclusive ὢproduction

A. PilloniςSpectroscopy: overview and theory

For large ὗ one can invoke NRQCD factorization
to describe quarkonium(-like) production

Perturbative partonic 
matrix element, calculable

Nonperturbative transition 
matrix element ὗὗᴼὌ

fitted from data
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Semi-inclusive ὢproduction

A. PilloniςSpectroscopy: overview and theory

One can assume the same NRQCD factorization 
for exotics, independent of their internal structure

Artoisenet and Braaten, PRD81, 114018 from Tevatron data

If one consider the first term only, it leads to
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Production of other exotics

A. PilloniςSpectroscopy: overview and theory

Other cross sections have been estimated, generally quite large
Guo et al. EPJC74, 9, 3063

Guo et al. CTP, 61, 354

Estimates can be given using MC 
generators, using coalescence model 
and assuming a molecular nature for 

the exotics


