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Production of Exotic Hadrons
and

Perspectives for Heavy Ion Collisions



• Exotic Hadrons
• What do we mean by exotic?
• How do we know if something is exotic vs conventional?

• Why study exotics in heavy ion collisions?

• First data on exotics in QCD medium
• X(3872) in pp, pPb, PbPb
• Tcc and X(6900)

• Perspectives

• Summary

Matt Durham - Exotics 2

Outline
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Quark Model of Hadrons
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Exotic = hadrons with >3 valence quarks

Expected since first days of quark model

Quark Model of Hadrons
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Conventional hadron spectroscopy

• Lattice QCD is an effective tool for light quark spectroscopy
• Uncertainties on masses typically ~10%
• Decades of controversy on status of potential light quark exotics

PDG,Ann.Rev.Nucl.Part.Sci. 62 (2012) 265-284

Before claiming a particle is exotic, we 
must account for conventional hadrons.

See talk by Neelima Agrawal, Weds 

https://indico.cern.ch/event/895086/contributions/4715886/
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Conventional hadron spectroscopy

• Lattice QCD is an effective tool for light quark spectroscopy
• Uncertainties on masses typically ~10%
• Decades of controversy on status of potential light quark exotics

PDG,Ann.Rev.Nucl.Part.Sci. 62 (2012) 265-284

• Charm/bottom produced through perturbative QCD processes
• Potential models produce all known quarkonia states
• Predictive: masses typically within <1% of measurements
• Conventional heavy quarkonia spectrum well understood

𝒄 "𝒄

Before claiming a particle is exotic, we 
must account for conventional hadrons.

See talk by Neelima Agrawal, Weds 

Solve Schrodinger eqn with potential:

Rev. Mod. Phys. 90, 015003 (2018)

https://indico.cern.ch/event/895086/contributions/4715886/
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Hadrons discovered at LHC
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The quark model is rapidly expanding:
study of exotics states largely driven by experiment

Compact 
tetraquark/pentaquark

Diquark-diantiquark
PRD 71, 014028 (2005)
PLB 662 424 (2008)

u
𝒄
"𝒖

"𝒄
Hadrocharmonium/
adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)

Hadronic Molecules

PLB 590 209 (2004)
PRD 77 014029 (2008)
PRD 100 0115029(R) (2019)

PLB 578 365 (2004)
PRD 96 074014 (2017)

Mixtures

Exotic hadrons discovered at LHC

u 𝒄
"𝒖"𝒄



PRL 115 072001 (2015)

Select daughters from the decay
Example: 𝑷𝒄± pentaquarks
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PRL 115 072001 (2015)

Select daughters from the decay

PRL 122 222001 (2019)

Example: 𝑷𝒄± pentaquarks
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001


Masses are close to meson+baryon thresholds: 
candidate hadronic molecule

PRL 122 222001 (2019)

Select daughters from the decay

Also interpreted as hadrocharmonium: MPL A 35 250151 (2020)  
or compact states: PLB 793 (2019) 365-371

PRL 22 242001 (2019)

Example: 𝑷𝒄± pentaquarks
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001
https://www.worldscientific.com/doi/abs/10.1142/S0217732320501515
https://www.sciencedirect.com/science/article/pii/S0370269319303119
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.242001


𝐵! → 𝜓(2𝑆)𝐾"𝜋#
Select daughters from the decay

Example: Charged Tetraquark 𝒁𝒄±(𝟒𝟒𝟑𝟎)
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PRL 112 222002 (2014)𝐵! → 𝜓(2𝑆)𝐾"𝜋#
Select daughters from the decay

Example: Charged Tetraquark 𝒁𝒄±(𝟒𝟒𝟑𝟎)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002


Select daughters from the decay 

Charged and contains 𝒄"𝒄 pair: “manifestly exotic”
minimal quark content 𝒄"𝒄𝒒$𝒒

Mass not close to any known 
hadron+hadron threshold:
candidate compact tetraquark

𝐵! → 𝜓(2𝑆)𝐾"𝜋# PRL 112 222002 (2014)

Diquark model: PRD 89 114010 (2014)

Example: Charged Tetraquark 𝒁𝒄±(𝟒𝟒𝟑𝟎)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.114010


Exotics in the QCD medium
𝒆!𝒆" → 𝚼 𝟒𝑺 → 𝑩'𝑩 event from Belle

B decays are a great way to discover 
exotics and measure some properties:
• Well constrained initial state
• Low backgrounds
• Not all states accessible
• After 20 years, fundamental questions 

about exotics remain unanswered
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Exotics in the QCD medium
𝒆!𝒆" → 𝚼 𝟒𝑺 → 𝑩'𝑩 event from Belle

B decays are a great way to discover 
exotics and measure some properties:
• Well constrained initial state
• Low backgrounds
• Not all states accessible
• After 20 years, fundamental questions 

about exotics remain unanswered

• Collectivity
Prompt production exposes exotics to the QCD medium and unique effects:
• Breakup with comoving particles  
• Production via coalescence/recombination
• Signal extraction can be COMPLICATED
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Effects are sensitive to size/binding energy of bound state and density of medium
Exotic states provide new tests of models in an expanded range of ncq

Exotics in the QCD medium
𝒆!𝒆" → 𝚼 𝟒𝑺 → 𝑩'𝑩 event from Belle

B decays are a great way to discover 
exotics and measure some properties:
• Well constrained initial state
• Low backgrounds
• Not all states accessible
• After 20 years, fundamental questions 

about exotics remain unanswered

Prompt production exposes exotics to the QCD medium and unique effects:
• Breakup with comoving particles  
• Production via coalescence/recombination
• Signal extraction can be COMPLICATED

• Collectivity
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The first heavy quark exotic: X(3872)
Belle Collaboration
PRL 91 262001 (2003)

𝑿 𝟑𝟖𝟕𝟐

𝝍 𝟐𝑺

• Discovered in 𝑱/𝝍𝝅!𝝅"mass spectrum from B decays by Belle in 2003 
• LHCb measured quantum numbers  (PRL 110 222001 2013)

§ Incompatible with charmonium states expected from potential model 
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Belle Collaboration
PRL 91 262001 (2003)

𝑿 𝟑𝟖𝟕𝟐

𝝍 𝟐𝑺

𝑫𝟎𝑫 ∗𝑴𝒐𝒍𝒆𝒄𝒖𝒍𝒆

• Discovered in 𝑱/𝝍𝝅!𝝅"mass spectrum from B decays by Belle in 2003 
• LHCb measured quantum numbers  (PRL 110 222001 2013)

§ Incompatible with charmonium states expected from potential model 
• Mass is consistent with sum of D0 and 𝑫*0 masses:

VERY small binding energy
VERY large radius, ~5-10 fm

The first heavy quark exotic: X(3872)
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Belle Collaboration
PRL 91 262001 (2003)

𝑿 𝟑𝟖𝟕𝟐

𝝍 𝟐𝑺

• Discovered in 𝑱/𝝍𝝅!𝝅"mass spectrum from B decays by Belle in 2003 
• LHCb measured quantum numbers  (PRL 110 222001 2013)

§ Incompatible with charmonium states expected from potential model 
• Mass is consistent with sum of D0 and 𝑫*0 masses:

• Large prompt production fraction (~80%) – inconsistent with D meson coalescence in pp* 

VERY small binding energy
VERY large radius, ~5-10 fm

𝑫𝟎𝑫 ∗𝑴𝒐𝒍𝒆𝒄𝒖𝒍𝒆 𝑪𝒐𝒎𝒑𝒂𝒄𝒕 𝒕𝒆𝒕𝒓𝒂𝒒𝒖𝒂𝒓𝒌
u 𝒄
"𝒖"𝒄

Tightly bound via color 
exchange between diquarks

Small radius, ~1 fm

*Tension in theoretical literature:
c.f. Bignamini, Grinstein et al

PRL 103 162001 (2009)
Artoisenet, Braaten 

PRD 81 114018 (2010)

The first heavy quark exotic: X(3872)
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X(3872) production in pp

JHEP04 (2013) 154 

• NRQCD calculation assumes DD 
molecule, tuned to Tevatron data 

• Significantly overpredicts yield
• Distribution shape looks reasonable

𝑋(3872)𝜓(2𝑆)



JHEP01 (2017) 117 
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JHEP04 (2013) 154 

• Updated NRQCD calculation models 
X(3872) as mixture of DD molecule 
and conventional quarkonia state

• Calculation normalized to CMS data…

𝑋(3872)𝜓(2𝑆)

• NRQCD calculation assumes DD 
molecule, tuned to Tevatron data 

• Significantly overpredicts yield
• Distribution shape looks reasonable

X(3872) production in pp



Matt Durham - Exotics 23

JHEP01 (2022) 131

• Similar NRQCD calculation 
matches high-pT data well

• Overpredicts yield at lower pT
• Room for additional effects?

• FONLL describes non-prompt 
X(3872) production well 
(also at ATLAS and CMS)

Examine X(3872)/ψ(2S) ratio for direct comparison between 
exotic hadron and well-known conventional charmonium

X(3872) production in pp

https://link.springer.com/article/10.1007/JHEP01(2022)131
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Increasing suppression of 𝐗 𝟑𝟖𝟕𝟐 production 
relative to𝝍 𝟐𝑺 as multiplicity increases

X(3872)/ψ(2S) vs multiplicity
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PRL 126 092001 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092001
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Prompt component:
Increasing suppression of 𝐗 𝟑𝟖𝟕𝟐 production 
relative to𝝍 𝟐𝑺 as multiplicity increases

b-decay component:
Totally different behavior: no significant change 
in relative production, as expected for decays in 
vacuum.  Ratio is set by b decay branching ratios.

X(3872)/ψ(2S) vs multiplicity
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PRL 126 092001 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092001
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X(3872)/ψ(2S) vs multiplicity
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et al.Comover Interaction Model, Esposito 

(coalescence)
   Molecule

  tetraquark
   Compact

 (geometric)
   Molecule

PRL 126 092001 (2021)

Molecular X(3872) immediately broken up
Compact X(3872) gradually dissociated

Data is consistent with 
compact tetraquark model.  

Geometric comover model:

u 𝒄
"𝒖"𝒄

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092001
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Constituent comover model:

PRD 103, 071901 (2021)

Data is consistent with
hadronic molecule model.

X(3872)/ψ(2S) vs multiplicity
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et al.Comover Interaction Model, Esposito 

(coalescence)
   Molecule

  tetraquark
   Compact

 (geometric)
   Molecule

PRL 126 092001 (2021)

Molecular X(3872) immediately broken up
Compact X(3872) gradually dissociated

Geometric comover model:

u 𝒄
"𝒖"𝒄

Data is consistent with 
compact tetraquark model.  

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.L071901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092001
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X(3872)/ψ(2S)  in PbPb

Prompt X(3872)/ 𝜓(2S) = 1.10 ± 0.51 ± 0.53 in PbPb at 5 TeV
Prompt X(3872)/ 𝜓(2S)  ≈ 0.1 in pp at 8 TeV

PRL 128 032001 (2022)

See talk by Jing 
Wang, Thurs 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.032001
https://indico.cern.ch/event/895086/contributions/4716200/
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X(3872) in PbPb

SHMC model:
Significant increase in X(3872) predicted
for central AA collisions

Yield reaches up to ~1% of 𝐽/𝜓 yield   

PLB 797 (2019) 134836 

https://www.sciencedirect.com/science/article/pii/S0370269319305507
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X(3872) in PbPb

AMPT model:
difference in molecule vs diquark-diquark 
coalescence gives dramatically different yields 
and centrality dependence: 

𝑁!"#$%&#$ > 𝑁'$'()*&)(+

PRL 126 012301 (2021)

SHMC model:
Significant increase in X(3872) predicted
for central AA collisions

Yield reaches up to ~1% of 𝐽/𝜓 yield   

PLB 797 (2019) 134836 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.012301
https://www.sciencedirect.com/science/article/pii/S0370269319305507
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X(3872) in PbPb

AMPT model:
difference in molecule vs diquark-diquark 
coalescence gives dramatically different yields 
and centrality dependence: 

𝑁!"#$%&#$ > 𝑁'$'()*&)(+

PRL 126 012301 (2021) EPJA 57 122 (2021)

Transport calculation: 
molecules have larger reaction rate, 

formed later in fireball evolution
𝑁'$'()*&)(+ > 𝑁!"#$%&#$

SHMC model:
Significant increase in X(3872) predicted
for central AA collisions

Yield reaches up to ~1% of 𝐽/𝜓 yield   

PLB 797 (2019) 134836 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.012301
https://link.springer.com/article/10.1140/epja/s10050-021-00435-6
https://www.sciencedirect.com/science/article/pii/S0370269319305507
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Prompt 
,#(%&'()
,*((+)

suppressed with multiplicity in pp

Dominated by comover breakup: 
PRD 103 (2021) 7 , EPJC 81 (2021) 669

Diffuse medium Dense mediumIncreasing T, Nch

X(3872) in medium

PRL 126 092001 (2021)
PRL 128 032001 (2022)

Prompt 
,#(%&'()
,*((+)

enhanced in PbPb

Dominated by coalescence:
PLB 797 (2019) 134836, EPJA 57 122 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.032001
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PRL 126 092001 (2021)

Diffuse medium Dense mediumIncreasing T, Nch

pPb data
new for QM2022

PRL 128 032001 (2022)

Where is the crossover?

Prompt 
,#(%&'()
,*((+)

suppressed with multiplicity in pp

Dominated by comover breakup: 
PRD 103 (2021) 7 , EPJC 81 (2021) 669

Prompt 
,#(%&'()
,*((+)

enhanced in PbPb

Dominated by coalescence:
PLB 797 (2019) 134836, EPJA 57 122 (2021)

X(3872) in medium

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.032001
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X(3872) /ψ(2S)  in pPbLHCb-CONF-2022-001

See talk by Eliane Epple, Thurs

https://indico.cern.ch/event/895086/contributions/4716292/
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X(3872) /ψ(2S)  in pPbLHCb-CONF-2022-001

• Comparison between X(3872) and 
𝜓(2S) suggests something different 
may be happening to exotic vs 
conventional hadrons in medium

• Initial state effects (eg shadowing) 
should largely cancel in ratio

• Enhancing effects start to out 
compete breakup? 

See talk by Eliane Epple, Thurs

Prompt X(3872)/ 𝜓(2S) = 0.27 ± 0.08 ± 0.05 in forward pPb
Prompt X(3872)/ 𝜓(2S) = 0.36 ± 0.15 ± 0.11 in backward pPb

Falls between pp (~0.1) and PbPb (~1.0)

https://indico.cern.ch/event/895086/contributions/4716292/
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We know 𝜓(2𝑆) is suppressed in pA collisions: 

See talk by Krista Smith, Weds

X(3872) /ψ(2S)  in pPb

https://indico.cern.ch/event/895086/contributions/4743956/
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We know 𝜓(2𝑆) is suppressed in pA collisions: 2017 PREDICTION: X(3872) enhanced in pA

Enhanced DPS has since been observed in pPb:
PRL 125 212001 (2020)

Both of these effects drive X(3872)/ψ(2S) ratio upwards 

X(3872) /ψ(2S)  in pPb

See talk by Krista Smith, Weds

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.212001
https://indico.cern.ch/event/895086/contributions/4743956/
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Coalescence in small systems (?)

PRC 88 024906 (2013)

Baryon enhancement at RHIC – can be explained 
by coalescence:  PRL 93, 082302 (2004)

https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=1304.3410&ui-citation-summary=true
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302
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Coalescence in small systems (?)

PRC 88 024906 (2013)

Baryon enhancement at RHIC – can be explained 
by coalescence:  PRL 93, 082302 (2004)

Charm baryon enhancement at LHC relative 
to 𝑒!𝑒"– can be explained by coalescence

Mattia Faggin, Thurs

https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=1304.3410&ui-citation-summary=true
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302
https://indico.cern.ch/event/895086/contributions/4715915/
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Coalescence in small systems (?)

PRC 88 024906 (2013)

Baryon enhancement at RHIC – can be explained 
by coalescence:  PRL 93, 082302 (2004)

Charm baryon enhancement at LHC relative 
to 𝑒!𝑒"– can be explained by coalescence

Mattia Faggin, Thurs

),! ," enhancement at high mult – expected 
from coalescence? Ben Audurier, Thurs

https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=1304.3410&ui-citation-summary=true
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302
https://indico.cern.ch/event/895086/contributions/4715915/
https://indico.cern.ch/event/895086/contributions/4729900/
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Coalescence in small systems (?)

PRC 88 024906 (2013)

Baryon enhancement at RHIC – can be explained 
by coalescence:  PRL 93, 082302 (2004)

Charm baryon enhancement at LHC relative 
to 𝑒!𝑒"– can be explained by coalescence

Mattia Faggin, Thurs

),! ," enhancement at high mult – expected 
from coalescence? Ben Audurier, Thurs

M
esons

https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=1304.3410&ui-citation-summary=true
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302
https://indico.cern.ch/event/895086/contributions/4715915/
https://indico.cern.ch/event/895086/contributions/4729900/
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Coalescence in small systems (?)

PRC 88 024906 (2013)

Baryon enhancement at RHIC – can be explained 
by coalescence:  PRL 93, 082302 (2004)

Charm baryon enhancement at LHC relative 
to 𝑒!𝑒"– can be explained by coalescence

Mattia Faggin, Thurs

),! ," enhancement at high mult – expected 
from coalescence? Ben Audurier, Thurs

Baryon enhancem
ent

M
esons

https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=1304.3410&ui-citation-summary=true
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302
https://indico.cern.ch/event/895086/contributions/4715915/
https://indico.cern.ch/event/895086/contributions/4729900/
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Coalescence in small systems (?)

PRC 88 024906 (2013)

Baryon enhancement at RHIC – can be explained 
by coalescence:  PRL 93, 082302 (2004)

Charm baryon enhancement at LHC relative 
to 𝑒!𝑒"– can be explained by coalescence

Mattia Faggin, Thurs

),! ," enhancement at high mult – expected 
from coalescence? Ben Audurier, Thurs

Baryon enhancem
ent

Tetraquark enhancem
ent ??

M
esons

https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=1304.3410&ui-citation-summary=true
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302
https://indico.cern.ch/event/895086/contributions/4715915/
https://indico.cern.ch/event/895086/contributions/4729900/


Newest exotic: 𝑻𝒄𝒄#
arXiv: 2109.01038, 2109.01056 

New state consistent with 𝑐𝑐7𝑢𝑑̅ tetraquark recently found:

Similar to X(3872), mass quite close to DD threshold
Big difference: contains 𝑐𝑐 or ̅𝑐 ̅𝑐, rather than 𝑐 ̅𝑐
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Compare 𝑻𝒄𝒄! multiplicity dependence with:
𝐷"𝐷 distribution, dominated by SPS
𝐷𝐷 distribution, dominated by DPS
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arXiv: 2109.01038, 2109.01056 

New state consistent with 𝑐𝑐7𝑢𝑑̅ tetraquark recently found:

Similar to X(3872), mass quite close to DD threshold
Big difference: contains 𝑐𝑐 or ̅𝑐 ̅𝑐, rather than 𝑐 ̅𝑐

Yield favors higher multiplicity collisions, reminiscent of deuteron. 
Evidence for hadronic molecule structure?

JHEP 01 (2022) 106

Compare 𝑻𝒄𝒄! multiplicity dependence with:
𝐷"𝐷 distribution, dominated by SPS
𝐷𝐷 distribution, dominated by DPS
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Evidence for hadronic molecule structure?
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Compare 𝑻𝒄𝒄! multiplicity dependence with:
𝐷"𝐷 distribution, dominated by SPS
𝐷𝐷 distribution, dominated by DPS
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HUGE enhancement expected in PbPb due to 
recombination: PRD 104 L111502 (2021)

Newest exotic: 𝑻𝒄𝒄#

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L111502


• At least one resonant structure observed in di- 𝐽/𝜓 mass spectrum 
from pp collisions 

• Quickly interpreted as all-charm tetraquark
• Evidence for other structure near threshold

• Another 𝑐𝑐 ̅𝑐 ̅𝑐 state?
• Could be partially reconstructions of higher charmonia, eg

𝑋 → 𝜒%(→ 𝐽/𝜓𝛾) 𝐽/𝜓 where 𝛾 is not reconstructed

Matt Durham - Exotics 48

“Fully charmed” exotic: X(6900)
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Science Bulletin 65 1983 (2020)

https://www.sciencedirect.com/science/article/pii/S2095927320305685


• At least one resonant structure observed in di- 𝐽/𝜓 mass spectrum 
from pp collisions 

• Quickly interpreted as all-charm tetraquark
• Evidence for other structure near threshold

• Another 𝑐𝑐 ̅𝑐 ̅𝑐 state?
• Could be partially reconstructions of higher charmonia, eg

𝑋 → 𝜒%(→ 𝐽/𝜓𝛾) 𝐽/𝜓 where 𝛾 is not reconstructed
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“Fully charmed” exotic: X(6900)

Ultimate test for charm coalescence/recombination models in AA 
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PRD 102 114001 (2020)

Coalescence model 
predicts significant 
enhancement at low pT

Science Bulletin 65 1983 (2020)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.114001
https://www.sciencedirect.com/science/article/pii/S2095927320305685
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Exotics in Ultra-Peripheral Collisions

• UPCs may provide a new source of exotics particles
• Very low backgrounds, potentially large cross sections in PbPb
• New source of all-charm exotics: 𝑋 6900 → 𝐽/𝜓𝐽/𝜓

See also: PRD 94 094024 (2016), PRC 100 024620 (2019)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094024
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.024620
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See also: PRD 94 094024 (2016), PRC 100 024620 (2019)

• UPCs may provide a new source of exotics particles
• Very low backgrounds, potentially large cross sections in PbPb
• New source of all-charm exotics: 𝑋 6900 → 𝐽/𝜓𝐽/𝜓

EVERY experiment measures 𝑱/𝝍

Exotics in Ultra-Peripheral Collisions

TETRAQUARK

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094024
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.024620
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Perspective
Charmonia status, QM 2002

Tony Frawley 
QM02 proceedings
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Perspective
Charmonia status, QM 2002 Charmonia status, QM 2022

Precise data and advanced calculations

Tony Frawley 
QM02 proceedings

Cristine Terrevoli and Min He, Sat 

https://indico.cern.ch/event/895086/contributions/4615170/
https://indico.cern.ch/event/895086/contributions/4615171/
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Perspective
Charmonia status, QM 2002

Exotic status, QM 2022

Charmonia status, QM 2022

Precise data and advanced calculations

Tony Frawley 
QM02 proceedings

Cristine Terrevoli and Min He, Sat 

https://indico.cern.ch/event/895086/contributions/4615170/
https://indico.cern.ch/event/895086/contributions/4615171/
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Perspective
Charmonia status, QM 2002

Exotic status, QM 2022

Charmonia status, QM 2022

See talk by Jochen Klein, Sun

ALL LHC experiments are 
implementing relevant upgrades

ALICE3 LHCb UpgradeII

ATLAS Phase II
CMS Phase II

PHENIX and STAR have decades 
of data on tape

sPHENIX coming soon
sPHENIX

Precise data and advanced calculations

Tony Frawley 
QM02 proceedings

Cristine Terrevoli and Min He, Sat 

https://indico.cern.ch/event/895086/contributions/4615176/
https://indico.cern.ch/event/895086/contributions/4615170/
https://indico.cern.ch/event/895086/contributions/4615171/


• Exotic hadrons are just now becoming measurable in heavy ion collisions
• First studies of X(3872) production in pA and AA collisions now available – limited precision
• No theoretical consensus on production, breakup, or coalescence of X(3872)

• Measurements give new constraints on quark transport and hadronization, as well 
as providing new insight into fundamentally allowed bound states of quarks

• New discovery channels are being explored, with multiple relevant experimental 
upgrades underway
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Summary

Los Alamos National Laboratory is supported by the 
US Dept. of Energy/Office of Science/Nuclear Physics

and DOE Early Career Awards 
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BACKUPS

Joseph Allen Maldonado-Passage, exotics enthusiast
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Rev. Mod. Phys. 90, 015003 (2018)



• Hadron ID 
• Hadronic decays of exotic states can have complicated topology
• Reduces combinatorial backgrounds

• Precision Vertexing
• Removes component produced away from vertex in b-decays

• Low pt coverage
• Sensitive to largest breakup/recombination effects

• High sampling rate across full centrality
• Access to multiquark states with relatively low cross sections in central collisions
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(Ideal) detector requirements for exotics 
program in heavy ions

ALL LHC experiments have 
relevant upgrades ongoing

Currently, no experiment 
has all these capabilities
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A light quark exotic candidate: f(980)
Jie Zhao for STAR, SQM 2021

https://indico.cern.ch/event/985652/contributions/4305120/attachments/2246784/3811856/SQM2021_JieZhao.pdf
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Hadron spectroscopy

• Fantastically successful for heavy quarkonia states
• Reproduces all known quarkonia states
• Predictive: mass of newly discovered 𝜓- 1-𝐷- within 

<1% of model LHCb JHEP (2019) 35

• Works well for heavy open charm and bottom mesons

• Works ~okay for light quark states

Phys. Rev. D 72, 054026 (2005)

𝑸 𝑸


