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Status of our understanding of hadron 
spectroscopy

• We know the lightest hadrons in each quark configuration are 
predominantly bound states of or 

• We don’t  know if diquarks, strongly motivated by QCD, are good building 
blocks for more complex quark structures: , , …

• We are not even sure about the role of diquarks in baryons    ?

• We don’t know if gluon can be among dominant hadron constituents, as 
motivated by QCD: glueballs ? hybrids ?, ? 

• We are not sure if nuclear-type forces can bind mesons to other mesons or 
baryons (“molecular” states)
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Present limitations in understanding are both of theoretical (e.g. difficult to simulate in LQCD full 
dynamics of multiquark or unstable states) or experimental nature (e.g. insufficient sensitivity to all 
possible decay modes, difficulty in producing and reconstruction of hadrons with key quark content like 
𝑏𝑏𝑢ത𝑑̅) 



Why heavy flavor hadrons: two chamonium revolutions

• Almost all excited states for light hadrons are above 
“open flavor threshold” 
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Old narrative (1974-2002) 

Mesons are simple 𝑞𝑞ത bound states.  

Figures from Olsen,Skwarnicki,Zieminska
Rev.Mod.Phys. 90, 015003 (2018); arXiv:1708.04012 

predicted

measured

open flavor 
thresholds

Mesons/baryons are predominantly 𝑞𝑞ത/𝑞𝑞𝑞
bound states below the open flavor threshold. 
They are more complex structures above it, 

and we have not yet understood them.  

New particle Zoo (2003- )
𝑇௖௖(6900)

𝐽/𝜓

𝑃௖௦
଴ (4459)

Λ

DୱD∗

𝑍௖௦
ା (4000)

𝐾ା

𝑍௖௦
ା (4216)



The first and most experimentally studied state – X(3872) aka 𝒄𝟏
• Experimentally accessible via 𝑏 → 𝑐 𝑐̅𝑠 , 𝑔𝑔 → 𝑐𝑐̅,…
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𝜓(2𝑆)

𝑀(𝜋ା𝜋ି𝐽/𝜓) [MeV]

𝐵 → (𝜋ା𝜋ି𝐽/𝜓)𝐾

DD

DD*

𝑋(3872)

Belle 2003: discovery of X(3872)
PRL 91, 262001 (2003) 

2ଷ𝑃ଵ 
𝑐𝑐̅

?

Large isospin violation rules out pure 𝑐𝑐̅ interpretation

~36 signal events

Γ = 1.2 ± 0.2 𝑀𝑒𝑉 (𝑃𝐷𝐺 2021)

𝐽௉஼ = 1ାା

𝐼𝐺 = 0ା

𝑒ା𝑒ି → 𝐵 + ⋯ LHCb-PAPER-2021-045 in preparation (B. Batsukh Ph.D. thesis, Syracuse 2021)

see Chen Chen’s talk at LP2021 Jan 11,22 for more details

preliminary

𝐵ା → (𝜋ା𝜋ି𝐽/𝜓)𝐾ା

𝝎 ~ 2%

𝝆 − 𝝎 ~ 19%

𝝆 ~ 79%

Isospin-violating / Isospin-conserving couplings

Natural explanation via large 𝐷଴𝐷ഥ∗଴ component (the mass 8 MeV below 𝐷ା𝐷ഥ∗ି)

~6,800 
signal events

𝑝𝑝 → 𝐵ା + ⋯

𝑐𝑢
𝑐𝑢 

diquark
tetraquark?

(narrow width hard to explain)

D*0
𝑐𝑢ത

𝑢𝑐̅ ?
D0



Narrow Zb
+,0 and Zc

+,0 states

5

 (3S)

 (2S)

 (1S)

M((nS)π+)max 10
,6

10
 M

eV

10
,6

50
 M

eV

Zb(10610)
Zb(10650) 

BB
BB*

B*B*

Mass
MeV

p

p

p

p

Charged and neutral versions detected I G=1+

no confusion with (𝑏𝑏ത) !

p

p

3000

3800

11S0

21S0

13S1

23S1

11P1

13P0,1,2

4200

3400

Y(4260)

Zc(3900)

DD

DD*

D*D*

p

p

Zc(4020)

p

BES-III 2013

Zc(4020)
Belle 2012

BES-III and Belle 2013
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D*D*

Γ = 28 ± 3 MeV

Γ = 13 ± 5 MeV

Γ = 18 ± 2 MeV  11 ± 2 MeV

𝑒ା𝑒ି → 𝜋ା𝜋ିΥ(𝑛3𝑆1)

𝑒ା𝑒ି → 𝜋ା𝜋ିℎ௖(11𝑃1)

𝑒ା𝑒ି → 𝜋ା𝜋ି𝐽/𝜓 (13𝑆1)
𝑒ା𝑒ି → 𝛾ூௌோ𝜋ା𝜋ି𝐽/𝜓 (13𝑆1)

Narrow! Masses peak slightly above thresholds. 
Coupled-channel fit (with 𝐷𝐷ഥ∗data) for 𝑍௖(3900)ା , gives its pole mass slightly below the threshold.

𝑄𝑞ത

𝑞𝑄ത

?



Narrow 𝒄
ା states 
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LHCb 2019 PRL 122, 222001

Λ௕ → (𝑝 𝐽/𝜓)𝐾ା

𝑝𝑝 → Λ௕ + ⋯

Γ ~ 6 − 20 𝑀𝑒𝑉

Expected in molecular model:

𝐽௉ =
ଵ

ଶ

ି
for Σ௖

ା𝐷ഥ଴ ( 𝐽ஊ೎
శ

௉ =
ଵ

ଶ

ା
, 𝐽஽బ

௉ = 0ି)

𝐽௉ =
ଵ

ଶ

ି
,

ଷ

ଶ

ି
for Σ௖

ା𝐷ഥ∗଴ ( 𝐽ஊ೎
శ

௉ =
ଵ

ଶ

ା
, 𝐽஽∗బ

௉ = 1ି) Σ௖
ା
𝑐𝑢𝑑

𝑢𝑐̅ ?
𝐷ഥ(∗)଴



Narrow states near hadron-hadron thresholds
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3000

3800

11S0

21S0

13S1

23S1

11P1

13P0,1,2

4200

3400

Zc(3900)

Zc(4020)

X(3872)

𝐼 = 0 𝐼 = 14600

Σ௖
ା𝐷ഥ଴

Σ௖
∗ା𝐷ഥ଴Σ௖

ା𝐷ഥ∗଴

Σ௖
∗ା𝐷ഥ∗଴

Pc(4312)

𝐼 = 1/2

Pc(4440)
Pc(4457)

Exotic mesons
(tetraquarks)

Exotic baryons
(pentaquarks)

Zb(10610)
Zb(10650) 

Mass
MeV

𝐵𝐵ത
𝐵𝐵ത∗

𝐵∗𝐵ത∗

Exotic mesons
(teraquarks)

𝐼 = 1

Charmonium 𝑐𝑐̅ Bottomonium 𝑏𝑏ത

Mass
MeV

• Coincidence with hadron-hadron 
thresholds hard to deny. 

• Expect many more 
narrow near-
threshold states to 
be discovered, also 
involving other quark 
combinations !

𝐷𝐷ഥ

𝐷𝐷ഥ∗

𝐷∗𝐷ഥ∗

Conventional 
mesons
(some still to be discovered)

Ξ௖
଴𝐷ഥ଴

Ξ௖
଴𝐷ഥ∗଴

Pcs(4459)

7

Zcs(3985)

𝐷௦
ି𝐷∗଴

𝐷௦
ି𝐷଴

• However, origin of all these 
states does not need to be the 
same and is not settled (see the 
next talk by Feng-Kun Guo)



Many broader exotic states not near thresholds
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BaBar 2005

𝑒ା𝑒ି → 𝛾ூௌோ𝜋ା𝜋ି𝐽/𝜓

2017

Y(4260)

→ Y(4220) +    Y(4320)

Y(4660)

Y(4660) ?

𝜓 13𝐷1 𝜓 33𝑆1 𝜓 23𝐷1 𝜓 43𝑆1 𝑚(𝜋ା𝜋ି𝐽/𝜓)

𝜓 23𝑆1

Y(4260)

𝑔𝑐𝑐̅ hybrid states?,
𝑐𝑑 𝑐̅𝑑̅ tetraquarks,…? 

2008

2013
Γ~77 − 96 MeV

CDF 2008

𝐵ା → (𝐽/𝜓𝜙)𝐾ା

𝑐𝑠 𝑐̅𝑠̅ tetraquarks?
3,43P1,0 𝑐𝑐̅ in the mix? 

CDF 2008
0.06k 𝐵ା decays

24k 𝐵ା decays

Amplitude analysis 
reveals large number of 𝑱/𝝍𝝓 states,

and two 𝑱/𝝍𝑲ା states (𝑍௖௦
ା (4000), 𝑍௖௦

ା (4216)) 

PRL127, 082001 (2021)

Γ~56 − 120 MeV

𝐵 → (𝜓(2𝑆)𝜋ା)𝐾
𝑐𝑢 𝑐̅𝑑̅ tetraquark?

Belle 2008

LHCb 
2014

𝑍௖(4430)ା

Z(4430)
Resonant 
phase-shift

Γ~181 ± 31 MeV

25k 𝐵ା

decays

3 fb-1

2k 𝐵
decays

A lot of 𝑐𝑐̅𝑞𝑞ത structures.  Amplitude analyses very complex, but still naïve, since coupled-

channels (𝐷(௦)
(∗)

𝐷ഥ(௦)
(∗)) neglected.



Hidden double-charm tetraquarks ?

• Very significant structure in J/yJ/y mass 
• Interpretation of data is not clear: 

– One, or more (interfering?) resonances

– X(6900) peak seems too wide to be loosely-bound (Γ~80 MeV or more), tightly-
bound tetraquark state?    

– Possible effects due to nearby 𝐽/𝜓𝜓ᇱ, 𝐽/𝜓𝜓ᇱᇱ thresholds via coupled channel 
effects, see Dong,Baru,Fen-Kun Guo,Hanhart,Nefediev PRL 126,132001 (2021) 

• Likely theoretical interpretation: 𝑐𝑐 𝑐̅𝑐̅  tetraquark state(s), but the 
coupled channel effects may be important in shaping the mass 
spectrum
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𝑝𝑝 → 𝐽/𝜓 → 𝜇ା𝜇ି 𝐽/𝜓 → 𝜇ା𝜇ି + ⋯ Science Bulletin 65, 1983 (2020), arXiv:2006.16957   9 fb-1

𝐽/𝜓𝜓′

c

c

Tetraquark ?

c

c

9

𝑇௖௖(6900)
𝐽/𝜓

𝐽/𝜓

𝐽/𝜓𝜓′′



Stable tightly-bound teraquark?
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c
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baryon
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d

c

c

tetraquark

Ξ௖௖
ାାbaryon observed by LHCb in 2017

predictions

consistent results predicted by LQCD:
Francis,Hudspith,Lewis,Maltman

PRL 1118,142001 (2017)

Karliner,Rosner PRL 119, 202001 (2017)
See also
Eighten, Quigg PRL 119, 202002 (2017)

Stable tetraquark,
will decay weakly

The lightest 1+ state

fo
r 
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dr
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ay

Czarnecki, Leng, Voloshin PLB 778, 233 (2018)
Meng,Hiyama,Hosaka,Oka,Guber,Can,Takahashi,Zong PLB 814, 136095 (2021)

See the talk by Atsushi Hosaka yesterday!

Karliner’s slide from 2017



Double-charm tetraquark
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଴ ି ା ଴ ି ା ା LHCb-PAPER-2021-031,-032
arXiv:2109.01038,2109.01113
Sept. 02, 2021𝐷∗ା𝐷଴ 𝐷∗଴𝐷ା

𝑇௖௖(3875)ା

Γ~0.4 𝑀𝑒𝑉

𝑀
೎்೎
శ = 2𝑀஽బ + 𝑀గశ + ~6MeV

Very small phase-space for 𝐷଴𝐷଴𝜋ା, 
or any other strong decay

• Very little phase-space for any strong decay! It could also be a tightly-bound 𝑐𝑐 𝑢ത𝑑̅ diquark state!

• Very narrow state, very close to the meson-meson threshold. It could be a loosely-bound 𝐷∗ା/଴𝐷଴/ା state. 

I=0 favored

• Detecting 𝑏𝑏𝑢ത𝑑̅ can separate these two mechanisms (Hosaka’s talk!), but it will be very challenging experimentally



Experimental prospects for the next decade

• Expect many new 
measurements/discoveries from 
Belle II. Unique features: 

– good 𝛾, 𝜋଴, 𝜂 detection

– access to precision 𝑏𝑏ത spectroscopy below and 
above 𝐵𝐵ത threshold (via dedicated runs)

– production also via 𝛾𝛾 collisions 
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• Unique features of LHC: 
– enormous production rates (before trigger) 

– access to b-baryons (also serves pathway to charm pentaquarks)

– access to doubly-flavored states ( 𝑏𝑐,̅ 𝑐𝑐𝑞, 𝑐𝑐𝑐̅𝑐̅,…) 

• Expect many new measurements/discoveries from LHCb
– triggering optimized to flavor physics

– good hadrons ID (p/K/p separation)

• ATLAS/CMS potential:
– best flavor rates, but triggering on them is a challenge, no hadron ID

– can be competitive in certain channels (𝜇ା𝜇ି𝜇ା𝜇ି?)    

– the only experiments which may have a chance to confirm some of LHCb 
claims

𝑏 → 𝑐 major source of spectroscopic data on charm
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2020

BES-III: highest luminosity 
𝑒ା𝑒ି → 𝑐𝑐̅ experiment near 
the charm threshold

SuperKEKB

𝑠  ~10 𝐺𝑒𝑉

𝑠  ~4 𝐺𝑒𝑉

2030

Super Tau-Charm Factory
Proposed at Hefei and Novosibirsk

(in R&D phase)
energy up to 𝑠  ~7 𝐺𝑒𝑉

Energy upgrade 
to 𝑠  ~4.9 𝐺𝑒𝑉

Past and future: dedicated 
quark experiments

PANDA: highest luminosity 𝑝𝑝̅ → 𝑐𝑐̅
experiment near the charm threshold
(under construction; physics 2025- ) 

(precision 𝑐𝑐̅ spectroscopy below and above 𝐷𝐷ഥ

threshold, light-hadron spectroscopy including glue-rich 
𝐽/𝜓 → 𝛾𝑔𝑔) 



Experimental prospects at JLab and EIC
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2019

?

JLab: 12 GeV e- beam (2017-…)
Photoproduction of charm

Statistical errors will be improved

Search for light hybrid mesons 

Electron Ion Collider e-p, e-A  (2030-…)

Photoproduction of charmonium
exotics possible

Search for Pc states


