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Recent hot topics

Zcs(4000)Zcs(3985) [Phys. Rev. Lett. 126 (2021) 102001]
[LHCb, arXiv:2103.01803]

Hadron Spectroscopy 

Strange partner of the famous,  
unexpected, manifestly exotic Zc(3900)?
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Extensive air showers (1938)

• Particle Discoveries since 1930 – 1965

• Since then it got more and more ...

... need some scheme

for classification...



8Frank Nerling Physics in Collisions – Review on Spectroscopy

The successful Quark Model

1964
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Geburt der Teilchen- und Hadronenphysik
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Mesons and exotic states
Simple Quark model
• Mesons: Color neutral qq systems

QCD
• Meson states beyond qq

Conventional (q!)

Hybrid (q!) g

Tetraquark (q!q!)

Glue-ball (gg) or (ggg)

Molecule (q!)(q!)

Di-quarkonium (qq)(!!)

Hadro-quarkonium (Q")(q!)

Alternative 4-quark configurations:
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Charmonium spectrum (cc)
_

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]

c
c
_

Potential model:
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Charmonium spectrum (cc)
_

c
c
_

• Before 2003:
Ø Good agreement between theory

and experiment, particularly
beneath open charm thresholds

• After 2003:
Ø Severe mismatch between predicted

and observed spectrum

• Several supernumerary vector states:
Y(4260), ..., Y(4660)

• Several charged manifestly exotics:
Zc(3900)+/-, ..., Zc(4430)+/-

• The X states – the χc1(3872) 
was the first observed in 2003 

6
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Major labs and past experiments

SLAC
Stanford (PEP-II) 

Cornell
University 

(CESR)

• Data taking 1999 – 2008
• e+e- collider, Ecms ≤ 10.58 GeV

KEKB
Tsukuba

• Data taking 1980 – 2000 
(2002 – 2008)

• e+e- collider, Ecms ≤ 3 -12 GeV

• Data taking 1999 – 2010
• e+e- collider, Ecms ≤ 10.58 GeV
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Major labs and running experiments

SLAC
Stanford (PEP-II) 

Cornell
University 

(CESR)

(Super) KEKB
Tsukuba

• Data taking 2019 – 2031+
• e+e- collider, Ecms ≤ 11 GeV

CERN
Geneva

• Data taking 2010 – 2030
• pp collider, Ecms = 3.5/ ../7/8/13 GeV
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Major labs and running experiments

SLAC
Stanford (PEP-II) 

Cornell
University 

(CESR)

(Super) KEKB
Tsukuba

• Data taking 2019 – 2031+
• e+e- collider, Ecms ≤ 11 GeV

IHEP Beijing 
(BEPC-II)

• Data taking 2008 – 2030
• e+e- collider, Ecms ≤ 4.6 / 4.9 GeV

FAIR / GSI
Darmstadt

FUTURE
• Data taking starts 2025 
• pp annihilation, Ecms ≤ 5.5 GeV

CERN
Geneva

_

• Data taking 2010 – 2030
• pp collider, Ecms = 3.5/ ../7/8/13 GeV
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Production mechanisms of hadrons

• Formation & Production with recoil particle(s)
Ø CLEO(-c), BaBar, Belle(II)  (Ecms ≤ 12 GeV)
Ø BESI-III (Ecms ≤ 4.9 GeV)

• B meson decays
Ø CLEO, BaBar, Belle(II)  (Ecms ≤ 12 GeV)
Ø LHCb: pp (7 TeV/c)

• Prompt production
Ø LHCb: pp (7 TeV/c), 
Ø also CDF, ATLAS, CMS ...

• Formation & Production with recoil particle(s)
Ø E760/E835, PANDA (Ecms ≤ 5.5 GeV)
Ø No running experiment presently

e+

e-

Xγ*
(ISR)

Formation or production with recoil

recoil

B0/+

X

recoil

B meson decays

p

p

X

Formation or production with recoil

recoil
_

p

p

X

Prompt production

recoil
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The Y(4260) and further 
supernumerary vector states
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• Discovery of the Y(4260) using ISR 
by BaBar in J/ψπ+π-

• Discovery of the Y(4360) using ISR 
by BaBar in ψ(2S)π+π-

Some history:

[PRL 95, 142001 (2005) ] 
e+e- → J/ψπ+π- e+e- → ψ(2S)π+π-

[PRL 98, 212001 (2007) ] 

The Y states, e+e- production of
J/ψππ, hcππ and ψ(2S)ππ
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• Cross-section inconsistent with the
single resonance Y(4260)! 
Ø Two favoured over one by >7σ

BESIII result, published

[PRL 118, 092001 (2017)] 

• BESIII: Much higher precision
• Coherent BW fit: Y(4220) and Y(4390)

(5.8σ)

[Phys. Rev. D 96, 032004 (2017)] 

The Y states, e+e- production of
J/ψππ, hcππ and ψ(2S)ππ

e+e- → J/ψπ+π- e+e- → ψ(2S)π+π-
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What happened to the Y states?

[Phys. Rev. Lett. 118 092002 (2017)] 

b
Two structures now resolved: Y(4260) à Y(4220) , Y(4360) à Y(4390)

[Phys. Rev. D 96, 032004 (2017)] [PRL 118, 092001 (2017)] 

[BaBar, PRL 98, 212001 (2007)] [BaBar, PRL 95, 142001 (2005)] 

e+e- → J/ψπ+π- e+e- → ψ(2S)π+π- e+e- → hcπ+π-
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e+e- → J/ψ h
[Phys. Rev. D 102, 031101 (2020)] • Simultaneous maximum-likelihood fit

(Top: High stat. XYZ data, Bottom: Scan data) 

• y(4040) assumed, Y(4220), Y(4390) ?
• Significance of Y(4390) = 6.0 σ

Y(4390)
6.0σ

Further decays of Y(4260)
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e+e- → hc p+p-p0

[Phys. Rev. D 103, 032006 (2021)] 

=> Clear evidence for 
Y(4220) → hc p+p-p0

Further decays of Y(4260)
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Decays of Y(4260) to light hadrons 

• More and more possible decay channels to light hadrons investigated
• Still no clear evidence ...
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• Search for the Y(4260) in B+/0 decays
• BaBar reported 3.1s for B+  [PRD 73, 011101 (2006)] 

• No significant evidence (2.1s/0.9s), for B0 first result
• Upper limits (CL90) on branching fractions

Ø

Ø

The Y(4260) in B decays
[Phys. Rev. D 99, 071102 (2019)] 

Y(4260)B+

B0 Y(4260)
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The Z(4430) and further (charged) Zc states
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Experimental review of the Z(4430)
• First observed by Belle in 2008

Ø

Ø relatively narrow state, 6.5 s
Ø first charmonium-like state with a non-zero 

electric charge
=> Minimal quark content [ccud] = manifestly exotic

• BaBar searched for it, however, does not 
confirm [PRD 79, 112001 (2009)]

• Decay to J/y/p seen in B decays by Belle  
[PRD 90, 112009 (2014)], and not seen by 
BaBar [PRD 79, 112001 (2009)]

• LHCb confirms and showed resonant behavior 
in argand plot [PRL 112, 222002 (2014)]

• Spin-parity constrained by Belle: JP = 1+ ,

confirmed by LHCb [PRL 112, 222002 & PRD 92, 112009 (2015)] 

[Belle, Phys. Rev. D 88 (2013) 074026]

__

[Belle, Phys. Rev. Lett., 100 (2008) 142001]
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Experimental review of the Z(4430)
[Belle, Phys. Rev. Lett., 100 (2008) 142001]

__

[LHCb PRL 112 (2014) 112009]

• First observed by Belle in 2008
Ø

Ø relatively narrow state, 6.5 s
Ø first charmonium-like state with a non-zero 

electric charge
=> Minimal quark content [ccud] = manifestly exotic

• BaBar searched for it, however, does not 
confirm [PRD 79, 112001 (2009)]

• Decay to J/y/p seen in B decays by Belle  
[PRD 90, 112009 (2014)], and not seen by 
BaBar [PRD 79, 112001 (2009)]

• LHCb confirms and showed resonant behavior 
in argand plot [PRL 112, 222002 (2014)]

• Spin-parity constrained by Belle: JP = 1+ ,

confirmed by LHCb [PRL 112, 222002 & PRD 92, 112009 (2015)] 
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Two Zc triplets established at BESIII

[Phys. Rev. Lett. 115, 112003 (2015) ] 

• Two isospin triplets of charmonium-like exotic states established

[PRL 110 (2013) 252001] 
[PRL 115 (2015) 112003] 

[PRL 111 (2013) 242002] [PRL 113 (2014) 212002] 

Zc(3900)±,0 ? Zc(4020)±,0 ?

Charged Neutral Charged Neutral
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Two Zc triplets established at BESIII

[Phys. Rev. Lett. 115, 112003 (2015) ] 

• Two isospin triplets of charmonium-like exotic states established
• Different decay (hidden vs. open charm) of same state observed?

[PRL 110 (2013) 252001] 
[PRL 115 (2015) 112003] 

[PRL 111 (2013) 242002] [PRL 113 (2014) 212002] 

[PRL 115 (2015) 182002] 
[PRL 112 (2013) 132001] 

[PRL 115 (2015) 222002] 

[PRL 112 (2014) 022001] 

Zc(3900)±,0 ? Zc(4020)±,0 ?

H
id

de
n 

C
ha

rm
O

pe
n 

C
ha

rm

Charged Neutral Charged Neutral
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Two Zc triplets established at BESIII

[Phys. Rev. Lett. 115, 112003 (2015) ] 

• Two isospin triplets of charmonium-like exotic states established
• Different decay (hidden vs. open charm) of same state observed?

[PRL 110 (2013) 252001] 
[PRL 115 (2015) 112003] 

[PRL 111 (2013) 242002] [PRL 113 (2014) 212002] 

[PRL 115 (2015) 182002] 
[PRL 112 (2013) 132001] 

[PRL 115 (2015) 222002] 

[PRL 112 (2014) 022001] 
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_ c
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First Zcs candidates Z(3985) reported
• Search for strange partner of Zc(3900)

ØContaining s quark in open charm decay
Ø

ØNarrow threshold enhancement (5.3s)
Ø

• Manifestly exotic charged hidden-charm 
tetraquark candidate with strangeness
ØWith a non-zero electric charge
Ø Thus, minimal quark content => [ccsu] 

__

[BESIII, Phys. Rev. Lett. 126 (2021) 102001]

c

d
u
_c

_ c

s
u
_c

_

Zc(3900) Zcs(3985)

replace a d-quark 
by an s-quark
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First Zcs candidates Z(3985) reported
• Search for strange partner of Zc(3900)

ØContaining s quark in open charm decay
Ø

ØNarrow threshold enhancement (5.3s)
Ø

• Manifestly exotic charged hidden-charm 
tetraquark candidate with strangeness
ØWith a non-zero electric charge
Ø Thus, minimal quark content => [ccsu] 

__

[BESIII, Phys. Rev. Lett. 126 (2021) 102001]

Missing Mass Technique:
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First Zcs candidates Z(3985) reported

• LHCb reports two Zcs candidates in B → f(J/yK+) 
Ø Zcs(4000), JP = 1+, hidden charm final state (15s)
Ø Zcs(4220), JP = 1+ or 1-, hidden charm final state, broader (5.9s)

__

U
pdated M

odel
Previous

M
odel (R

un1)

[LHCb, PRL 127, 082001 (2021)]
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First Zcs candidates Z(3985) reported
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• LHCb reports two Zcs candidates in B → f(J/yK+) 
Ø Zcs(4000), JP = 1+, hidden charm final state (15s)
Ø Zcs(4220), JP = 1+ or 1-, hidden charm final state, broader (5.9s)

[LHCb, PRL 127, 082001 (2021)]
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First Zcs candidates Z(3985) reported

__

U
pdated M

odel
Previous

M
odel (R

un1)

Updated model extended by:
• 2 Zcs states, J/yK resonances
• 2 J/yf resonances
• 4 J/yf resonances already

previously included confirmed

• LHCb reports two Zcs candidates in B → f(J/yK+) 
Ø Zcs(4000), JP = 1+, hidden charm final state (15s)à 10x broader than BESIIII cand. 
Ø Zcs(4220), JP = 1+ or 1-, hidden charm final state, broader (5.9s)=> Same state observed in different decays 

(open/hidden charm) at two experiments?
[LHCb, PRL 127, 082001 (2021)]
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The X(3872) 
and further X states
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Experimental review of the X(3872)

• First observed by Belle in 2003
Ø

Ø very narrow state with JPC  =  1++

• Belle & BaBar report signal in
Ø

• Mass

• Width measurement:
Ø ΓX(3872) <  1.2 MeV   (2011, Belle)
Ø ΓX(3872) = 1.39 MeV (2020, LHCb)

[Belle Collab., PRL 91 (2003) 262001]

ψ' → J/ψ π+π-

X(3872) → J/ψ π+π-

For clarification:
=> Precision measurement with 

sub-MeV resolution needed!

= (-0.07 ± 0.12) MeV/c2 (LHCb 2020)

Analogy to deuteron:

D D*
_

10 fm!
c

u
_

u
c
_
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Experimental review of the X(3872)

• First observed by Belle in 2003
Ø

Ø very narrow state with JPC  =  1++

• Belle & BaBar report signal in
Ø

• Mass

• Width measurement:
Ø ΓX(3872) <  1.2 MeV   (2011, Belle)
Ø ΓX(3872) = 1.39 MeV (2020, LHCb)

For clarification:
=> Precision measurement with 

sub-MeV resolution needed!

Analogy to deuteron:

D D*
_

10 fm!
c

u
_

u
c
_

[CDF, PRL 103  (2009) 152001][CDF, Phys. Rev. Lett., 103 (2009) 152001]
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Experimental review of the X(3872)

• First observed by Belle in 2003
Ø

Ø very narrow state with JPC  =  1++

• Belle & BaBar report signal in
Ø

• Mass

• Width measurement:
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Ø ΓX(3872) = 1.39 MeV (2020, LHCb)

For clarification:
=> Precision measurement with 

sub-MeV resolution needed!
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[CDF, PRL 103  (2009) 152001][CDF, Phys. Rev. Lett., 103 (2009) 152001]
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Sensitivity for resonance energy scans
(comprehensive MC simulation study) 

[PANDA, Eur. Phys. J. A 55 (2019) 42]

Sensitivity: 
Molecule Flatte-like line shape

Sensitivity: 
Breit-Wigner absolute decay width

• Sub-MeV resolution well feasible for
Ø absolute Breit-Wigner decay width

• Sub-MeV resolution well feasible for
Ø molecule Flatte-like line shape
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LHCb lineshapes (incl. resolution)

• Due to detector resolution both models cannot be distinguished
Ø 1.39 MeV (BW) vs. 0.22 MeV (Flatté) => factor of ~5 

Original lineshapes Lineshapes with resolution

[Phys.Rev.D 102 (2020) 9, 092005]
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PANDA lineshapes (incl. resolution)

• Thanks to the beam resolution both models can be distinguished at PANDA
Ø 1.39 MeV (BW) vs. 0.22 MeV (Flatté) => factor of ~5 

Lineshapes with resolutionLineshapes with resolution (P1)

PANDA

[Phys.Rev.D 102 (2020) 9, 092005]
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[K.Götzen and F.Nerling, for the PANDA Collab., QWG2021]

How much better are we than than "indistinguishable“? 
Idea: Consider so-called odds := correct identifications per wrong one

indistinguishable

HL mode
P1 mode
HR mode

LHCb fit

Sensitivity: Distinguish line shapes

HL mode
P1 mode
HR mode

od
ds

LHCb fit

indistinguishable

Ef = -7.2 MeV

Flatté → BW

odds = (1 − Pmis) / Pmis
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[K.Götzen and F.Nerling, for the PANDA Collab., QWG2021]

How much better are we than than "indistinguishable“? 
Idea: Consider so-called odds := correct identifications per wrong one

indistinguishable

HL mode
P1 mode
HR mode

LHCb fit

Sensitivity: Distinguish line shapes

HL mode
P1 mode
HR mode

od
ds

LHCb fit

indistinguishable

Ef = -7.2 MeV
At least ~10x better than
indistinguishable (full range)

Flatté → BW

odds = (1 − Pmis) / Pmis
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Alternatively: Ratio of cross sections x BRs for X(3872) vs. ordinary charmonium
in prompt production provides handle to sort out models ...  

Prompt production of the X(3872) 

[LHCb, PRL 126, 092001 (2021)]
=> Compact tetraquark preferred, others not yet excluded ... (model dependency) 

Multiplicity
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First observation of e+e� ! �X(3872)

[Phys. Rev. Lett. 112 (2014) 092001] 

m = (3871.9± 0.7± 0.2)MeV/c2

� < 2.4MeV (90% CL)

BESIII: First observation of

•
•

e+e� ! �X(3872) ! �⇡+⇡�J/ 

X(3872)
6.3σ
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First observation of e+e� ! �X(3872)

[Phys. Rev. Lett. 112 (2014) 092001] 

m = (3871.9± 0.7± 0.2)MeV/c2

� < 2.4MeV (90% CL)

BESIII: First observation of                                                                      
?

•
•

e+e� ! �X(3872) ! �⇡+⇡�J/ 

• Shape consistent with production               
via a Y(4260) state 

cross section

[Subm. to Phys. Rev. Lett., arXiv:1903.04695 [hep-ex]] 

X(3872)
6.3σ
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If X(3872) is a molecule ...

� = 29.6± 8.2± 8.2MeV

X(3872)Y(4260)

γ
cu

c
_

u
_

cu
c
_

u
_

• Radiative decay observed 
Ø de-excitation via gamma emission
Ø quark flavour conserved, spin flip 

L = 1

L = 0
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If X(3872) is a molecule ...

� = 29.6± 8.2± 8.2MeV

X(3872)Y(4260)

γ
cu

c
_

u
_

cu
c
_

u
_

L = 1

L = 0

• Radiative decay observed 
Ø de-excitation via gamma emission
Ø quark flavour conserved, spin flip 

• If X(3872) is a molecule (or a compact tetraquark) 
=> Y(4260) is also a molecule (or a compact tetraquark)
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... and a couple of further, 
newly discovered states ... 
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First observation of X(6900)   

Model I
•
•

LHCb: First observation of a hidden doubly charmed tetraquark candidate

Tcccc : X(6900) > 5σ_
[Science Bulletin 65 (2020) 1983] 
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First observation of a Tcc
+ state

[LHCb-Paper-2021-032 (2021) ] 

• Minimal quark content => [ccud] 

•

•

•

LHCb: First observation of a same signed doubly charmed tetraquark candidate

Tcc
+   > 22σ

_ _
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Again a Zoo of (exotic) hadrons ... 

... need some scheme

for classification...

[Polyakov, EPS-HEP-2021] 
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Summary and Prospectives

• New era of charmonium-like exotic states started two decades ago, 
and more than 20 unexpected XYZ states have been discovered

Ø Supernumerary vector Y states consistently resolved (statistics) 
§ Y(4260) and Y(3360) à Y(4220), Y(4390)?
§ First decays to open charm, further new decay modes to

cc and/or light hadrons investigated

Ø Charged Zc states are manifestly exotic states
§ First complete isospin triplets established 
§ First strange partner(s) reported

Ø The first of the XYZ states discovered, the X(3872), still not understood
§ Consistent picture in B decays and e+e- production
§ Line shape to be measured precisely

Ø New exciting doubly charmed states discovered in prompt production ...

• Puzzling: Different states observed in B decays vs. e+e- annihilation

_
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Summary and Prospectives

• The B factories CLEO(-c) and BarBar have run for one / two decades
• Belle has run a decade, meanwhile upgraded to BelleII

Ø Comissioned, first physics run last year
Ø Looking forward to new results

• BESIII successfully operating since 2008
Ø World largest data sets in tau-charm mass region, unique XYZ data
Ø Machine upgrade allows to extend studies up to Ecms = 5 GeV

• LHCb successfully operating since 2011 
Ø Unprecedented high statitics and energy
Ø Turns out to be a factory of new discoveries

• Upcoming and future experiments
Ø PANDA/FAIR as complementary and unique pp experiment
Ø Super tau-charm factory in China and/or Russia

Outlook: Completion of the exotic multiplets
à High statistics and precision, in combination with different probes 

_
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Back-up
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First observation of X(6900)   

[Science Bulletin 65 (2020) 1983] 

Model I
•
•

Model II
•
•

LHCb: First observation of a hidden doubly charmed tetraquark candidate

Tcccc : X(6900) > 5σ Tcccc : X(6900) > 5σ_ _
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What happened to the Y states?

b
e+e- → D0D*- π+

Y(4220)

y(4415) + 
Y(4390) ?

[PRL  122, 102002 (2019)] 
Y(4220):
Ø M = (4228.6 ± 4.1 ±6.3) MeV/c2
Ø Γ = (77.0 ± 6.8 ±6.3) MeV/c2

Y state at about 4.40 GeV:
Ø strongly model dependent

=> First Y decays to open-charm
=> Consistency with structures in 

J/ψ / hc / ψ(2S) ππ

e+e- → J/ψπ+π- e+e- → ψ(2S)π+π- e+e- → hcπ+π-
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e+e- → J/ψ h
[Phys. Rev. D 102, 031101 (2020)] • Simultaneous maximum-likelihood fit

(Top: High stat. XYZ data, Bottom: Scan data) 

• y(4040) assumed, Y(4220), Y(4390) ?
• Significance of Y(4390) = 6.0 σ
• Y(4220) & Y(4390) mass and width

compilation vs. Y(4360) from PDG:
Y(4390)

6.0σ

Further decays of Y(4260)
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e+e- → J/y h’

• Simultaneous maximum-likelihood fit
(to the two h‘ decay modes) 

• Fit to cross section s [(m,G) fixed to PDG]

Ø Single y(4160) or Y(4260) 
Ø Coherent sum of y(4160)  and Y(4260)

• Coherent sum preferred by data
Ø 4.0s and 6.3σ, respectively
Ø Xsec s an order of magnitude smaller

than the one for J/y h

• Higher statistics needed ...  

[Phys. Rev. D 101, 012008 (2020)] 

Further decays of Y(4260)
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• Search for the Y(4260) in B+/0 decays
• BaBar reported 3.1s for B+  [PRD 73, 011101 (2006)] 

• No significant evidence (2.1s/0.9s), for B0 first result
• Upper limits (CL90) on branching fractions

Ø

Ø

The Y(4260) in B decays
[Phys. Rev. D 99, 071102 (2019)] 

X(3872) Y(4260)
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First observation of

• No significant signals were found by Belle in search for 
X(3872) and X(3915) to cc0 p0   (0.3s / 2.3s)  

Ø

• BESIII observes now X(3872) decay to cc0 p0   (> 5s)
Ø

[Belle, Phys. Rev. D 99  111101 (2019)] 

Isospin violation, 
comparable decay 
rate to J/yr
=> Disfavours cc1(2P)

[BESIII, Phys. Rev. Lett., 122 (2019) 202001 ] 
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First evidence for

• Data set of 825 fb-1

• Kinematic cuts applied
• No events in X(3915) band
• 3 events survived in X(3872) band

Ø 3.2s significance
Ø

Isospin violation, 
comparable decay 
rate to J/yr
=> Disfavours cc1(2P)

[Belle, PRL 126, 122001 (2021) 


