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Mesons
The simplest colorless configuration with zero baryon number is qq̄:

SU(3) q
⊗

q̄′ = 3
⊗

3̄ = 8
⊕

1 q and q̄ in color singlet (qq̄)0

Quantum numbers determined from relative angular momentum L and
quark spin relative orientation ~s1 and ~s2:

P = (−1)L+1

|L− S | 6 J 6 |L + S |
C only defined for flavor-less mesons

QCD can allow other color-less states with 0 baryon number:

glueballs

qq̄ − g hybrids

a variety of 4-quark states:

molecules
diquark-anti-diquark
hadro-quarkonium
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How to identify exotic mesons?

Smoking guns:
quark content and/or quantum numbers not allowed for (qq̄)0

manifestly exotic quantum numbers: JPC = 0−−, 0+−, 1−+, 2+−, . . .

charged charmonium or bottomonium states

not-so-smoking guns:

over-population of the spectrum

anomalous decay or production properties

But

threshold effects, mixing and coupled channels can significantly
affect masses and decay widths eg of conventional quarkonia

Artifacts (cusps, virtual states, reflections) can be mistaken as
resonances
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Charmonium and bottomonium spectrum

(nearly) all states below threshold observed at masses close to predictions

overpopulated spectrum

candidates with manifestly exotic quantum numbers
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The X (3915)→ J/ψω observed in γγ reactions: χc0(2P)?
Observed by Belle PRL 104, 092001 (2010)

M = 3915± 3± 2 MeV/c2

Γ = 17± 10± 3 MeV

Γγγ ·B(Jψω) = 61±17±8 eV (J = 0)

Confirmed by BABAR PRD 86, 072002 (2012)

M = 3919.4± 2.2± 1.6 MeV/c2

Γ = 13± 6± 3 MeV

Γγγ ·B(Jψω) = 52±10±3 eV (J = 0)

If Γγγ = O(1 keV) (typical cc̄), then B(J/ψω) > (1− 6)%

JP = 0+ strongly favoured by BABAR angular analysis
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The Z (3930)→ DD̄ observed in γγ: χc2(2P) candidate
Observed by Belle in γγ → DD̄
NOT in DD̄∗

M = 3929± 5± 2MeV/c2

Γ = 29± 10± 2MeV

Γγγ ×B(DD̄) = 0.18± 0.05± 0.03 keV

Confirmed by BABAR

M = 3926.7± 2.7± 1.1MeV/c2

Γ = 21.3± 6.8± 3.6MeV

Γγγ×B(DD̄) = 0.241±0.054±0.043 keV

Angular distribution strongly favors J = 2: generally identified as
χc2(2P) candidate
Mass lower by ≈ 50 MeV/c2 but Γ, Γγγ and B(DD̄) consistent with
expectations
Could be interesting to search for J/ψγ, ψ(2S)γ, χcπ

+π− or J/ψω

C. Patrignani - Genova PWA7 – Camogli, 23-27 September, 2013 6



X (3872)

Narrow peak in J/ψπ+π− invariant
mass observed by Belle in
B+ → (J/ψπ+π−)K+ decays

PRL 91 (2003) 262001

JPC = 1++ recently extablished by LHCb (see R. Cardinale’s talk)

mass within errors coinciding with D0D̄∗0 threshold

decays into J/ψπ+π− (likely J/ψρ0, I=1), J/ψγ, J/ψω, D0D̄∗0

large decays to ψ(2S)γ reported by BABAR not confirmed by Belle

Observed in B decays and in prompt pp̄ and pp collisions (Tevatron,LHC)
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X (3872) interpretation

charmonium χc1(2P)
radiative decay should be two
orders of magnitude larger
mass off by 100 MeV/c2

Tetraquark:
No I-spin partners, no neutral
doublet

D0D̄∗0 molecule
natural explanation for mass
almost coincident with
threshold
D0D̄∗0 decay
JPC = 1++ (D0D̄∗0 in S-wave)
small J/ψγ can be
accomodated but

too large ψ(2S)γ (if
confirmed)
small binding energy → large
radius, difficult to explain
production in high energy pp
or pp̄ collisions

Mixture of D0D̄∗0 and χc1(2P)??
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The Y (3940)→ J/ψω observed in B decays

Observed by Belle PRL 94,180002 (2005)

M = 3943± 11± 13MeV/c2

Γ = 87± 22± 26

B(B → YK)·B(Y → ωJψ) = (7.3±1.3±3.1)·10−5

confirmed by BABAR PRD-RC 82,011101(2010)

M = 3919.1+3.8
−3.5 ± 2.0 MeV/c2

Γ = 31+10
−8 ± 5, MeV

B(B+ → YK+)·B(Y → ωJψ) = (3.0+0.7 +0.5
−0.6 −0.3)·10−5

B(B0 → YK 0)·B(Y → ωJψ) = (2.1±0.9±0.3)·10−5

Not seen in B → DD̄∗K (expected dominant for 1++)
B(B → YK ) large for 2++ in B decays. 0++, 0−+???
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The X (3940)→ DD̄∗ observed in double cc̄ production
Unexpectedly large cross section for
σ(e+e− → J/ψ(cc̄)) measured by Belle

Observe known 0±+ states recoiling againts a J/ψ

+ another one

not seen in B → DD∗K
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Y (4260)→ J/ψπ+π−

Observed by BABAR in ISR process, confirmed by Belle and CLEO, which
observes also J/ψπ0π0 compatible with I-spin expectations

It has been searched (and not found) in

many exclusive D
(∗)
(s) D̄

(∗)
(s) modes

many exclusive light hadron
modes

pp̄

The hadronic cross section has a dip at
this mass

Comparing total and peak cross
sections estimate
B(Y → J/ψπ+π−) > 8%
Γ(Y → J/ψπ+π−) > 8 MeV
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Y (4260) and study of π+π− spectrum

Belle finds that the π+π− invariant mass
spectrum in the Y (4260) region peaks at
f0(980)

BABAR finds non dominant f0(980)

contribution PRD 86, 051102 (2012)
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Y (2175) strange partner of the Y (4260)?

observed by BABAR in ISR

also seen by BES in J/ψ decays
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Y (4350) and Y (4660)→ ψ(2S)ππ
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Y (4350) and Y (4660) confirmed by BABAR on final dataset arXiv:1211.6271



Y (4140),Y (4274)→ φJ/ψ decay?
Observed by CDF in B+ → J/ψφK+ PRL 102, 242002 (2009) updated in arXiv:1101.6058

Allowed JPC = 0++, 1+−, 2++

115± 12 B+ events

Not seen by LHCb
382± 22 B+

PRD 85, 091103 (2012)

seen at CMS?

CMS-BPH-11-026
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Search for γγ → Y (4140)→ φJ/ψ

Belle searched for γγ → Y (4140)→ φJ/ψ PRL 104, 112004 (2010)

No evidence for Y (4140)
set upper limits
Γγγ · B(J/ψφ) < 41 eV (J = 0)

Γγγ · B(J/ψφ) < 6 eV (J = 2)

Find 3.1 σ evidence for a new
structure...

M = 4350.6+4.6
−5.1±0.7 MeV/c2

Γ = 13+18
−9 ± 4 MeV

Γγγ · B(J/ψφ) = 6.7+3.2
−2.4 ± 1.1 eV (J = 0)

Γγγ · B(J/ψφ) = 1.5+0.7
−0.6 ± 0.3 eV (J = 2)
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Charged charmonium? Z (4430)± → ψ(2S)π±

Observed by Belle in

B̄0 → K+ψ(2S)π−

PRL 100, 142001 (2008)

quark content at least cc̄ud̄

confirmed by a Dalitz re-analisis by

Belle PRD 80, 031104 (2009)

NOT confirmed by BABAR

PRD 79, 112001 (2009)

finds that its data can be described by
Kπ reflections without need for new
resonance

Z(4430)+ → J/ψπ+ not seen by either experiment
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More charged states in B0 → χc1π
+K−

Two new peaks in χc1γ invariant mass
reported by Belle Z1(4050)+ and
Z2(4250)+

PRD 79, 112001 (2009)

PRD 79, 112001 (2009)

again BABAR finds that data can be
described by Kπ substructures without
introducing new resonances
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Υ (5S)→ π+π−Υ (ns)

Belle searched for non-B
(∗)
(s) B̄

(∗)
(s) decays of

the Υ (5S)

The resonance parameters measured in
Υ (nS)π+π− final state differ from the
parameters measured in the ratio

Rb =
σ(e+e− → b − hadrons)

σ(e+e− → µ+µ−)

interference with continuum? non trivial
description of Rb

Bottomonium partner of the Y (4260)?
PRL 100, 112001 (2008)

PRD-RC 82, 091106 (2010)

anomalously large partial widths Γ(Υ (nS)π+π−)
dipion transitions are large also at the Υ (4S)

Γ(Υ (1S)π+π−) ≈ 2× Γ(Υ (2, 3S)π+π−)
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Υ (5S)→ π+π− X : observation of hb(1P) and hb(2P)
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PRL 108, 032001, (2012)



hb(1P) and hb(2P)
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Substructures in Υ (5S)→ π+π−hb(nP)?

Plot of invariant mass recoiling against π±

Almost all of hb(nP) seem to be
produced through intermediate
states

Υ (5S)→ Z−π+ → hb(nP)π+π−
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Zb(10610) and Zb(10660) in Υ (5S)→ π+π−Υ (nS)?

In all modes the two peaks have the same mass and width

Large decay to both hb (P singlet) and Υ (S-vector)
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Zb(10610) and Zb(10660) quantum numbers?

π+π− angular distribution favours JP = 1+

Since Υ (5S) has negative G-parity, the Zb’s would have positive G-parity
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Substructures in e+e− → π+π−J/ψ at Y (4260) energy?
BES-III took a large amount of data at energies around the Y (4260)

The Dalitz plot of π+π−J/ψ events at
this energy shows a substructure

M(J/ψπ+) peaks at 3900MeV/c2

Soon confirmed by Belle in ISR

and by an analysis of CLEO-c data by
the Nortwestern group
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PRL 110, 252001 (2013)

PRL 110, 252002 (2013)

arXiv:1304.3036

Zc(3900)+?



More: e+e− → π+π−hc ,D∗D̄∗π+ at Y (4260) energy
BES III has clean hc → γηc

The π+hc invariant mass shows a
clear peak: Zc(4020)+?

arXiv:1309.1896

BES III also studied
e+e− → D∗D̄∗π+ and finds a broad
structure at threshold in the
invariant mass recoiling against the
π+ at a mass 4025MeV/c2

arXiv:1308.2760

can be the same Zc(4020)+?
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Conclusions

It’s been fun to do spectroscopy in the past 10 years!

Every time people looked to an exclusive final state with quarkonia+light
hadrons in a different process found a new state (often close to
thresholds)

... and sometime two!

Some of these states might ”disappear”, some will be recognized to be
the same state, but most of them are there to stay

If charged states will be recognized as resonances, they are manifestly
exotic

Interplay between experiment and theory to sort out what’s going on

In the process we could learn how to handle QCD corrections a bit
further away from the easy limits
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