
Charmonium and exotic particles at Belle

Bruce Yabsley

Belle / University of Sydney
ARC Centre of Excellence for Particle Physics at the Terascale

(http://www.coepp.org.au/)

36th International Conference on High Energy Physics,
Melbourne; 5th July 2012

ηJ/ψ via ISR
Belle: Search for hadronic transition via emitting η. (Preliminary)

Taking Γe+e− (ψ(4040)) = (0.86± 0.07) keV from PDG →
B(ψ(4040) → ηJ/ψ) = (0.59± 0.11± 0.14)% or
B(ψ(4040) → ηJ/ψ) = (1.44± 0.18± 0.18)%.
Taking Γe+e− (ψ(4160)) = (0.83± 0.07) keV from PDG →
B(ψ(4160) → ηJ/ψ) = (0.50± 0.07± 0.11)% or
B(ψ(4160) → ηJ/ψ) = (1.83± 0.21± 0.24)%.
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Introduction

Renewal of charmonium (properly, hidden-charm) physics last decade:

X (3872), 1++ (or 2−+), D∗0D 0 important in wavefunction

Y (4260), 1−− supernumerary state; hybrid candidate

many more claimed exotic candidates, including charged states

several new conventional states; (cc)res production still mysterious

1 X(3872) studies
The state of play
Search for γχc1,c2 decays
Search for ηψ decays

2 Searches for charged states
Some history
Search for Z+ → π+ψ
Search for Z+ → π+ψ

3 ISR studies of 1−− states
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X (3872) state of play

X(3872): the old state of play at September 2006
BY@QWG2011; adapted from Nucl. Phys. (Proc. Suppl.) 170, 248–253 (2007)

narrow; prominent π+π−ψ decay [Belle discovery; CDF, D0, BaBar]

B(X → π+π−ψ) > 4.2% [BaBar inclusive, PRD 71, 031501]

Γ < 2.3MeV (90% C.L.) [Belle discovery]

M = (3871.2± 0.5)MeV . (mD0 + mD∗) by 1σ [WA; CLEO]

pp prodn: (16± 5± 2)% b-decay, rest prompt; “ψ′-like” [CDF]

X± not seen: not an isovector [BaBar PRD 71, 031501]

C -even, from X → γψ [Belle, BaBar] and π0π+π−ψ [Belle]

X → ρψ dominates, L = 0, 1 [CDF M(π+π−) PRL 96, 102002]

JPC = 1++ or 2−+ [CDF angular PRL 98, 132002]

B+ vs B0 → KX “needs more data”TM [BaBar PRD 73, 011101(R)]

X peak in B→ KD0D 0π0 needs confirmn [Belle PRL 97, 162002]

loose ends: π0π0ψ, γψ′, π+π−ηc , γDD
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X (3872) state of play

X(3872): the new state of play at October 2011
BY@QWG2011; adapted from Nucl. Phys. (Proc. Suppl.) 170, 248–253 (2007)

narrow; prominent π+π−ψ decay [Belle discovery; CDF, D0, BaBar]

B(X → π+π−ψ) > 4.2% [BaBar inclusive, PRD 71, 031501]

Γ < 1.2MeV (90% C.L.) [Belle PRD 84, 052004]

M = (3871.71± 0.19)MeV
∆�σ

= (mD0 + mD∗) [private WA; S < 1]

pp prodn: (16± 5± 2)% b-decay, rest prompt; “ψ′-like” [CDF]

X± still not seen: not an isovector [BaBar; Belle PRD 84, 052004]

C -even, from X → γψ [Belle, BaBar] and π0π+π−ψ [Belle]

X → ρψ dominates, L = 0, 1 [CDF & Belle M(π+π−) ]

JPC = 1++ or 2−+ [CDF & Belle angular; note BaBar π0π+π−ψ ]

B+ vs B0 → KX : ∆M disfavoured [BaBar & Belle ]

large B(X → ({γ, π0}D0)D∗0D 0) [Belle & BaBar ]

loose ends: π0π0ψ, γψ′, π+π−ηc , {γ, π0}DD lineshape

— radiative (disputed) & lineshape crucial for structure
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X (3872) state of play

X(3872): results from the LHC . . .
LHCb X(3872) production: EPJC 72, 1972 (2012) {arXiv:1112.5310v1 [hep-ex]}
from the 2010 data:

pXt ∈ [5, 20]GeV,
yX ∈ [2.5, 4.5];

σ(pp→ X + any)×BX→ππψ

= 5.4± 1.3± 0.8 nb;

2.4σ below 13.0± 2.7 nb
(Artoisenet & Braaten,
PRD 81, 114018 (2010))

mass measurement is
already 2nd-most precise
(after Belle 2011) ]2) [MeV/c-π +π ψM(J/
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mX = 3871.95± 0.48 (stat.)± 0.12 (syst.)MeV/c2

cf. WA = 3871.71± 0.19MeV/c2 (private, from QWG2011/Darmstadt)
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X (3872) γχcJ

Search for γχc1,c2 decays
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X (3872) γχcJ

Search for γχc1,c2 decays
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X (3872) γχcJ

Search for γχc1,c2 decays
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X (3872) γχcJ

Search for γχc1,c2 decays
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X (3872) γχcJ

Search for γχc1,c2 decays
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X (3872) γχcJ

Search for γχc1,c2 decays
abstract 720; BELLE-CONF-1234; longer presentation: V.Bhardwaj at Charm 2012
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X (3872) γχcJ

Search for γχc1,c2 decays
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X (3872) γχcJ

Search for γχc1,c2 decays
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X (3872) ηψ

Search for ηψ decays
abstract 725; BELLE-CONF-1235; longer presentation: V.Bhardwaj at Moriond QCD
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X (3872) ηψ

Search for ηψ decays
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X (3872) ηψ

Search for ηψ decays
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X (3872) ηψ

Search for ηψ decays
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Z(4430) history

Searches for charged states: some history
πψ′ PRD 80, 031104 (2009); πχc1 78, 072004 (2008); Zb PRL 108, 122001 (2012)

Belle sees resonance-like peak
Z (4430)+ → π+ψ′ in B→ Kπ+ψ′

not seen by BaBar; consistency?

Belle (Dalitz) reanalysis: −→
(M, Γ) = (4443+15

−12
+19
−13, 107+86

−43
+74
−56)MeV

+2 peaks in B 0 → K−Z [→ π+χc1]

B→ Kπ+ψ being studied

in hidden beauty, v.large ΓππΥ(nS) for Υ(5S)

— something going on above BB threshold
cf. CLEO σ4170(π+π−hc) ∼ σ4170(π+π−ψ)

consistent peaks in fits to
Υ(5S)→ π−Z+

b [→ π−hb(nP)] and Dalitz π−Z+
b [→ π−Υ(mS)]
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Z(4430) π+ψ

Search for Z+: 4D B 0 → K−π+ψ analysis
abstract 726; BELLE-CONF-1236; longer presentation: K.Chilikin at Charm 2012BELLE Model: angular variables

B̄0
J/ψK ∗

µ+

µ−K−

π+

θJ/ψϕJ/ψK∗

The variables considered are Dalitz variables M2(K ,π),
M2(J/ψ,π) and angles θJ/ψ, ϕJ/ψK∗ .

K.Chilikin (ITEP) Amplitude analysis of B̄0 → J/ψK−π+ CHARM2012 10 / 26
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Z(4430) π+ψ

Search for Z+: 4D B 0 → K−π+ψ analysis
abstract 726; BELLE-CONF-1236; longer presentation: K.Chilikin at Charm 2012BELLE Model of the signal: matrix element

S(sx , sy , ϕJ/ψK∗ , θJ/ψ) =
∑

ξ=1,−1

∣∣∣∣∣∣
∑

λ=−1,0,1

Aλd1
λ ξ(θJ/ψ)

∣∣∣∣∣∣

2

,

where

sx = M2(K , π), sy = M2(J/ψ, π),

ξ - sum of lepton helicities, λ - helicity of J/ψ,

Aλ = AK∗
λ e−iλϕJ/ψK∗ + A

Z+
c

λ .

K̄ ∗0 → K−π+ amplitude:

AK∗
λ =

∑

K∗

aK∗
λ e iφK∗

λ AK∗
(sx , sy )d

J(K∗)
λ 0 (θK∗),

Z+
c → J/ψπ+ amplitude:

A
Z+

c

λ =
∑

λ′=−1,0,1

a
Z+

c

λ′ e iφ
Z+
c

λ′ AZ+
c (sx , sy )d

J(Z+
c )

0 λ′ (θZ+
c
)e−iλ′ϕ̃J/ψK∗ d1

λ′ λ(θK∗π+),
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Z(4430) π+ψ

Search for Z+: projections onto sx = M2(K−π+)
abstract 726; BELLE-CONF-1236; longer presentation: K.Chilikin at Charm 2012

BELLE Fit results without Z+
c : M2(K , π) projections
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Z(4430) π+ψ

Search for Z+: projections onto sy = M2(π+ψ)
abstract 726; BELLE-CONF-1236; longer presentation: K.Chilikin at Charm 2012

BELLE Fit results without Z+
c : M2(J/ψ, π) projections
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Z(4430) π+ψ

Search for Z+: . . . allowing Z+(1+)→ π+ψ
abstract 726; BELLE-CONF-1236; longer presentation: K.Chilikin at Charm 2012

BELLE Results with Z+
c (JP = 1+): M2(J/ψ, π) projections
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Z(4430) π+ψ

Search for Z+: fit results and significance
abstract 726; BELLE-CONF-1236; longer presentation: K.Chilikin at Charm 2012

various JPC considered

LEE: fits to −2 ln(L/L0)
in toy Monte Carlo

“Zc(4430)” fits:
(M, Γ) constraint, π+ψ′

result with uncertainties

1+ hypothesis preferred;

none compelling:

Z+
c at 2.7σ w systematics

Zc(4430)+ at 2.8σ w syst

BZcK × B(Zc(4430)+ → π+ψ) < 8× 10−6 (@ 95%) [cf. < 4× 10−6 BaBar]

natural next step: 4D (> Dalitz) for original K−π+ψ′ channel

BELLE Results: Z+
c mass, width, significance

JP M, MeV Γ, MeV Local sign. Sign.

Z+
c → J/ψπ+

0− 4076 ± 17 240 ± 21 4.7σ 2.9σ
4228 ± 8 51 ± 15 4.5σ 2.8σ

1− 4108 ± 9 55 ± 12 4.5σ 2.8σ

1+ 4241 ± 6 40 ± 10 4.6σ 3.0σ

2− 3942 ± 10 57 ± 24 2.9σ 0.7σ

2+ 4669 ± 5 26 ± 5 3.8σ 2.5σ

Zc(4430)
+ → J/ψπ+

0− 4437 ± 18 122 ± 44 1.6σ 0.8σ

1− 4446 ± 21 171 ± 54 1.3σ 1.2σ

1+ 4450 ± 15 129 ± 22 4.1σ 3.1σ

2− 4427 ± 10 47 ± 22 2.1σ 0.7σ

2+ 4443 ± 11 153 ± 46 < 0.1σ < 0.1σ

There are no significant Z+
c with systematic error included.

K.Chilikin (ITEP) Amplitude analysis of B̄0 → J/ψK−π+ CHARM2012 20 / 26
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c with systematic error included.
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Z(4430) π+ψ

Search for Z+: fit results and significance
abstract 726; BELLE-CONF-1236; longer presentation: K.Chilikin at Charm 2012
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ISR/1−−

ISR studies of 1−− states (following BaBar)
C.Z. Yuan et al, PRL 99, 182004; X.L. Wang et al, PRL 99, 142002 (2007); etc.
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confirms Y (4260) [also CLEO]

amplitude nontrivial near 4050MeV
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confirms π+π−ψ′ signal

splits “Y (4360)” peak → two

none seen in ISR D(∗)D(∗): e.g. explicit BaBar Y (4260) limit
BDD/Bπ+π−ψ < 1.0 at 90% C.L. [arXiv:0710.1371 → PRD]

Bruce Yabsley (Sydney / Belle) Charmonium and exotics at Belle ICHEP/Melb. 2012/07/05 11 / 16



ISR/1−−

ISR studies: search in e+e− → γISRη ψ
abstract 727; BELLE-CONF-1237; longer presentation: X.-L.Wang at FPCP 2012

ηJ/ψ via ISR
Belle: Search for hadronic transition via emitting η. (Preliminary)

Taking Γe+e− (ψ(4040)) = (0.86± 0.07) keV from PDG →
B(ψ(4040) → ηJ/ψ) = (0.59± 0.11± 0.14)% or
B(ψ(4040) → ηJ/ψ) = (1.44± 0.18± 0.18)%.
Taking Γe+e− (ψ(4160)) = (0.83± 0.07) keV from PDG →
B(ψ(4160) → ηJ/ψ) = (0.50± 0.07± 0.11)% or
B(ψ(4160) → ηJ/ψ) = (1.83± 0.21± 0.24)%.
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ISR/1−−

ISR studies: search in e+e− → γISRη ψ
abstract 727; BELLE-CONF-1237; longer presentation: X.-L.Wang at FPCP 2012

Cross section of e+e− → ηJ/ψ

Belle preliminary

A systematic error of 8.8% to all data points is not shown.
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Summary

X (3872) studies:

in 2011, major π+π−ψ update (& other studies)
in 2012, searches in final states that would reveal X partners:

γχc1,c2: main searches negative,
but X (3823)→ γχc1 seen; ψ2(1 3D2) candidate

ηψ: search negative

charged states:

4D analysis of B 0 → K−π+ψ sees no compelling Z+ → π+ψ,
and sets a limit comparable to BaBar’s
— cf. Belle’s positive π+ψ′ (Dalitz) and π+χc1 (Dalitz∗) signals

ISR studies of 1−−:
ηψ final state studied, ψ(4040) and (4160) seen

results presented today are preliminary
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BACKUP

BACKUP SLIDES
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BACKUP γχcJ

Search for γχc1,c2 decays
abstract 720; BELLE-CONF-1234; longer presentation: V.Bhardwaj at Charm 2012!"#$%&'()*+%,*"-$'"$'./,01
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BACKUP ISR/1−−

ISR studies: search in e+e− → γISRη ψ
abstract 727; BELLE-CONF-1237; longer presentation: X.-L.Wang at FPCP 2012

Search on ηJ/ψ via ISR at Belle (Preliminary)
• Reconstructions: J/ψ → e+e− or µ+µ−, η → γγ or π+π−π0.
• Clear ψ� signals.

Left is η → π+π−π0 mode and right is η → γγ mode.
Measurement on cross section of σ(e+e− → γISRψ�) at Belle:

• π+π−π0 mode: nsig = 186± 17, σ = 13.9± 1.4 pb.
• γγ mode: nsig = 470± 25, σ = 14.0± 0.8 pb.
• Theory calculation: σ = 14.2 pb.

Measurement on ψ� signal is reliable.
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BACKUP ISR/1−−

ISR studies: search in e+e− → γISRη ψ
abstract 727; BELLE-CONF-1237; longer presentation: X.-L.Wang at FPCP 2012

ηJ/ψ via ISR at Belle (Preliminary)
The J/ψ signal and η signal at high energy region (MηJ/ψ > 3.8 GeV/c2):

The ηJ/ψ signals:

The left is η → π+π−π0 mode and the right is η → γγ mode. Events accumulate
around the positions of ψ(4040) and ψ(4160), and no obvious Y states found at
π+π−J/ψ(ψ�) transitions!
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