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RadiativeRadiative CharmoniaCharmonia DecaysDecays

Simplest Simplest oniaonia decaysdecays
•• J/J/ψψ →→ γγ γγ γγ
•• ηηc c →→ γγ γγ
•• χχcJcJ →→ γγ γγ
Next simplest Next simplest 
•• J/J/ψψ →→ γγ gggg
•• ψψ(2S)  (2S)  →→ γγ gggg
χχcJcJ →→ γγ ((ρρ00, , ωω, , ϕϕ))
ηη’’ Properties from J/Properties from J/ψψ →→ γγ ηη’’
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J/J/ψ→ψ→ 33γγ &  &  ηηcc→→ γγγγ
Measure or limit the decay J/Measure or limit the decay J/ψ→ψ→ 33γγ
Expect B( J/Expect B( J/ψψ →→ 3 3 γγ ) ~ 10) ~ 10––6 6 –– 1010––55

•• B < 5.5 B < 5.5 ×× 1010––55 Crystal Ball (1980)Crystal Ball (1980)
•• No No ‘‘particleparticle’’ ever observed in a 3ever observed in a 3γγ decay!decay!

B( B( ωω →→ 3 3 γγ ) < 1.9 ) < 1.9 ×× 1010––44

B( Z B( Z →→ 3 3 γγ ) <  1 ) <  1 ×× 1010––55

However, However, orthoortho--positroniumpositronium (o(o--Ps), the Ps), the 33SS11 ee++ee-- atom, decays atom, decays 
nearly 100% to 3nearly 100% to 3γγ. Also, B(o. Also, B(o--PsPs→→55γγ) ) ≈≈ 2 x 102 x 10––66

Seek Seek ηηcc →γ→γ γγ in in radiativeradiative J/J/ψψ decays & measure decays & measure 
B( J/B( J/ψ→ψ→ γγ ηηc c ) ) ×× B( B( ηηcc→→ γγ γγ ))
•• E760 & E835 have observed E760 & E835 have observed ηηcc→→ γγ γγ in pp in pp →→ γγ γγ
•• Belle: 4.1Belle: 4.1σσ evidence in evidence in BB±±→→ KK±± γγγγ

B( B( ηηcc →→ γγ γγ ) = ( 2.4 ) = ( 2.4 +0.9+0.9
−−0.80.8

+0.7+0.7
−−0.40.4 ) ) ×× 1010−−44

[PLB 662 (2008) 323] [PLB 662 (2008) 323] 

⎯⎯
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J/J/ψψ →→ 33γγ
Unique topology:Unique topology:
•• 2 tracks provide a 2 tracks provide a 

tag of the J/tag of the J/ψψ
•• 3 showers with no 3 showers with no 

resonant resonant 
substructuresubstructure

Impose                 Impose                 
44--momentum momentum 
conservationconservation
χχ22 of of kinematickinematic fit fit 
a key variablea key variable
•• Suppress feedSuppress feed--

down from other down from other 
decaysdecays

Also seek        Also seek        
J/J/ψ→ψ→ γγ ηηc c , , ηηcc→→ γγ γγ

π+

π––

J/ψ

γ1

γ2
γ3

ψ(2S)
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J/J/ψψ →→ 33γγ
Plot has Plot has 
χχ22<3 cut in <3 cut in 
placeplace
VetoVeto on on 
masses masses 
inside    inside    
0.100.10--0.16, 0.16, 
0.500.50--0.60, 0.60, 
0.900.90--1.00, & 1.00, & 
>2.8 >2.8 GeVGeV
37 events 37 events 
remain in remain in 
the data the data 
outside outside 
these these 
regionsregions

Smallest photon pair mass
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J/J/ψψ →→ γγ ππ00ππ00 feedfeed--downdown
Only happens if BOTH Only happens if BOTH ππ00’’s s 
decay asymmetrically decay asymmetrically 
Demand 4Demand 4--momentum momentum 
conservation to suppress: conservation to suppress: 
χ2/dof < 3 for signal
BRsBRs for various J/for various J/ψψ →→ γγ ffJJ
not well known not well known 
Notice that SHAPES of all Notice that SHAPES of all 
55γγ χχ22 distribution are similardistribution are similar
The data can be used at The data can be used at 
large large χχ22/dof (5/dof (5--20)20) for for bgdbgd
normalizationnormalization
Mix of Mix of bgdbgd sources does sources does 
not to matter much for not to matter much for 
leakage into leakage into χχ22<3<3
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Result for J/Result for J/ψψ →→ 33γγ
Normalize Normalize γγ ffjj
background in background in χχ22=5=5--20 20 
regionregion
Small nonSmall non--J/J/ψψ bgdbgd
from from ππ++ππ-- recoil recoil 
sidebandssidebands
After normalized After normalized bgdbgd
subtractionsubtraction
Signal shape required Signal shape required 
to describe data at to describe data at 
small small χχ22

Net yield 24.2Net yield 24.2+7.2+7.2 evtsevts
B = (12 B = (12 ±± 3 3 ±± 2) x 102) x 10--66

66σσ significancesignificance

--6.06.0

PRL 101, 101801 (2008)
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ηηcc→→ γγ γγ
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ηηcc→→ γγ γγ SelectionSelection
2 signal 2 signal 
eventsevents
0.8 events 0.8 events 
bgdbgd totaltotal
EffEff=10.9%=10.9%

Signal Signal 
region region 

SourceSource # # bgdbgd
γγ ηη 0.30.3
γγ ηη’’ 0.20.2
33γγ 0.30.3

TotalTotal 0.80.8
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B( J/B( J/ψψ →→ γγ ηηcc ) x B( ) x B( ηηcc →→ γγ γγ ) ) 
= ( 1.2 = ( 1.2 +2.7+2.7

––1.1 1.1 ±± 0.3 ) x 100.3 ) x 10––66

oror <5.3 x 10<5.3 x 10––66 @90%CL@90%CL

Using Using CLEOCLEO’’ss B( J/B( J/ψψ →→ γγ ηηcc ) = ( 1.98 ) = ( 1.98 ±± 0.09 0.09 ±± 0.30 )%,0.30 )%,

B( B( ηηcc →→ γγ γγ ) ) =( 0.6 =( 0.6 +1.3+1.3
––0.50.5±±0.1 ) x 100.1 ) x 10––44

< 2.6 < 2.6 x 10x 10––4 4 @90%CL@90%CL
•• PDG08 value  = PDG08 value  = ( 2.4 ( 2.4 +1.1+1.1

--0.90.9 ) x 10) x 10––44

Consistent within 1.1Consistent within 1.1σσ

ηηcc→→ γγ γγ ResultResult
PRL 101, 101801 (2008)
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ψψ(2S) (2S) →→ γγ11 χχcJcJ , , χχcJcJ →→ γγ γγ
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ψψ(2S) (2S) →→ γγ11 χχcJcJ , , χχcJcJ →→ γγ γγ
Shown@QWG5: H. Shown@QWG5: H. MahlkeMahlke
Striking experimental Striking experimental 
signature: only 3signature: only 3γγ !!
In R In R ≡≡ ΓΓ22((γγγγ) / ) / ΓΓ00((γγγγ) many ) many 
theotheo. & exp. uncertainties . & exp. uncertainties 
will cancelwill cancel
•• 11stst decaydecay--based based msmtmsmt
•• Lowest order: R=0.27Lowest order: R=0.27
•• 11stst order order ααSS:    R=0.12:    R=0.12

PRD78, 091501(R) (2008)

e+e-→γγγ

CLEOCLEO
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J/J/ψψ →→ γγ gggg
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J/J/ψψ →→ γγ gggg
Select clean primary Select clean primary γγ’’ss

•• zzγγ ≡≡ EEγγ / / EEbeambeam : : zzγγ>0.3 >0.3 
•• veto veto γγ’’s that pair with another to form s that pair with another to form ππ00

•• do not veto do not veto η→γγη→γγ (too much signal killed)(too much signal killed)
Eliminate Eliminate ee++ee-- “continuum” “continuum” bgdbgd, partly ISR, by , partly ISR, by 
using using ψψ(2S)(2S)→→ ππ++ππ-- J/J/ψψ

Makes analysis much simpler than Makes analysis much simpler than ϒ→ϒ→ γγ gggg
[PRD74, 012003 (2006)][PRD74, 012003 (2006)]
Small nonSmall non--J/J/ψψ bgdbgd directly subtracted with directly subtracted with ππ++ππ--

recoil mass sidebandsrecoil mass sidebands
Model remaining Model remaining bgdbgd in 3 systematically in 3 systematically 
complementary wayscomplementary ways

•• Two are dataTwo are data--driven, one MCdriven, one MC--onlyonly
See paper for detailsSee paper for details

•• Spread among them indicative of Spread among them indicative of systsyst. error. error
Model signal asModel signal as

•• Three 2Three 2--body processes: body processes: γηγη, , γηγη’’, , γηγη(1440)(1440)
•• Theoretical shape validated with Theoretical shape validated with 

CLEO CLEO ϒ→ϒ→ γγ gggg measurementsmeasurements
NEW: also include NEW: also include zzγγ--coscosθθγγ correlation correlation 
& shape a la & shape a la KollerKoller--Walsh                  Walsh                  
[NP B140, 449 (1978)].[NP B140, 449 (1978)]. Zγ

cosθγ

Signal
Spectrum

3 bgds differ 
mostly at large 
zγ where bgd is 
smallest

Background Shapes
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Signal ShapeSignal Shape
These are spectra These are spectra 
developed for developed for 
ϒ→γϒ→γgggg

Found to work Found to work 
adequately for adequately for 
J/J/ψ→γψ→γgggg

PRD 69, 114006 (2004); 
PRD 72, 054014 (2005); 
PRL 96, 111801 (2006).

PL 133B, 248 (1983).

zγ
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J/J/ψψ Direct Photon SpectrumDirect Photon Spectrum
After correcting for After correcting for 
angular acceptance angular acceptance 
& efficiency, this & efficiency, this 
spectrum gives         spectrum gives         
# J/# J/ψψ →→ γγgggg events events 
# # J/J/ψ→ψ→gggggg from from 
•• # # ππ++ππ-- J/J/ψψ
•• # J/# J/ψψ →→ γγgggg
•• J/J/ψψ →→ ee++ee--, , µµ++µµ-- (PDG)(PDG)
•• J/J/ψψ →→ γγ** →→ qqqq (PDG)(PDG)

using bgd 1
using bgd 2 
using bgd 3

ϒ(1S) shape with
arbitrary normalization

Garcia-Soto hep-ph/0701030
Prediction for J/ψ→→ γγgggg

Large Color Octet ME

Small Color Octet ME

Do not describeDo not describe
CLEO dataCLEO data

PRD 78, 032012 (2008)

⎯⎯

Data with 3 different bgd subtractions
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Measured RMeasured Rγγ & QCD& QCD
Systematic error (11%) dominated bySystematic error (11%) dominated by
•• Background subtraction uncertaintyBackground subtraction uncertainty
•• Signal shape uncertaintySignal shape uncertainty

BBrodsky, rodsky, LLepageepage, , MMackenzie PRD 28, 228 (1983) predictackenzie PRD 28, 228 (1983) predict

Also can be expressed as B(Also can be expressed as B(J/J/ψψ →→ γγ gggg) = ( 9.0 ) = ( 9.0 ±± 1.0 ) %1.0 ) %
•• Somewhat larger than Somewhat larger than VoloshinVoloshin [PPNP 61, 455 (2008) ] estimate [PPNP 61, 455 (2008) ] estimate 

of of 6.7%6.7% based on based on ααSS(m(mcc)=0.19 & known )=0.19 & known ΓΓeeee(J(J//ψψ))
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ψψ(2S) (2S) →→ γγ gggg
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ψψ(2S) (2S) →→ γγ gggg
Similar approach, but…Similar approach, but…
Must subtract Must subtract spectrum spectrum 
from from belowbelow--ψψ(2S) (2S) 
continuum data to continuum data to 
suppress ISR effectssuppress ISR effects
Must subtract Must subtract 
contribution from contribution from 
J/J/ψ→γψ→γgggg & its & its bgdbgd
•• Use shape from Use shape from dipiondipion tags: tags: 

ψψ(2S)(2S)→→ ππ++ππ-- J/J/ψψ
•• Correct for Correct for εε, , B(anyB(any J/J/ψψ) / B) / B++--

FSR from MCFSR from MC
Model remaining Model remaining 
backgrounds 3 different backgrounds 3 different 
ways (both MC and dataways (both MC and data--
driven methods)driven methods)

ψψ(2S)(2S) Data

π0 Bgd

Lumi-scaled
continuum data

π+π- J/ψ
from data

FSR
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Results for Results for ψψ(2S) (2S) →→ γγ gggg
Integrate data for zIntegrate data for zγγ>0.4>0.4
•• spread among spread among bgdbgd methods methods 

indicates indicates systematicssystematics
•• Correct for Correct for εε
•• Correct for Correct for zzγγ<0.4 / <0.4 / zzγγ>0.4>0.4

~30% of spectrum is ~30% of spectrum is zzγγ<0.4 <0.4 
ΣΣ B[ B[ ψψ(2S) (2S) →→
•• ee++ee--, , µµ++µµ-- , , ττ++ττ-- (PDG)(PDG)
•• γγ** →→ qqqq (PDG)(PDG)
•• ππ++ππ--J/J/ψψ, , ππ00ππ00J/J/ψψ, , ηη//ππ00J/J/ψψ
•• γγ χχcJcJ, , γγ ηηcc , , ππ00 hhcc

≈≈ 87%. 87%. 
•• Leaves ~13% for Leaves ~13% for γγ gggg, 3g, 3g
•• We know total #We know total #ψψ(2S) (2S) 
•• B( B( γγgggg ) ) ≈≈ 0.9 %0.9 %
•• B( B( gggggg ) ) ≈≈ 12 %12 %

⇒⇒RRγγ= 0.065 = 0.065 ±± 0.010 0.010 ±± 0.0230.023
•• ~Half of J/~Half of J/ψψ RRγγ (~3(~3σσ below)below)

PREL
IMINARY

PREL
IMINARY

γηc

⎯⎯

Reminder: for ϒ(1S,2S,3S)→γgg,
CLEO measurements yieldedCLEO measurements yielded
RRγγ ≈≈ 0.030.03 within ~10-15% errors

[ PRD74 (2006) 012003 ]
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CharmoniumCharmonium AnnihilationAnnihilation SummarySummary
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Many measured annihilation rates!Many measured annihilation rates!

CLEO has measured several CLEO has measured several 
important & fundamental important & fundamental 
ratesrates
Various ratios can be taken Various ratios can be taken 
to cancel out wave function to cancel out wave function 
terms & other common terms & other common 
factorsfactors
Lowest order PQCD Lowest order PQCD 
predictions known, up to predictions known, up to 
choice of the mass scale at choice of the mass scale at 
which to evaluate which to evaluate ααSS
11stst order order ααSS ccorrections to orrections to 
these ratios are also knownthese ratios are also known
•• Most are large (>~20%)Most are large (>~20%)
•• Some are unphysicalSome are unphysical

Fodder for Fodder for postdictionspostdictions!!

c
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CharmoniumCharmonium AnnihilationAnnihilation ΓΓ RatiosRatios

SystemSystem RatioRatio Lowest Lowest 
orderorder

L.O. L.O. 
ValueValue

MsdMsd by by 
CLEOCLEO

ηηcc γγγγ / / gggg (8 / 9) ((8 / 9) (αα / / ααSS) ) 22 5.3 x 105.3 x 10--44 <2.6 x 10<2.6 x 10--44 (90%CL)(90%CL)

J/J/ψψ γγγγγγ / / ee++ee-- [64([64(ππ22--9) / (2439) / (243ππ)] )] αα 5.3 x 105.3 x 10--44 (2.0(2.0±±0.7)0.7) x 10x 10--44

J/J/ψψ γγγγγγ / / γγgggg (8 / 27) ((8 / 27) (αα / / ααSS) ) 22 1.8 x 101.8 x 10--44 (1.3(1.3±±0.4)0.4) x 10x 10--44

J/J/ψψ γγγγγγ / / gggggg (128 / 135) ((128 / 135) (αα / / ααSS) ) 33 1.4 x 101.4 x 10--55 (1.8(1.8±±0.4)0.4) x 10x 10--55

J/J/ψψ, , ψψ(2S)(2S) γγgggg / / gggggg (16 / 5 ) ((16 / 5 ) (αα / / ααSS)) 0.0780.078 0.1370.137±±0.0170.017
0.0650.065±±0.0250.025

χχc0c0 γγγγ / / gggg ( 8 / 9 ) (( 8 / 9 ) (αα / / ααSS) ) 22 5.3 x 105.3 x 10--44 (2.3(2.3±±0.4)0.4) x 10x 10--44

χχc2c2 γγγγ / / gggg ( 8 / 9 ) (( 8 / 9 ) (αα / / ααSS) ) 22 5.3 x 105.3 x 10--44 (4.3(4.3±±0.6)0.6) x 10x 10--44

χχc0,2c0,2 γγγγ 22 / / γγγγ 00 4 / 15 4 / 15 0.270.27 0.280.28±±0.060.06

Kwong, et al., PRD 37, 3210 (1988) Using αS=0.3
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χχcJcJ →→ γγ ((ρρ00, , ωω, , ϕϕ))
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χχcJcJ →→ γγ ((ρρ00, , ωω, , ϕϕ))
Glue-rich system recoils against γ
Clean experimental signatures
ULs for B[χχc0,2c0,2 →→ γγ ((ρρ00, , ωω, , ϕϕ)])]
Observe B[χχc1c1 →→ γγ ((ρρ00, , ωω)])]~10-4

• Factors of ~(15,50) higher than 
prediction of Gao, Zhang, & Chao,    
CPL 23, 2376 (2006)

χχc1c1 →→ γγ ρρ00 hahas ~full long. polarization
• Like f1(1285) → γργρ00 [VES, [VES, ZPC66, 71 (1995) ]

γγ ρρ00

γγ ωω

γγ ϕϕ
χχc1c1 →→ γγ ρρ00

χχc1c1 →→ γγ ωω
Transverse

Longitudinal

PRL 101, 151801 (2008)

(2.43±0.19±0.22) x 10-4

(0.83±0.15±0.12) x 10-4



B. Heltsley QWG DecaysB. Heltsley QWG Decays 2626

ηη’’ PropertiesProperties

CLEO has studied CLEO has studied ηη’’ propertiesproperties via J/via J/ψψ →→ γγ ηη’’
•• Mass error improved by factor of 5Mass error improved by factor of 5
•• Limits on rare Limits on rare hadronichadronic modesmodes
•• 11stst observation of observation of η’→π+π-π0, π+π-e+e-

η’→π+π-π0

Significance: >6σ

η’→π+π-e+e-

Significance: >6σ

PRL101, 182002 (2008)
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Summary & ConclusionsSummary & Conclusions
CLEO has measured a large number of CLEO has measured a large number of 
charmoniumcharmonium annihilation ratesannihilation rates
•• B(J/B(J/ψψ →→ γγ γγ γγ) = (12 ) = (12 ±± 3 3 ±± 2) x 102) x 10--66

•• B(J/B(J/ψψ →→ γγ ηηcc ) x B( ) x B( ηηcc →→ γγ γγ ) = ( 1.2 ) = ( 1.2 +2.7+2.7
––1.1 1.1 ±± 0.3 ) x 100.3 ) x 10––66

•• χχcJcJ : : ΓΓ22((γγγγ) / ) / ΓΓ00((γγγγ) = 0.278 ) = 0.278 ±± 0.050 0.050 ±± 0.018 0.018 ±± 0.0310.031
•• J/J/ψψ →→ γγ gggg :    R:    Rγγ= 0.137 = 0.137 ±± 0.001 0.001 ±± 0.016 0.016 ±± 0.0040.004
•• ψψ(2S) (2S) →→ γγ gggg: R: Rγγ = 0.065 = 0.065 ±± 0.010 0.010 ±± 0.0230.023

χχcJcJ →→ γγ ((ρρ00, , ωω, , ϕϕ) rates measured) rates measured
•• χχc1c1 →→ γγ ((ρρ00, , ωω) ) BRsBRs exceed prediction by factor of (15,50)exceed prediction by factor of (15,50)

CLEO has studied CLEO has studied ηη’’ propertiesproperties via J/via J/ψψ →→ γγ ηη’’
•• Mass error improved by factor of 5Mass error improved by factor of 5
•• Limits on rare Limits on rare hadronichadronic modesmodes
•• 11stst observation of observation of η’→π+π-π0, π+π-e+e-
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CharmoniumCharmonium Decay Analyses in ProgressDecay Analyses in Progress

ηηcc exclusive branching fractionsexclusive branching fractions
hhcc decays to light hadronsdecays to light hadrons
J/J/ψψ →→ γγ + invisible+ invisible
J/J/ψψ →→ invisibleinvisible
J/J/ψψ, , ψψ(2S) (2S) →→ γγ//ππ00 pppp
J/J/ψψ, , ψψ(2S) (2S) →→ γγ ffJJ →→ γγ ((ππππ, KK, , KK, ηηηη) [) [glueballglueball
search]search]
J/J/ψψ →→ ππππ, KK, pp, KK, pp
J/J/ψψ, , ψψ(2S) (2S) →→ baryonbaryon--antibaryonantibaryon
ψψ(4160) (4160) →→ γγ χχcc(2P) search(2P) search
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Backup SlidesBackup Slides
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ηη’’ PropertiesProperties
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ηη’’ PropertiesProperties
Some properties of Some properties of ηη’’(958) are not so well known(958) are not so well known
M(PDG08) = 957.66M(PDG08) = 957.66 ±± 0.24 0.24 MeVMeV
•• Best Best msmtmsmt 19741974: MMS 957.46: MMS 957.46 ±± 0.33 0.33 MeVMeV
•• Compare to Compare to ηη mass error of mass error of 24 24 keVkeV: : 

ηη’’ is less precise by a factor of 10is less precise by a factor of 10
Rare Rare BRsBRs: many mode limits of order 1: many mode limits of order 1--5%5%
•• B(B(ηη’’ →→ ππ++ππ--ππ00 ) < 5%) < 5%

Of interest because B(Of interest because B(ηη’’ →→ ππ++ππ--ππ00 ) ) ∝∝ mmuu--mmdd (or not!)(or not!)
Predictions vary from 0.1%Predictions vary from 0.1%--3%.3%.
Rate sensitive to level of Rate sensitive to level of ηη--ηη’’--ππ00 mixing, final state mixing, final state rescatteringrescattering

•• B(B(ηη’’ →→ ππ++ππ--ee++ee-- ) < 0.6%. Predicted to be ~0.2%.) < 0.6%. Predicted to be ~0.2%.
•• ηη’’ →→ 2(2(ππ++ππ--) ) ππ00 , , ηη’’ →→ 3(3(ππ++ππ--) , ) , ηη’’ →→ 2(2(ππ++ππ--) each has a B < 1%) each has a B < 1%

Turns out that we can produce many Turns out that we can produce many ηη’’ mesons in    mesons in    
ψψ(2S) (2S) →→ ππ++ππ-- J/J/ψψ, J/, J/ψψ →→ γγ ηη’’ : ~40K in CLEO: ~40K in CLEO--c data.c data.
Use common decay modes for mass measurement & Use common decay modes for mass measurement & 
search for some rare modessearch for some rare modes
•• Exclusive reconstruction & constrained fittingExclusive reconstruction & constrained fitting



B. Heltsley QWG DecaysB. Heltsley QWG Decays 3232

ηη’’ MassMass

~4K reconstructed decays~4K reconstructed decays

Factor of 5 in mass precisionFactor of 5 in mass precision

π+π- η (γγ)

π+π- η (π+π-π0)

π+π- γ

η→ π+π-π0

cross check

π+π- γ

π+π- η (γγ)

π+π- η (π+π-π0)

Mass – M(PDG)

J/ψ vtx

J/ψ
mass

ψ(2S) vtx

ψ(2S) 4-Mom

PRL101, 182002 (2008)
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ηη’’ MassMass
Systematic errorsSystematic errors
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Rare Rare ηη’’ DecaysDecays

η’→π+π-π0

η’→π+π-e+e-

η’→invisible

Significance: >6σ

Significance: >6σ

arXiv:0809.2587

PDG (10-4)

Im
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ed

/ 1
st
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1s
t Obs

.

ππγ conv. bgd
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Results for J/Results for J/ψψ →→ nnγγ
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Matrix element for Matrix element for J/J/ψψ →→ 3 3 γγ
Lowest order for Lowest order for orthoortho--positroniumpositronium 33γγ decay: decay: 
Ore & Powell, Phys. Rev. 75, 1696 Ore & Powell, Phys. Rev. 75, 1696 (1949).(1949).

<|<|MM||22> = (512/3) > = (512/3) ππ22 αα66 ΣΣ [ ( 1 [ ( 1 –– xxi i )/ ( )/ ( xxjj xxkk ) ]) ]22

where xwhere xii= 2 = 2 EEii
** / M/ MJ/J/ψψ , , EEii==c.o.mc.o.m. . γγii energy, energy, ii≠≠jj, k, k

Weight the phase space events by this factor to Weight the phase space events by this factor to 
sculpt the distributionssculpt the distributions
Is a very gentle sculptingIs a very gentle sculpting
Makes ( 0.2 Makes ( 0.2 ±± 0.1 )% relative difference in 0.1 )% relative difference in 

efficiency compared to pure phase spaceefficiency compared to pure phase space

i=1

3
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Belle evidence for Belle evidence for ηηcc→→ γγ γγ
Belle  PLB 662 (2008) 323

Sig. = 4.1σ

B±→ K± γγ

B( B( ηηcc →→ γγ γγ ) = ( 2.4 ) = ( 2.4 +0.9+0.9
−−0.80.8

+0.7+0.7
−−0.40.4 ) ) ×× 1010−−44
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χχcJcJ →→ γγ ((ρρ, , ωω, , ϕϕ))

u,d,s

c

c
χcJ _

u,d,s

_ _ _
ρ, ω, φ

c

c

χcJ

_

χcJ

c

c
_

u,d,s

u,d,s
_ __

f1
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J/J/ψψ →→ γγ gggg
Small bgd subtraction
from non-J/ψ photons

Signal


