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Outline: Outline: 
Transition: Transition: 

ππππ  –– precision precision
ηη  / / ππ0 0 –– discovery discovery

Decay:Decay:
Charm production Charm production –– copious  copious 

Light quark modes Light quark modes –– many but rare  many but rare 
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ϒϒ(3,2S) (3,2S) →→  ππππ +  + ϒϒ(2,1S)(2,1S)
h

cccc
π+π-: π0π0

~ 2:1

inclusive or
ee+µµ,
both ~2%

Factorization: 
gluon emission 

followed by 
hadronization

multipole picture: 2×E1 ⇒ h=ππ
~28%

~5%~7%

Substantial branching fraction, precision measurementSubstantial branching fraction, precision measurement
possible and desirablepossible and desirable
•• Dipion Dipion tag often used to clean up lower-n decay samplestag often used to clean up lower-n decay samples

Test Test non-perturbativenon-perturbative, non-relativistic calculations:, non-relativistic calculations:
•• Predictions: Predictions: ϒϒ(2S)(2S)→→ππ++ππ−− +  + ππ00ππ00  ϒϒ(1S) (1S) 50% 50% [ [ Yan Yan PRD 22, 1652 (1980) ]PRD 22, 1652 (1980) ]

                                                              40.6%                                                               40.6% [ [ Kuang Kuang hep-ph/0601044 ]hep-ph/0601044 ]

Other hadronic transitions in the ϒ system:
χbJ(2P)→ωϒ(1S), χbJ(2P) →ππχbJ(1P), 
other ϒ dipion transitions, 
ϒ(2,3S) →η/π0 ϒ(1S) (later)

π+
π-

 +
 π

0 π
0
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ϒϒ((nSnS) ) →→  ππππ +  + ϒϒ((mSmS))

Backgrounds:Backgrounds:
Inclusive:Inclusive:
•• Continuum: Continuum: ee++ee- - →→  ππ++ππ--XX
•• direct decay: direct decay: ϒϒ  →→  ππ++ππ--XX

Exclusive:Exclusive:
•• direct direct ϒϒ((nSnS) decay) decay
•• other other hadronichadronic transitions transitions
••   ππ00ππ00: four-photon cascades through : four-photon cascades through χχbJbJ

No m(No m(ππππ−−recoilrecoil) peak,) peak,
can sort out through fitcan sort out through fit

Tiny rate,Tiny rate,
subtract via sidebandssubtract via sidebands

π

π
ϒ(mS) ℓ+ ℓ-  or “any”

Primary observable:Primary observable:
m(m(ππππ-recoil) -recoil) = m( = m( ϒϒ((mSmS) )) )
ππππ: charged or neutral: charged or neutral

•• two low-momentum two low-momentum
tracks tracks ((pion pion hypothesis)hypothesis)
•• or 4 or 4γγ = 2 = 2ππ00 and allow and allow
one extra showerone extra shower

Exclusive selection:Exclusive selection:  identify   identify dileptondilepton decay  decay 
                  (two stiff tracks, no particle ID needed)(two stiff tracks, no particle ID needed). . 
         Momentum conservation cut         Momentum conservation cut
inclusive (inclusive (ππ++ππ--):): don donʼ̓t require anything t require anything 
                  (no momentum conservation cut)(no momentum conservation cut)

ϒ(nS)

Goal: Goal: precisionprecision rate measurement. rate measurement.
As much statistics as possible, as little As much statistics as possible, as little systematicssystematics as necessary. as necessary.
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ϒϒ(3,2S) (3,2S) →→  ππππ +  + ϒϒ(2,1S)(2,1S)

Cut-and-count

Fit bgd (3rd deg poly),
then cut&count

π+π-

π0π0
Fit, linear background

ϒ(nS) → π0π0 ϒ(1S)
 ϒ(nS) →π+π- ϒ(1S)
n=2:
0.462 ± 0.037, expect 0.53
n=3:
0.501 ± 0.043, expect 0.51

System
atics:3-6%

BR (%)BR (%)arXiv:0809.1110

8.438.43±±0.160.16±±0.420.42
1.821.82±±0.090.09±±0.120.12
2.242.24±±0.090.09±±0.110.11

18.0218.02±±0.020.02±±0.610.61
17.9917.99±±0.020.02±±0.590.59
18.2618.26±±0.110.11±±0.810.81
  4.464.46±±0.010.01±±0.130.13
  4.464.46±±0.010.01±±0.140.14
4.474.47±±0.060.06±±0.180.18

2S 2S →→ 1S 1S
3S 3S →→ 2S 2S
3S 3S →→ 1S 1S

                        aveave
            excl            excl
2S2S→→1S 1S inclincl
                          aveave
             excl             excl
3S3S→→1S 1S inclincl

:

Bgd subtr.
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ϒϒ  →→  ππ00//ηη +  + ϒϒ: Strategy: Strategy
ππ00→→γγγγ, , ηη→→γγγγ (dominant),  (dominant), ππ++ππ−−ππ00, 3, 3ππ00

Lepton species identifiedLepton species identified
Kinematic Kinematic fitting applied to whole eventfitting applied to whole event
•• Observable: m(Observable: m(ππ00, , ηη decay products) decay products)

Background suppression:Background suppression:
•• ϒϒ(2,3S)(2,3S)→→γχγχbJbJ  →→γγϒγγϒ(1S) reduced through (1S) reduced through EEγγ  cutcut
•• ee++ee- - →→γγγγee++ee--    : fit quality cut: fit quality cut

SystematicsSystematics: ~15%: ~15%

η,π0

All η modes 13.9+4.5
-3.8 

events
5.3σ

90% UL
Initial fit result

π0 η
h

c
c

c
c

E1+M2 / M1+M1: h=E1+M2 / M1+M1: h=ηη
h=h=ππ00: : 
isospin isospin suppressedsuppressed
ηη//ππ00 mixing  mixing 
↔↔  mmdd-m-mu u ≠≠ 0 0
produces rate produces rate ≠≠ 0. 0.
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ϒϒ  →→  ππ00//ηη +  + ϒϒ: Results: Results

η,π0

ϒϒ(2S)(2S)→→ηηϒϒ(1S) transition clearly seen,(1S) transition clearly seen,
rate is about ¼ of expectationrate is about ¼ of expectation
•• Two-gluon Two-gluon hadronization hadronization picture too naïve?picture too naïve?
•• Fundamental suppression of the Fundamental suppression of the chromomagnetic chromomagnetic momentmoment

of the b quark?of the b quark?
UL for others:UL for others:
•• ηη UL lower than prediction UL lower than prediction
•• ππ00 limits consistent limits consistent

13.313.3±±0.80.8±±0.30.3ψψ(2S) (2S) →→ππ00J/J/ψψ

343343±±44±±99ψψ(2S) (2S) →→ηηJ/J/ψψ

nonenone< 5.1< 5.1ϒϒ(3S)(3S)→→ππ00ϒϒ(2S)(2S)
0.030.03< 0.7< 0.7ϒϒ(3S)(3S)→→ππ00ϒϒ(1S)(1S)

6.5, 5.46.5, 5.4< 1.8< 1.8ϒϒ(3S)(3S)→→ηηϒϒ(1S)(1S)

1.61.6< 1.8< 1.8ϒϒ(2S)(2S)→→ππ00ϒϒ(1S)(1S)

8.0, 6.98.0, 6.92.1     2.1     ±±0.30.3ϒϒ(2S)(2S)→→ηηϒϒ(1S)(1S)

PredPred. (10. (10-4-4))BR (10BR (10-4-4))PRL 101,PRL 101,
192001 (2008)192001 (2008)

Predictions:Predictions:
ηη::
ExtrapolateExtrapolate
from charmfrom charm
scaling withscaling with
pp**

hh
33/m/mQQ

44

DirectDirect
potentialpotential
modelmodel
calculationcalculation

          ππ00::
FromFrom π π00:η:η

+0.7+0.7
-0.6-0.6
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χχbJbJ(1,2P)(1,2P)→→DD00+X+X

b

b g

g

_

D0X

b

b
g*

g

_ q, c
q, c
_

χb0,2: gg » gqq      χb1: gcc ≈ 1/4 gqq, gg = 0    

_

NRQCD prediction: 
B( χbJ → gg,gqq → cc X) 
 B( χbJ → gg,gqq ) 

ϒ(1S)→ggg→D*+X: charm is suppressed
Continuum e+e-→qq: charm is not suppressed

=   5%, 23%, 8% for J=0,1,2

25% means “flavor blindness”

_ _ _

_ _
_

_

RJ =
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χχbJbJ(1,2P)(1,2P)→→DD00+X+X
Strategy:Strategy:
•• Tag Tag χχbJbJ  with with γγE1E1

•• DD00→→KK--ππ++, K, K--ππ++ππ00,,
KK--ππ--ππ++ππ++

Uses particle IDUses particle ID
Subtract DSubtract D00

sidebandssidebands

p(Dp(D00) > 2.5GeV) > 2.5GeV
Backgrounds:Backgrounds:
•• ϒ→ϒ→ππ00DD00X X –– veto veto
•• χχbJbJ→→bb, bbbb, bb→→DD00XX

(non-direct) (non-direct) ––
subtract usingsubtract using
ϒϒ(1S) data(1S) data

ϒ→γX events

ϒ→γD0X events,
D0 s/b subtracted

ϒ→γD0X events 
after bgd subtr

3S

χbJ(1P)

2S J=2  1
0

χbJ(2P)

J=2  1
0

Still need to subtract non-direct yields

__ __ χ b
J(2

P)
→
γϒ

(2
S

)
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7.47.4(<6.1)(<6.1)0.40.4±±3.53.5±±0.40.4±±0.10.1χχb2b2(2P)(2P)
22.122.125.325.3±±4.34.3±±2.52.5±±2.42.4χχb1b1(2P)(2P)
4.94.9(<17.7)(<17.7)8.78.7±±6.46.4±±0.90.9±±0.70.7χχb0b0(2P)(2P)
10.810.8(<14.6)(<14.6)9.89.8±±3.53.5±±0.90.9±±0.90.9χχb2b2(1P)(1P)
23.723.724.824.8±±3.83.8±±2.22.2±±3.63.6χχb1b1(1P)(1P)
6.36.3(<17.9)(<17.9)9.69.6±±6.26.2±±0.80.8±±0.80.8χχb0b0(1P)(1P)

NRQCDNRQCD
Fit (*)Fit (*)(90%CL UL)(90%CL UL)

B( B( χχbJ bJ →→  gggg,,gqq gqq →→  cc X)cc X)
 B(  B( χχbJ bJ →→  gggg,,gqq gqq ))
                 (%)                 (%)

χχbJbJ(1,2P) (1,2P) →→ D D00+X: Results+X: Results

Comparison with theory:
Extrapolated experimental 
value depends, through 
efficiencies, on parameter
“ρ8” for NRQCD calculation: 
Find best value, quote 
NRQCD prediction for it (*).

Data support general 
picture within errors. 

Unambiguous signal
seen for J=1 in 1P,2P: 
substantial BR! 

Limits in the % range 
for the others.

M
odel independent

PRD 78, 092007 (2008)PRD 78, 092007 (2008) 
B(χbJ(nP)→gg,gqq→D0X, p(D0)>2.5GeV
… after subtracting non-direct yields:

Translate measurement into RJ
:

__ __
__

Bodwin et al., PRD 51, 1125 (1995), 55, 5853(E) (1997)
Bodwin et al., PRD 76, 054001 (2007)
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Fully reconstructed final state:Fully reconstructed final state:
ϒ ϒ ( 2S, 3S )( 2S, 3S )→ → γ γ XXi i , X, Xii = final state with light = final state with light
mesons or protonsmesons or protons
Measurement:Measurement:
      B( B( ϒϒ(3S,2S)(3S,2S)→→γχγχbJbJ(2P,1P) )(2P,1P) )

        x B( x B( χχbJbJ(2P,1P) (2P,1P) → → XXii))
Same strategySame strategy  mightmight work for work for

          ϒϒ(3S,2S,1S)(3S,2S,1S)→→γγM1M1ηηbb(3S,2S,1S)(3S,2S,1S)

         x    x ηηbb(3S,2S,1S) (3S,2S,1S) → → XXii

Results:Results:
•• 14 new B( 14 new B( χχbJbJ(2P,1P) (2P,1P) → → XXjj): all firsts): all firsts

•• UL on B( UL on B( ϒϒ(3S)(3S)→→γχγχbJbJ(1P) ): constraint for theory(1P) ): constraint for theory

χχbJbJ  → → light hadronslight hadrons

π,η,
K,p,…

i=1…659

j=1…14
ThoseThose  with >5with >5σσ
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χχbJbJ  → → light hadronslight hadrons

ϒ(2S)→γχbJ(1P) ϒ(3S)→γχbJ(2P) ϒ(2S)→γχbJ(1P) ϒ(3S)→γχbJ(2P)

*

*

*

+

*

*

*

*

*
*

*
* * *

+ *

*[+]: B=1 [2] ×10-3 Sums to less than 1% total.

PRD 78, 091103(R) (2008) PRD 78, 091103(R) (2008) 

*

+

*
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χχbJbJ  →→ light hadrons spin-off: light hadrons spin-off:
3S-1P hindered transition3S-1P hindered transition

PR
D 

78
, 0

91
10

3(
R)

 (2
00

8)
PRL 94, 032001 (2005)

Final state fully reconstructed Σ 167 χbJ modes with no π0,η→γγ

ϒ(2S)→γχbJ(1P)

ϒ(3S)→γχbJ(1P)

2.6σ

BR <0.9  <0.2  <2.0 %

Tight enough to constrain theory

BR(ϒ(3S) → γχb0):
(0.30 ±0.04±0.10)%

(Theory: 0.006-0.74%)

ϒ(3S)→γ incl

2005 CLEO paper:

Measure only transition

photon ϒ(3S)→γ
χ bJ(1

P):

Δn=2!

ϒ(
3S

)→
γ χ

b0
(1

P)ϒ(3S) → γ χ
b1,2 (1P) &

χ
bJ (1P) → γ  ϒ(1S) 
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SummarySummary
η,π0

ee+µµ

π+π-: π0π0

~ 2:1

inclusive
or ee+µµ

~27%

~5%~6%

π,η,
K,p,…D0X

arXiv:0809.1110
arXiv:0809.1110

PRD 78, 092007 (2008)
PRD 78, 092007 (2008)

PRD 78, 091103  (2008)
PRD 78, 091103  (2008)

PRD 101, 192001  (2008)
PRD 101, 192001  (2008)

π+
π-

 +
 π

0 π
0

ee+µµ

η: 2×10-4

Most precise
Single msmts!

1st observation
@1/4 of prediction

R1 ≈ 25%
gqq is

~Flavor
Blind

14 modes
w/ B~10-4,

6π, 8π
« 6π2π0,
   8π2π0

__
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Backup SectionBackup Section
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χχbJbJ(1,2P)(1,2P)→D→D00+X: Results+X: Results
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χχbJbJ(1,2P)(1,2P)→→DD00+X+X

PRD 78, 092007 (2008)PRD 78, 092007 (2008) 



B. Heltsley QWG2008 NaraB. Heltsley QWG2008 Nara 1717

χχbJbJ→→XXjj  Branching FractionBranching Fraction

Notice:Notice:
66ππ22ππ00 and 8 and 8ππ22ππ00 are largest; about 10× larger than 6 are largest; about 10× larger than 6ππ and 8 and 8ππ..
Comparing same number of Comparing same number of pions pions –– 4 4ππ22ππ00>6>6ππ, 6, 6ππ22ππ00>8>8ππ..
Less than a percent of the Less than a percent of the χχbJbJ  width is reconstructed.width is reconstructed.

All in 10-4

    2S→1P          3S→2P           2S→1P          3S→2P           2S→1P          3S→2P   
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χχbJbJ  → → light hadronslight hadrons

Rules out several calculations

Comparison of Hindered E1 ULComparison of Hindered E1 ULʼ̓s s 
to Theoryto Theory



B. Heltsley QWG2008 NaraB. Heltsley QWG2008 Nara 1919

Summary - in wordsSummary - in words
Bottomonium Bottomonium provides a uniqueprovides a unique
QCD laboratory:QCD laboratory:
•• Transitions: Transitions: non-perturbativenon-perturbative, non-relativistic, non-relativistic
•• Decay: charm and light quark productionDecay: charm and light quark production

Four CLEO Four CLEO bottomonium bottomonium results:results:
•• Transitions:Transitions:

Dipion Dipion transitions: precisiontransitions: precision
ηη//ππ00 transitions: discovery transitions: discovery

•• Decay:Decay:
Open charm copiously producedOpen charm copiously produced
Many small light Many small light hadron hadron modesmodes

Experimental and theoretical progress isExperimental and theoretical progress is
encouraging, but weencouraging, but weʼ̓re not done yet!re not done yet!


