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Conventional Bottomonium
in Quark Model b b

n(2S+1)LJ

n  radial quantum number

S total spin of q-antiq

L relative orbital ang. mom.

L = 0, 1, 2 ... correspond to S, P, D

J = S + L

P = (–1)L+1 parity

C = (–1)L+S charge conj.

The heaviest quarkonium provide a unique non-relativistic system 

for QCD testing 

open bottom threshold2MB

States below open bottom

threshold are narrow 
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e+e– hadronic cross section

Rb = σ(e+e– bb)/(e+e–+– )

PRL102, 012001 (2009)

ϒ(10860)

ϒ(11020)

open bottom threshold

ϒ(4S)ϒ(3S)
ϒ(2S)

ϒ(1S)

e+e–uu, dd, ss, cc, bb– – – ––

 Measurements at e+e– colliders from CUSB&ARGUS&CLEO to Belle&BaBar

 The most accurate measurements of masses and widths of ϒ(nS) states

 Study bottomonium states using transitions of ϒ(nS) states

 PDG: ϒ(1S), ϒ(2S), ϒ(3S), ϒ(4S) ... but  ϒ(10860) and ϒ(11020)

 ϒ(4S) BB   (B = B0 or B+)  “B physics”  at B-factories

 ϒ(5S) B(*)B(*), B(*)B(*)π, BBππ, Bs
(*)Bs

(*), ϒ(nS) ππ, ϒ(nS)X... 

JPC = 1– –
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Luminosity at B factories

Not only B-Factories but ϒ(1S), 

ϒ(2S), ϒ(3S), ϒ(5S)-Factories as 

well
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open bottom threshold2MB

γ

γ

bb

ηb (1S) 
the ground state 
of bottomonium



PIC2010, Karlsruhe Galina Pakhlova, ITEP

The first hint of ηb

ALEPH collaboration

“Search for γγηb in 
e+e– collision in 

LEP2” PLB530(2002) 

One candidate event 
is found in the six-
charged-particle
final state and none 
in the four-charged-
particle final state

M = 9300 ± 20 ± 20 MeV/c2
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The first observation of ηb

 Search for ϒ(3S)γηb in ϒ(3S) 
data

 monochromatic line in photon 
energy spectrum ~ 900 MeV

Huge peaking backgrounds

 ϒ(3S)γχbJ(2P), χbJ(2P) γϒ(1S),

Eγ~760 MeV

 e+e→ γISRϒ(1S), EγISR
~ 860 MeV

  MeV7.29.9388
1.3

3.2




b
M 

  MeV0.29.9394
6.4

8.4




b
M 

 Search for ϒ(2S)γηb in  

ϒ(2S) data

92M ϒ(2S)

χbJ(1P)

γISR

PRL103,161801 (2009)

ϒ(2S)→γηb

non-peaking background subtracted

ηb

The inclusive photon spectrum

PRL 101, 071801(2008)

non-peaking background subtracted

γISR

χbJ(2P)

ϒ(3S)→γηb

10σ

109M ϒ(3S)

The inclusive photon spectrum

ηb
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CLEO measurements 

Good agreement between 
BaBar & CLEO

Hyperfine splitting predictions

 Lattice: ~ 50-60 MeV/c2

 NRQCD: ~ 40 MeV/c2

BaBar-like fit in three 
cosθT regions

Measured ηb properties

The inclusive photon spectrum

5.9 106 ϒ(3S) events ϒ(3S)γηb

PRD81,031104 (2010) 
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ηb(1S): converted photon analysis

New preliminary results

 Using converted photons 
γe+e– improves resolution 
from 25 to 5 MeV and allows 
to resolve χbJ states

Week evidence for ηb (2.3 σ)γISR

non-peaking background subtracted

ηb

2.3σ

ϒ(3S)  γηb,
γ  e+e–

non-peaking background subtracted

γISR ηb

ϒ(2S)  γηb,
γ  e+e–
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open bottom threshold2MB

γ

γ

e+e–

μ+μ–

γ

γ
Search for ϒ(1D)J

ϒ(1D)1
ϒ(1D)3

ϒ(1D)2
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The first observation of (1D)

Theory                                       Godfrey & Rosner, PRD64 097501 (2001)

 M(ϒ(1D)) ~ 10160 MeV/c2

 Fine splitting ΔM ϒ(1D1-3)  ~  5 – 12 MeV/c2

 Γ(ϒ(1D)) ~ 30 keV

M(1D) = 10161.1 0.6 1.6 MeV/c2

recoil mass against two 
lower energy photons

ϒ(1D)
10σ

PRD70,032001 (2004)

ϒ(1D)

χ2
1D fit method 

5.6×106 (3S)  events

Measurements of four-photon 

cascade: 

(3S)  γχb(2P), χb(2P)γϒ(1D), 

ϒ(1D)γχb(1P), χb(1P)γϒ(1S), 

(1S)  e+e–, μ+μ–

 Select four photons and two 

leptons
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 Maximum likelihood fit to M(π+π–l+l–) 

 Backgrounds within fit interval

 (3S)  γχbJ'(2P)  γω (1S)

 (3S)  π+π–(1S) + γFSR

 (3S)  η(π+π– π0) (1S)

 (3S)  γγ/ π0π0(2S), (2S)  π+π–(1S)

122 106 ϒ(3S) events 
 Reconstruct cascade

(3S)  γχbJ'(2P), 

χbJ'(2P)γϒ(13DJ)  (J' = 0, 1, 2)

ϒ(13DJ)  π+π–ϒ(1S)
(1S) l+l-

 Require exactly 4 tracks and 
at least two photons

 Constrain M(l+l–) to M(1S)

 Combine two pions with 
ϒ(1S) candidate to form
(13DJ) (mass resolution ~ 3 
MeV/c2 )

 ϒ(13DJ) candidate is combined 
with two photons to form
(3S) 

open bottom threshold2MB

γ

π+π–

γ

e+e–

μ+μ–

(13DJ):  New BaBar analysis
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M(1D2) = 10164.5 ± 0.8 ± 0.6 MeV/c2

Observation of (1D2) and hints for (1D1,3) 

ϒ(13D1)

1.8σ

ϒ(13D2)

5.8σ

ϒ(13D3)

1.6σ

arXiv:1004.0175

28.6fb–1
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(1DJ): Quantum Numbers

arXiv:1004.0175

(13DJ) signal region

10140MeV/c2<Mππℓℓ<10178MeV/c2

Strongly favor the D state
P(χ2): D(84.6%), S(3.1%), P(0.3%)

angle between π in the  ππ rest 
frame  with respect to the boost 
from (13D2) frame 

(13D2) signal region

10155MeV/c2<Mππℓℓ<10168MeV/c2

angle between ℓℓ and ππ planes 
in the (13DJ) rest frame 

helicity angle

consistent with J =2

for S state is flat 

consistent with 
J =2 , P = –1
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Search for 
hb(1P)

open bottom threshold2MB

γ

π+π–

π0
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hb(1P) status in pre-B-factory era

Theory expectations

mhb(1P) = (mχb0(1P) + 3m χb1(1P) + 5m χb2(1P)) / 9  9900 MeV/c2

Production

 Br((3S)  π+π–hb(1P)) ~ 10–3 – 10–2 Kuang et al PRD37 1210(1988)

 Br((3S)  π0hb(1P)) ~ 10–3 Voloshin Sov J NuclPhys 43 1011 (1986)

 R(π0hb(1P)) / π+π–hb(1P)) = 0.05 – 20

Decays

 hb(1P)  ggg (57%), γηb(1S) (41%), γgg (2%) 

Godfrey, Rosner PRD66,014012,(2002) 

 Experiment: CLEO searched, no signal found

 Br((3S)  π+π–hb(1P)) < 1.8  10-3 CLEO PRD 43 1448 (1991)

 Br((3S)  π0hb(1P))    < 2.8  10-3        CLEO PRD 49 40 (1994)
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(3S)  π+π– hb(1P)

 Reconstruct pair of oppositely charged pions

Measure recoil mass against π+π– combination

 Fit to recoil mass 

spectrum 

 hb signal

 (3S)  π+π–(2S)

 (2S)  π+π–(1S)

 bJ(2P)  π+π bJ(1P)

 KS

o
 π+π–

 Non-peaking background

mR

2
= (m(3S)–E

*

π+π–)
2

– P
*

π+π–

New searches by BaBar
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(3S)  π+π–hb(1P) 

No evidence for hb signal at

mhb
= 9900 MeV/c2

 Br((3S)  π+π– hb(1P)) 
= (0.0 0.5 0.3)10-4

( < 110-4 at 90% CL)

Most significant scan 

point < 2σ significance
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(3S)  π0hb(1P), hb(1P)  γηb(1S)

Measure π0 missing mass: 

 Constrain π0 mass to improve resolution

 Nπ0 from m(γγ) fit in each m.m.(π0) bin

 Fit to the m.m.(π0) distribution

 hb(1P) signal

 background

 Reconstruct π0(γγ) + γ

 Eγ to be consistent 

with hb(1P)  γηb(1S)

m.m.(π0)2 = (m(3S) – E*
π0 )2 – P*

π0
2

hb(1P)
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Fixed mass fit:

 Br((3S)π0 hb(1P) π0 γhb(1S)) = (3.1 1.1 0.4)10-4 (2.7σ)

 1.510-4 < Br((3S) π0 hb(1P) π0γηb(1S)) < 4.910-4

 Best fit mhb
= 9903 4 1 MeV/c2 consistent with predictions

(3S)  π0 hb(1P)γ π0 ηb(1S)

hb(1P)
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χbJ(1P)

open bottom threshold2MB

γ

γ

χb1

χb0
χb2
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The last measurements of ϒ(2,3S)  γ χbJ(1,2P)
PRL94,032001(2005) 

ϒ(2S)  γ χb(1P) ϒ(3S)  γ χb(2P)

χ2(1P)

χ1(1P)

χ0(1P) χ1(2P)

χ1(2P)

χ0(2P)

9.3 × 106 ϒ(2S)

5.9 106 ϒ(3S)

The inclusive photon spectrum The inclusive photon spectrum
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Search for χb0 (1P)  γϒ(1S)

 Study ϒ(2S)  γ1χbJ (1P),  

χbJ (1P) γ2ϒ(1S)

 γ1 (110 – 160) MeV,  γ2 (390 – 440) MeV

 ϒ(1S)μ+μ–

 |Mμμ – Mϒ(1S)| < 70 MeV

 pμμ >250 MeV

 Nγ < 4

E
γ
1

Eγ2

24.1 fb-1,  171 106 ϒ(2S)

150MeV<Eγ1<170 MeV

Eγ2

χb0

Very preliminary 

Belle analysis is under way
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Search for ϒ(1S) radiative decays to 

charmonium and charmonium-like states

Y(4140)
X(3915)X(3872)
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ϒ(1S) radiative decays

 Br(ϒγgg) = (2.21 0.22)%    PDG2010

 Sum of branching fractions of measured exclusive radiative modes is an 

order of magnitude less

 For ϒ(1S) JPC= 1– –

 Final states in ϒ(1S) radiative decays to be C parity even

 Search for decays to charmonium χcJ, ηc and charmonium-like 

states X(3872), X(3915), Y(4140) with C=+

PRL102, 242002(2009)

3.8σ

M(J/ψφ) – M(J/ψ)

Y(4140)J/ψϕ

M(ωJ/ψ)

7.7 σ

γγ  X(3915)  ωJ/ψ

PRL104, 092001 (2010) 

PRL91,262001,2003

M(J/π+π–)

10σ

X(3872)
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ϒ(1S) radiative decays

State (R) NUP
sig

90% C.L. UL on 

B(Υ(1S) →γR) 

χc0 11.5 6.5 10-4

χc1 13.8 2.3 10-5

χc2 2.4 7.6 10-6

ηc 86 6.8 10-5

X(3872) → π+ π - J/ψ 3.9 1.6 10-6

X(3872) → π+ π - π 0 J/ψ 2.3 2.8 10-6

X(3915) → ω J/ψ 2.3 3.0 10-6

Y(4140) → φ J/ψ 2.3 2.2 10-6

X(3872)

(2S)

MC

No significant signals, only ULs 

ηc
J/

ISR

sum of 5 decay modes

χc0

χc1

χc2

5.7 fb–1

arXiv:1008.1774

102 106 ϒ(1S) events
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ϒ(5S)
ϒ(3S)

ϒ(2S)

ϒ(5S)

ϒ(1S)
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The first observation 
of  e+e– ϒ(nS) π+ π–

near ϒ(10860)

 21.7fb–1 at √s= 10.87 GeV

Measure 

ΔM = M(μ+μ–π+π–)– M(μ+μ–)

using ϒ(nS)  μ+μ– decays

 Sharp peaks are expected 

at ΔM = Mϒ(mS) –Mϒ(nS) , 

m > n

 Observe unexpectedly 

large signals

ϒ(10860)ϒ(nS) π+ π–

PRL100,112001(2008) 

ϒ(2S)

ϒ(1S)

ϒ(3S)

M(μ+μ–π+π–) = √s

ϒ(2S)

ϒ(1S)
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Abnormal ϒ(5S)  ϒ(nS) h+ h– ?

Theory explanation

 Rescattering mechanism ϒ(5S)  BB π+ π– ϒ(1S) π+ π– suppressed at 

ϒ(4S) Yu.Simonov et al JETP Lett 88, 5 (2008)

 Anomalous rate of Yb bottomonium counterpart of Y(4260) 

charmoniumlike state W.S.Hou PRD74, 017504 (2006)

As only one CM energy is used it remains  unclear if  these enhancements 

are  effect of ϒ(5S)  or due to Yb states!  A detailed energy scan is needed!

More than two 

orders of 

magnitude larger

than corresponding 

partial widths for 

ϒ(4S), ϒ(3S) or 

ϒ(2S) decays
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Energy scan
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Energy scan above ϒ(4S)

Mass, MeV/c2 Γ, MeV

Belle ϒ(5S) 10879 3 49+9
–7

BaBar 10876 2 43 4

PDG08 10865 ± 8 110 ± 13 

BaBar ϒ(6S) 10996 2 37 ± 3

PDG08 11019 ± 8 79 ± 16 

Belle&BaBar are in a good agreement

PRL54,381(1985) 

ϒ(10860)

ϒ(11020)

arXiv:0810.3829

8.4fb1

Rb = σ(e+e– bb)/(e+e–+– )

ϒ(10860)

ϒ(11020)

PRL102, 012001 (2009) 

3.9fb1

ϒ(10860)
ϒ(11020)
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Scan for e+e– ϒ(nS) π+ π–

 Fit1: Common BW resonance 

parameters used for three 

different final states

 M = 10888.4±2.7±1.2 MeV/c2

 Γ = 30.7+8.3
–7.0±3.7 MeV

 no contribution from 

ϒ(11020) 

 Fit 2: Resonance parameters 

fixed from PDG 

 Fit 3: Resonance parameters 

fixed from Rb fit

 e+e– ϒ(nS) π+ π– differ (> 3σ) 

from the shape of e+e–bb

arXiv:0810.3829

7.9fb1

σ(e+e– ϒ(nS)ππ)/(e+e–+– )

max Rb

max Rb
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ϒ(5S) decays to B mesons

B B
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Hadronic decays of ϒ(5S)

ϒ(5S)  ϒX,  BX,  BsX

BX = BB, BB*, B*B*, B(*)B(*)π, BBππ
B = B+ or B0, B*Bγ

BsX = BsBs, BsBs
*, Bs

*Bs
*

Bs= Bs
+ , Bs

*Bsγ

Mbc= √E*
beam

2 – P*
B

ΔE = E*
B – E*

beam
2

Mbc= √E*
beam

2 – P*
B

ΔE = E*
B – E*

beam
2

Method

 Full reconstruction of one B meson

Measure energy E*
B and 

momentum P*
B of  B candidate

 Calculate beam-energy-
constrained mass Mbc and energy 
difference ΔE

 γ from B* is not reconstructed
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ϒ(5S) decays to B mesons

Average production rates

f(B+)

f(B0)

f(B)

B0J/K+ B+J/K*0 B0D–π+B+D (K3π)π+B+D (Kπ)π+

Signal band: ΔE = (mB – Mbc) 30 MeV/c2   ,  mB = 5.28 GeV/c2

23.6fb–1

Measure five B decays modes at ϒ(5S) CM energy ~10867 MeV PRD81, 112003(2010)

Consistent with CLEO within uncertainties
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ϒ(5S) 

two-body decays 

Simultaneous fit of five 

B decays modes in 

Mbc< 5.35 GeV/c2 region 

after background 

subtraction

Theory 
Yu.Simonov et al  PLB 671,55 (2009),

D.S.Hwang arXiv:0812.4402

B*B* is dominant 30-69%

not 2 body decays, 

unexpectedly large!

Mbc projection within signal band 

ΔE = (mB – Mbc) 30 MeV/c2   ,  mB = 5.28 GeV/c2

MCBB

BB*

B*B*

B(*)B(*)π

BBππ

Sum of 
5 modesData

Fit
2 body
threshold

PRD81, 112003(2010)
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ϒ(5S) three-body decays

π

ϒ(5S) B

Bmis

re
c
o
n

st
ru

ct

Reconstruct pion and 

one B candidate from 

the signal region with 

Mbc
rec > 5.37 GeV/c2

Measure Emis and Pmis

Too large fraction of BB*π

Theory: 3-body fraction 

~0.3% L.Lellouch et all 

NPB405, 55 (1993)

~0.03% Yu.Simonov et al

JETP Lett 88, 5 (2008)

BBπ

BB*π

B*B*π

BBππ

MC Data

Sum of 5 B modes

PRD81, 112003(2010)
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Conclusion



PIC2010, Karlsruhe Galina Pakhlova, ITEP

... below open bottom threshold

 Huge data samples collected at ϒ(1,2,3S) resonances by Belle&BaBar
detectors allow to obtain new results and perform detailed searches

 The bottomonium ground state observed in ϒ(3S)  γηb,ϒ(2S)  γηb decays 
by BaBar is confirmed by CLEO

 New BaBar search for (2,3S)  γηb via converted photon spectrum
 Low significance of the ηb signal 

 Improved direct χbJ(1,2P)  γ (1S) measurements

 First observation of ϒ(13DJ) π+ π–(1S) decays by BaBar
 Quantum numbers and precise M(1D2) measurements

 New BaBar search for hb(1P)
 No evidence for (3S)  π+ π– hb(1P)

 Marginal evidence for (3S)  π0hb(1P), hb(1P)  π0γhb(1S)

 Search for χb0 (1P)  γϒ(1S) by Belle 

 No evidence for ϒ(1S) radiative decays to charmonium and charmonium-like 
states is found by Belle
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... above open bottom threshold

The first observation of unexpectedly large signals 
e+e– ϒ(nS) π+ π– near ϒ(10860)
No clear explanation

The shape of cross section for e+e– ϒ(nS) π+ π–

differs from the shape of e+e–bb cross section 
obtained by Belle&BaBar

 ϒ(5S) decays to B mesons are carefully measured. 
Two body and three-body fractions are obtained
Unexpectedly large fraction of BB*π to be explained by 

theory

Bs physics is not included into this talk


