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Current Picture of the Bottomonium Spectrum
• bb states below Y(3S) not yet discovered: 

3 S-wave (hb), 2 P-wave (hb), 4 D-wave & 
possibly 4 F-wave.

• Among the undiscovered states is the 
ground state, the hb(1S), expected to be        
< 100 MeV/c2 below the Y(1S)
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� Bottomonium systems are described by QCD-motivated potential models.

� The spin-triplet S-wave U(nS) states are produced in hadronic interactions or  by  
virtual photons e+e� interactions

� Spin-dependent interactions give rise to splittings within multiplets

� can predict U- hb splittings (analogous to hyperfine splittings in positronium). 

� Spin-spin splitting between the singlet and triplet S-wave bb states is predicted 
to be small.

� U- hb mass splitting � key test of the applicability of perturbative quantum 
chromodynamics (pQCD) to the bottomonium system & useful check of lattice 
QCD results.

Expected Mass Splitting
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Expected Mass Splitting

� Electromagnetic transitions between the levels can be calculated in 
the quark model � important tool in understanding the bottomonium
internal structure

� Hyperfine splitting of bottomonium ground state very sensitive to as  
� experimental measurement of M(hb) with a few MeV error sufficient to 

improve as(MZ) accuracy.

� Y(1S)-hb mass splitting varies from 35-100 MeV (Lattice-QCD, pQCD, quark  
potential models)

� U(nS) resonances undergo:

� Hadronic transitions via p0, h,       
w, pp emission

� Electric dipole transitions            
[E1: between states with the       
same total spin]

� Magnetic dipole transitions       
[M1: between states of opposite 
quark spin configurations and     
same orbital angular momentum].
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Expected Transition Rates
� Singlet S-state, hb, may be produced in the decay of the U through the  

M1 transition U(nS) � hb(n’S) g     (n� � n).

� In the non-relativistic approximation:
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� For hindered† transitions (n � n’): 
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Relativistic corrections � small overlaps ( I ); can be compensated by large 
phase space factor k33 � rates expected to be observable

� Essential to measure rate to test relativistic correction factors

� Transition rate: BF( Y(3S) � g hb) ~ 1x10-4 - 2x10-3

� Upper limit on B.F.(Y(3S) � g h
 ) < 4.3x10-4 @ 90% [CLEO]
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"�"#$$�%�������������� U&��'�
• Dec. 12th -17th: Start-up after upgrade aimed at � =2 x 1034 cm2s-1

– Dec. 15th : first collisions at Y(4S) energies

• Dec. 17th : first delivery to BaBar

• Dec. 19th : Budget gloom and doom ��� �
• Dec. 20th – 21st : Discussions about immediate move to Y(3S)
• Dec. 21st, 3:00 p.m. : Start to lower the energy of the e---- beam for Y(3S) running
• Dec. 22nd : LINAC & PEP-II problems related to start-up blues sorted out…
• Y(3S) scan completed – moved to Y(3S) peak, began data-taking …

•
•
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The Detector of Internally Reflected Cherenkov Radiation
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The Search for the hb at BaBar
• Decays of hb not known � Search for hb signal in 

inclusive photon spectrum

– Search for the radiative transition  Y(3S) � ghghghghb(1S)

• In c.m. frame:

– For hb mass m = 9.4 GeV/c2 � monochromatic line in    
Eg spectrum at 915 MeV, i.e. look for a bump near 900 MeV 
in inclusive photon energy spectrum from data taken at the 
U(3S)

BLIND ANALYSIS

� s = c.m. energy = m(Y(3S)) 
m = m(hb)
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ANALYSIS  STRATEGY
1. Look for a bump near 900 MeV in the inclusive pho ton spectrum

• Large background

� Non-peaking components

� Peaking components

2. Reduce the background

• Selection Criteria 

• Optimization of Criteria

• Optimization Check (using data)

3. Fitting Procedure

• One-dimensional fit to the Egdistribution

• Obtain lineshapes of the various components 

• Binned Maximum Likelihood Fit
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	 Y(3S) On-peak data  

• Full data sample:        L = 28.6 fb -1


 122 x 106 Y(3S) events

• Analysis sample:        L = 25.6 fb -1


 109 x 106 Y(3S) events

 expect ~ 20 x 103 Y(3S)� g hb events

• Test sample:              L = 2.6 fb -1


 11 x 106 Y(3S) events

 expect ~ 2 x 103 Y(3S)� g hb events

� >�����������������
����+��������������"���?�@2��
�� A�����	�
����������������

	 Y(3S) & Y(4S) Off-peak data: L = 2.4 & 43.9 fb -1

DATA SETS

19

(used for optimization
of selection criteria)

(used for background studies)

L = Integrated Luminosity

much smaller than expected background



20

1. Look for a bump near 900 MeV in 
the inclusive photon spectrum
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The Inclusive Photon Spectrum

• continuum qq(udsc) events

• generic Initial State Radiation events

• ¡ (3S) cascade decays

• ¡ (1S) decays to ggg, ggg with final 

state p0’s, h’s, etc…

Non-Peaking background components :

Large background

&�'�(����� �)��
%��������
�

7 C���DEF�
������B�00� U&��'�6������
�0� Look for a bump near 900 MeV 
in the inclusive photon spectrum
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The Inclusive Photon Spectrum

Peaking background components :

Large background

&�'�(�)��
%��������
�

Look for a bump near 900 MeV 
in the inclusive photon spectrum

U(3S) � cb0(2P) g ���� E(g ���� )  $�B���(�)

� U(1S) g ��	������ E(g ��	� ) $�CD@�(�)

U(3S) � cb1(2P) g ���� E(g ���� )  $��EE�(�)

� U(1S) g ��	�������E(g ��	� ) $�C%D�(�)

U(3S) � cb2(2P) g ���� E(g ���� )  $��F%�(�)

� U(1S) g ��	��������E(g ��	� ) $�CCC�(�)

U(3S) � cbJ(2P) g ����

�*+(,�," �� U(1S) g ��	���



23

The Inclusive Photon Spectrum

Peaking background component :

Radiative return from Y(3S) 
to Y(1S):   e+e- � gggg ��� ?�B2�

Large background

&�'�(�)��
%��������
�

[ E gggg = 856 MeV ]
��	

�

s

ss
qISR
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Look for a bump near 900 MeV 
in the inclusive photon spectrum
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2. Reduce the background
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Selection Criteria
	 Selection Criteria aimed at reducing 

background while retaining high efficiency

	 Optimization done using S/sqrt(B): 

• S from Signal MC 
• B from 2.6 fb-1 On-peak data (Test sample  

~ 9%of full statistics sample)

� <�������
����������	����"�����"�����+��	�����
����
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• Hadronic event selection:
– hb decays mostly via 2 gluons � high track multiplicity 

� require � 4 Charged Tracks / Event

� R2 (ratio of 2nd to 0th Fox-Wolfram moment)<0.98
� [Sphericity criterion: suppresses QED background]

• Candidate photon: 
– Isolated from charged tracks (i.e. energy deposit 

in the EMC not matched with any track)

– Shape consistent with electromagnetic shower (i.e. Lateral  

moment < 0.55) 

– Photon required to be in EMC barrel 

� -0.762<cos(qg, lab)<0.890
• Ensures good energy resolution & high efficiency

• Reduces contribution from �G�� � g�26 ?�B2��#
��A��H�I��� qJIKB*

– Strong correlation between thrust axis and photon direction 

for continuum events (e+e- � q q), weak correlation           

for spin 0 hb � photon satisfies |cosqthrust | < 0.7

– p0 Veto ( |M(ggggg2222) – M(p0)| < 15 MeV/c2),  Eg > 50 MeV

Event Selection

Criterion

Net efficiencies:

e(signal) = 37%
e(bkgr.) =  6%

(q=u,d,s,c)

Veto

2
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Checking the Optimization

• Can we trust our hb signal MC?  #h
 � �� ��������	�������L�<2�<*

• Use of exclusive decay:
• E(gggg��	� ) close to E(gggg) for Y(3S)� g hb

• Data from ~2.5 fb-1 Test Sample

• Very reasonable agreement between efficiencies in hb signal MC 
and cbJ data

Y(3S) � cbJ(2P) g���� [ J = 0,1,2 ]
� Y(1S) gggg��	�

Criterion

Veto

Efficiency estimates
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3. Fitting Procedure
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Modeling of the Non-Peaking 
Background Components

• Large background �	�������	�
��00��	���1����������26��+����1�

?�@2�������	��	�����1�?�B2��	�������

• Small amount of off-Y(3S)-peak data (2.4 fb-1) compared to 

on-Y(3S)-peak data (25.6 fb-1) makes direct subtraction 

imprecise

• Model each component with a separate  Probability Density 

Function (PDF), or model all components with the same 

PDF?

– Examined both options carefully; chose to fit using one  

PDF to describe the combined background
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Non-Peaking Background 
Parametrization

• Fit combined non-peaking background with a single PDF:
– Empirical function used to parameterize this background:

��
�
��
��� ��  �
��
���
 !�"�
�#�
��
���$��%���% &���%�� �
��%�����'
 ����

Excluded 

Region

:���
���������� � 1aaaa1bbbb!
��������	������������
+�������������"�����"��&
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Understanding the Various Peaking 
Background Components

• Accurate parametrization of dominant cbJ(2P) 
contributions essential

– Monochromatic lines from cbJ(2P) � gggg?�B2����������� h
 ����������
� correct modeling of gggg from  cbJ(2P) lineshape very important!

– Use cbJ transitions to determine absolute photon energy scale 

– Use g from cbJ peak to validate signal reconstruction efficiency

• Radiative return to the Y(1S) produces a peak near  
860 MeV in the photon spectrum

• Crucial to model the lineshape correctly as the signal gggg
associated with the hb is expected to sit on the high-energy tail of 
the ISR peak

• Essential to estimate the ISR yield because of this expected 
overlap �	������������������������
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Peaking Background Components
Modeled with Crystal Ball Functions

1.0=a

1=a
10=a

.�	���0���00�B�����
�G>�+�������� ����
����������
�
���-
�#�����"
���#0������0

* Refs: M. Oreglia, SLAC-236 (1980); J.E. Gaiser, SLAC-255 (1982).
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Peaking Background from cbJ(2P)� gY(1S)
• Model each transition using a Crystal Ball function

• Transition point and power law tail parameter 

fixed to same value for each peak

• Peak positions fixed to PDG values 

shifted by a common offset parameter
• Offset (genergy calibration

shift) of +3.8 MeV in data 
� used to correct energy scale

of other peaks

• Ratio of yields taken from PDG
�� 6�c
B7c
� ��$�B&��������������

4����+�����4������������������"�
?�@2��� c
B1��� ��������������
�������

�� 6�c
B7c
/ ��$��B � c�( �"- �����	��.�
�	%����



• Incorporate ISR peak contribution
- Model tail of gggg peak from ccccb(2P) properly

-��/� � �� cbJ(2P) �	������������	��
� ����������	�%�	���
�������&"(���0 
� 1	����������������2�	������������	������� cbJ

	�����	�����������3���	���

:���������"����	������
4���������������������

�����	�	
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• Photon c.m. energy for U(3S) � gISR U(1S): 856.4 MeV

� Very important to determine both lineshape and yield
	 Depending on hb mass, the peaks may overlap!

� Estimate the expected lineshape using Signal MC

� Estimate the expected yield: Several options Investigated

4 5�������6� � � g��$ ���� � � 767� ����%!��������������$����/,���������� g77 	������
��89:����/�	�����;.

4 5���������� �<���-��/�����!�&".#��� �� � ����������&�������# s@2�""�?�B2���$�'&D�

 *

4
���
������������������������������ �� ��� � ������������� �!��"�##�$��$$
$� (ssss )�*++ ,-.�//�0.1�2�3" 4

	 5�����#� �<���-��/�����,������=�	���
����%��
������ ��� �<��-��/�������������	���	��	������������,����� ��

������������,����������	�����
�����������

	 ����������	������������%��
���=�	���
������	�������  �<���-��/������������� �<�����/�����

Peaking Background from e+e- � gISRY(1S)

ISR

ISR
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Peaking Background from e+e- � gISRY(1S)

• Fit ggggenergy spectrum with:

– Non-Peaking Background PDF

proportional to:

(C+exp[-a Eg –b Eg
2])

� ISR Signal Component

� Crystal Ball function with power 
law, transition point, and width 
parameters obtained from a fit to 

e+e- � gISRY(1S) (@ Y(4S) off-
peak c.m. energy) Signal MC Eg

distribution.

�%&''(�)''����*��

• Use Y(4S) Off-peak Data

After background-
subtraction

� Fitted Yield: 

35800 ± 1600 events
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• Extrapolated numbers from Y(3S/4S) Off-peak samples consistent

• Systematic error on extrapolation (5%)

• Y(3S) ISR Yield (25153) fixed in the final fit
� ISR Yield varied by ±1s in the study of systematic uncertainty in the hb

peak position and yield.

����.�
9		�	

Yield for e+e- � ggggISRY(1S) at Y(3S) 

Estimated using  Y(4S) Off-Peak Data

Extrapolation �
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FIT STRATEGY
• Allow non-peaking-background parameters to vary

� A (C + exp[-aEg-bEg
2])

• Fix lineshape parameters for g from cbJ transitions
� 3 CB functions describing g cb0,1,2(2P) (� widths, common energy 

scale shift � obtained from fit with ISR Y(1S) and signal excluded)

• Fix ISR Y(1S) yield from Y(4S) off-peak analysis
� CB lineshape from Y(3S) on-peak MC; yield fixed to value 

obtained from Y(4S) off-peak to Y(3S) on-peak extrapolation

• Signal PDF: Crystal Ball function convolved with BW 
Function

– Fix signal Crystal Ball parameters from zero-width M C

– Fix the S-wave Breit-Wigner width to 10 MeV 

» Fit the data with 5, 15, 20 MeV widths to study systematic errors37
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Fit Validation
� MC simulation studies (toys)

– Events simulated according to fit component PDFs
– To test the fitting procedure, we generate 500 MC 

samples for all combinations of
• Yield: 15000, 20000, 30000 events
• Peak position: 890, 895, 900, 910, 920 MeV

– No bias seen in fitted peak position, even near ISR 
peak

� Fit Procedure checked on 2.6 fb-1 Test Sample
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FIT RESULT
L = 25.6 fb -1

� (109 ± 1) x 106 Y(3S) events

39

ccccbJ(2P)
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h�� Hg$�%

g �	��
c �2 �� �

Non-peaking 
background-subtracted

FIT RESULT

• cbJ Peak    Yield :  821841 ± 2223
• gISR Y(1S) Yield :   25153 (fixed)
• hb Yield :   19152 ± 2010

	 R(ISR/cbJ) ~ 1/33
	 R(hb/cbJ)   ~ 1/43

next slide
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BEB'��M �/B/��+����

The Observation of the hb

>������/����
���/�	���������	�����
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• Could it result from detector effects, e.g. hot channels in the EMC, crystal defects, 
etc…?

– Noisy channels in the EMC would have been detected by our online data monitoring

– Check of the angular distribution of inclusive photons reveals that there are no hot spots

– A tighter Lateral Moment criterion would eliminate such problems

� hb signal remains after tighter Lateral Moment requirement

• Could this signal result from random overlap of photons with g from cbJ(2P)?
� Similarly tight Lateral Moment requirement reduces  the potential overlap of random
� photons

– Check of fit quality in the signal region is provided by the ISR Y(1S) yield
• Floating the ISR Y(1S) yield � fitted yield (24799±2500) consistent with 25153, from 

extrapolation; assurance that the background parametrization near the signal region is good

• How do we know this is the hb?
Peak genergy � State has mass < m(Y(1S)) – only expected candidate is the hb

- But if light Higgs, glueball…?  � New physics ! We’ll take it !!

?
Is this signal real?

42
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SUMMARY OF FIT RESULTS

• Signal Yield :
– Fitted Yield (with BW width of 10 MeV)             

~19200 ± 2000 (stat) 
– Signal Significance of 10 standard deviations

• Mass of the hb: 
– Peak in genergy spectrum at  
– Corresponds to hb mass
– The hyperfine [                 ] mass splitting is           
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STUDY OF SYSTEMATIC UNCERTAINTIES

– Vary ISR yield by ± 1s (stat Ä 5% syst)     � dN =   180, dEg=0.7  MeV
– Vary ISR PDF parameters by ± 1s � dN =     50, dEg=0.3  MeV
– Vary Signal PDF parameters by ± 1s          � dN =     98, dEg=0.1  MeV
– Vary cbJ peak PDF parameters by ± 1s       � dN =   642, dEg=0.3  MeV

– Fit with BW width fixed to 5, 15, 20 MeV     � dN = 2010, dEg=0.8  MeV

– Systematic uncertainty in the hb mass
associated with the genergy calibration 
shift obtained from the fit to the cb peak       � dEg=2.0 MeV

* Study of Significance
– Vary BW width                                       
– Vary all parameters independently
– Vary all parameters in the direction resulting  

in lowest significance                                     

� No significant
change !
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���� main source of systematic uncertainty in the hb yield
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Estimate of Branching Fraction 
• With N(Y(3S)) = (109 ± 1) x 10 6

BF (Y(3S)� g h
 � = N(hb)/[N(Y(3S))x Eff.] = (4.5 ± 0.5 [stat.]) x 10-4

� Signal Efficiency = 37%

• Systematic Uncertainties:
– Uncertainty in Signal efficiency �	��=��������(8� e� � 12.6%

• Obtained by comparing ccccbJ efficiency                                           22%
in data (39.4%) and MC (35.0%)

• Uncertainty from cb(2P) BF (PDG)                    � 18.2%
� Focus on Observation not BF measurement
� Will be improved in the future ….

– Uncertainty on BW width                                     � 11%
– Total Systematic Uncertainty                           ��� � 25%

� BF (Y(3S)� g hb) = (4.5 ± 0.5 [stat.] ± 1.2 [syst.] ) x 10-4  
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SUMMARY OF MEASUREMENTS

4-
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A. Gray et al., Phys. Rev. D 72, 094507(2005) (L QC D)
DDDDM   =   61 +/- 14 MeV/c2

• lattice spacing:                     +/- 4 MeV/c2

• QCD radiative corrections:   +/- 12 MeV/c2

• relativistic corrections:          +/- 6 MeV/c2

S. Godfrey and N. Isgur, Phys. Rev. D 32, 189(1985)
DDDDM   =   60 MeV/c2

��6�����+�N�	 O���A�(�	���4����8�����	��������

cf. upper limit on B.F. < 4.3 x 10-4 @ 90% [CLEO III]

CLEO
arXiv: hep-ph/0412158
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CONCLUDING REMARKS

- Charged-track multiplicity studies indicate a pattern consistent with hb � g g
- Confirmation from U(2S) � g hb(1S); analysis is ongoing …

- Observation of U(1S) � g hb(1S) (although favored n=n’ decay)  – hard to observe 
due to very soft photon transition; very large background

- Observation of U(3S) � g hb(2S)   nearly impossible to obtain due to overlap of    
U(3S) � g hb(2S) monochromatic photon peak with peaks in photon energy spectrum 
due to transitions from decays to and from cbJ(1P) states  

Phys.Rev.Lett.100:06200, 2008
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BACK-UP
SLIDES
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HOW THIS ALL CAME ABOUT…
December Start-Up

• Dec. 12th : first beam stored in HER
• Dec. 14th : first positrons in LER                      at Y(4S) energies
• Dec. 15th : first collisions
• Dec. 17th : first delivery to BaBar

• Dec. 19th : Budget gloom and doom         ��� �

• Dec. 20th – 21st : Discussions about immediate move to Y(3S); had run    
• there briefly and scanned the peak in Nov. 2002; 
• Mike Sullivan indicated that could reduce HER energy to 
• get there.
• Dec. 21st,1:30PM: PEPII-BaBar meeting: decision to move to Y(3S) immediately
•
• 3:00PM : Start to lower the HER energy
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December Start-Up (continued)

• Dec. 21st, 3:00PM + : Began by following procedure for c.m. energy shift to off-peak 
• value (10.54 GeV).  This is done with the beam in the HER 
• in order to check that everything is O.K.
• Found a a problem as lowered the energy 
• further; quadrupole magnets in the transport line from 
• LINAC to HER were not changing with the dipoles  (not 
• noticeable for small change to off-peak running); messes 
• up the injection! 
• Mike Sullivan and Uli Wienands calculated necessary  
• quadrupole strengths & changed the quad. power 
• supplies by hand to keep them in line with the dipole  
• magnets.
• Swing Shift  :  LINAC & PEP-II problems related to start-up blues
• Midnight      :  Reached first scan point – but beam injection & storage 
• problems during OWL shift
• Dec. 22nd , 9:00 AM : Problems sorted out; scan over Y(3S) begun [Mike Sullivan 
• quote: “ lumi was only ~3.5 x 1033 ”, which is actually 
• slightly over the design value!!]
• Injection backgrounds bad – beams coasted for data taking                 
• - filled with BaBar turned down
• 7:00 PM :  Y(3S) scan completed – moved to Y(3S) peak
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December Start-Up (continued)

• However, beam energy drifted –
required manual intervention in 
order to remain on the peak. 

• Great job of doing this by our 
BaBar run coordinators

• Stabilized by the 3rd week of 
January

• After a month of running, tunnel 
temperature stabilized & ring 
geometry stopped changing

• This learning experience made the 
subsequent change to the Y(2S) 
much more smooth –
accomplished in ~ 10 hrs

• Moving to the Y(1S) would require 
changing both HER & LER energy; 
fortunately we did not have to 
worry about that 


 


Q� Q� ���� � � �	 � 	 �
?�@2�-�@/ &� � 7"
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0.4903hb(2S) � g Y(1S)�0.3845Y(3S) � g hb(2S)9.9633hb(2S)

0.9212Y(3S) � g hb(1S)9.3889hb(1S)

0.39110.0004%cb0(1P) � g Y(1S)�0.48390.003%Y(3S) � g cb0(1P)9.8594cb0(1P)

0.42300.0005%cb1(1P) � g Y(1S)�0.4521Y(3S) � g cb1(1P)9.8928cb1(1P)

0.44160.0005%cb2(1P) � g Y(1S)�0.4335Y(3S) � g cb2(1P)9.9122cb2(1P)

0.16250.403%Y(2S) � g cb0(1P)�0.20710.0096%cb0(2P) � g Y(2S)�0.12205.9%Y(3S) � g cb0(2P)10.2325cb0(2P)

0.12960.731%Y(2S) � g cb1(1P)�0.22960.0204%cb1(2P) � g Y(2S)�0.099312.6%Y(3S) � g cb1(2P)10.2555cb1(2P)

0.11040.758%Y(2S) � g cb2(1P)�0.24250.0212%cb2(2P) � g Y(2S)�0.086213.1%Y(3S) � g cb2(2P)10.2687cb2(2P)

0.8562ee(@Y3S) � g Y(1S)9.4603Y(1S)

0.32660.001%ee(@Y3S) � g Y(2S)10.0233Y(2S)

10.60%Y(3S)->Y(2S)10.3552Y(3S)

E*(g)
(GeV)

BF
E*(g)
(GeV)

BFTransition
E*(g)
(GeV)

BFTransition
M(PDG)
(GeV/c2)
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e+e- � gISRY(1S) Calculations

�
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MC: Y(3S) ��� � gggg ccccb0(2P)

|��� � ggggY(1S)

Generated hard g transition

Reconstructed hard g transition
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Candidate photons are required to be within calorimeter barrel
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Optimization of Selection Criteria
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Example of MC Validation Study
nSig

Entries  373
Mean   1.963e+04
RMS      1782
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