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Overview

• Introduction
§ Modes of Interest
§ Previous Measurement
§ Datasets & 𝚼 𝟑𝑺 Population

• Search for 𝝌𝒃𝑱 𝒏𝑷 → 𝝎𝚼 𝟏𝑺
§ Analysis Strategy
§ Event Selection and Background Suppression
§ Fitter & improved J=0 signal shape
§ Branching Fraction Measurement

ü Cross check of tail shapes
§ Search for 𝝌𝒃𝑱 𝟑𝑷 → 𝝎𝚼 𝟏𝑺

• Summary
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𝝎𝚼(𝟏𝑺)
Threshold
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Previous Measurement & Analysis Strategy

𝐸!"#~95 𝑀𝑒𝑉
• 𝝌𝒃𝟏,𝟐 𝟐𝑷 and 𝝌𝒃 𝟎 ,𝟏,𝟐 𝟑𝑷 states are kinematically accessible
• 𝝌𝒃𝑱 𝟐𝑷 → 𝝎𝚼 𝟏𝑺 Discovered by CLEO

• Analyzed 5.81 ± 0.12 ×10( Υ 3𝑆 decays

• We reconstruct the exclusive final state:
𝜒#$ → 𝜔 Υ 1𝑆 → 𝜋%𝜋&𝜋' ℓ%ℓ&

§High backgrounds for low energy photons make 
reconstruction of Υ 3𝑆 → 𝛾𝜒'( 𝑛𝑃 suboptimal

𝑴𝝎

𝑬𝜸

[Phys.Rev.Lett. 92 (2004) 222002]
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Data Samples

• Utilize:
§ 𝚼 𝟑𝑺 data available as all_mdsts
§ Stiff Pair skim of 𝚼 𝟒𝑺 data
§ Stiff Pair skim of 𝚼 𝟐𝑺 data — for studies of track and 𝜋) finding efficiency

• Analysis is now unblinded on the 𝝌𝒃𝑱 𝒏𝑷 signal regions
• Together with Nishida-san & Nakazawa-san, we’ve recovered an additional 𝟏𝟕 𝐟𝐛*𝟏

July 14, 2021
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Calculate Υ 3𝑆 Population as:

𝑁%& =
𝑁''(

𝜖ℬ Υ 3𝑆 → 𝜋)𝜋#Υ 1𝑆 ℬ Υ 1𝑆 → ℓ)ℓ#

where ℓ = 𝑒, 𝜇. 

ℬ 𝜒*+ 2𝑃 → 𝜔Υ are calculated by normalizing to 𝜋𝜋Υ
§ Affords cancelation of several systematics

including track-finding, lepton PID, and
ℬ Υ 1𝑆 → ℓ)ℓ# .
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Count 𝚼 𝟑𝑺 via Decays to 𝝅!𝝅"𝚼 𝟏𝑺
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− 𝚼 𝟑𝑺 Population −
𝟐𝟕. 𝟗𝟒 ± 𝟎. 𝟐𝟔#𝟎.𝟒𝟗)𝟎.𝟒𝟖 ± 𝟎. 𝟎𝟗 ⋅ 𝟏𝟎𝟔

BELLE
𝚼 𝟑𝑺, 𝟒𝑺
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Event Selection & Background Suppression

July 14, 2021

FSP Selections
§ At least 𝟒 tracks with 𝑑𝑟 < 0.5 cm, 𝑑𝑧 < 2.0 cm, and track fit CL > 0

§ At least 𝟐 ECL clusters with: 
§ No matched track
§

$!
%"#

> 0.9

§ Shower Width > 6 cm

Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler

DiGamma

DiPion

DiLepton

Hard Tracks (Leptons)
§ 𝑝ℓ"# > 4.0 GeV
§ 𝑀ℓℓ ∈ 9.0, 9.8 $%&

'!
§ Require exactly 1 di-lepton

Soft Tracks (Pions) 
§ 𝑝("# < 0.45 GeV/c
§ 𝑐𝑜𝑠(𝜓(() < 0.95
§ Require exactly 1 di-pion
𝝅𝟎 Candidates
§ 𝑝("

"# ∈ 80,430 *%&
'

§ 𝑀(" ∈ 0.11, 0.15 $%&
'!

§ Retain 𝝅𝟎 with smallest mass fit 𝝌𝟐
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Event Selection & Background Suppression

July 14, 2021

§ Resonant bkgs are sharply peaked in !"!!
§ !"!! offers better separation than ""#$%&' ##

Define:
!"$$ = "%%ℓℓ −"ℓℓ +"' ()

*+,

&&' &&'′
$(

$)

ℓ(

ℓ)

FSP Selections
§ At least 4 tracks with 𝑑𝑟 < 0.5 cm, 𝑑𝑧 < 2.0 cm, and track fit CL > 0

§ At least 2 ECL clusters with: 
§ No matched track
§

$!
%"#

> 0.9

§ Shower Width > 6 cm

Hard Tracks (Leptons)
§ 𝑝ℓ"# > 4.0 GeV
§ 𝑀ℓℓ ∈ 9.0, 9.8 $%&

'!
§ Require exactly 1 di-lepton

Soft Tracks (Pions) 
§ 𝑝("# < 0.45 GeV/c
§ 𝑐𝑜𝑠(𝜓(() < 0.95
§ Require exactly 1 di-pion
𝝅𝟎 Candidates
§ 𝑝("

"# ∈ 80,430 *%&
'

§ 𝑀(" ∈ 0.11, 0.15 $%&
'!

§ Retain 𝝅𝟎 with smallest mass fit 𝝌𝟐

Resonant 𝒃K𝒃 → 𝝅,𝝅-𝒃K𝒃′ Veto
§ ΔM.. ∈ [9.83, 10.12] GeV
§ 𝚫M(( ∉ 10.017, 10.029 GeV
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 𝚼 𝟐𝑺 → 𝝅!𝝅"𝚼 𝟏𝑺 Veto: FOM Optimization

Rejects 92.4% of resonant background
at cost of 7.3% of signal

FOM = #&
#&!#'
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Signal Extraction: 𝚫𝐌𝝌
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𝑱 = 𝟏 𝐒𝐈𝐆𝐍𝐀𝐋 𝑱 = 𝟐 𝐒𝐈𝐆𝐍𝐀𝐋𝑱 = 𝟎 𝐒𝐈𝐆𝐍𝐀𝐋

Definition of Fit Observable:
𝚫𝑴𝝌 = 𝑴𝟐𝜸𝟐𝝅𝟐ℓ −𝑴ℓℓ +𝑴𝚼 𝟏𝑺

𝑷𝑫𝑮

𝜒*+ Mass Υ 1𝑆 Mass

Shapes: Double-Sided Crystal Ball (DSCB) functions
§ Reparameterize Signal Functions to account for Data-MC difference:

𝓕 𝝁,𝝈, 𝜶𝟏, 𝜶𝟐, 𝒏𝟏, 𝒏𝟐 ↦ 𝓕 𝝁,𝝆×𝝈,𝜶𝟏, 𝜶𝟐, 𝒏𝟏, 𝒏𝟐 , 
where Red parameters are fixed, Blue are floated, and 𝝆 is a (common) “fudge factor”
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J=1,2 signal shape for comparison:
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Threshold
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𝑴𝝎 signal shape of 𝝌𝒃𝟎
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No problem 
in 𝚫𝐌𝝌

J=0 signal shape differs from that of J=1,2.
§ Mean is shifted low
§ Strange threshold in tail

à Define signal shape as product of sigmoid 𝑓 𝑏, 𝛿𝑀@A
B and DSCB

Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler
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Fit Strategy: Simultaneous Fit to 𝚫𝑴𝝌 &𝐌𝝎
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§ All signal shapes are DSCB, except J=0 signal in 𝑀U
§ 𝜌, 𝜅 are introduce to account for Data/MC difference in resolution.
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Search for 𝝌𝒃𝑱 𝟐𝑷 → 𝝎𝚼(𝟏𝑺)

Normalize to Υ 3𝑆 → 𝜋)𝜋#Υ 1𝑆 ℓ)ℓ# Channel:

Results

Simultaneously Fit 𝑀B and Δ𝑀C
in Υ 3𝑆 & Υ 4𝑆 Data

Consistency
1.8𝜎
2.0𝜎

− 𝚼 𝟑𝑺 Population −
𝟐𝟖. 𝟏𝟕 ± 𝟎. 𝟐𝟕 ± 𝟏. 𝟕𝟒 ⋅ 𝟏𝟎𝟔

BELLE
𝚼 𝟑𝑺, 𝟒𝑺

BELLE
𝚼 𝟑𝑺, 𝟒𝑺

July 14, 2021

SignificanceJ
0
1
2

3.2𝜎
14.5𝜎
3.9𝜎

Compare with PDG
Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler
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Signal Significance:
Profile Likelihood Scan

April 20, 2021

J = 0 J = 1 J = 2

The reported significance has been verified using 100k toy MC samples, cf. BN1505.
Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler

Signal Significance is determined from a profile likelihood scan. 

Profile
Likelihood

Likelihood for a fixed value

Likelihood value in data

Significance:

Systematic uncertainties affecting the yield
are convoluted with distribution of likelihood
and Z is recalculated.
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Cross Check:
Refit with Tight 𝑴𝝎 Cut

July 14, 2021Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler
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𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝝎𝑱/𝝍
§ 𝜒!"(3872)	lies	~8 MeV	below	threshold
§ Γ 𝑋 3872 < 1.2 MeV (Belle 1107.0163)
§ BaBar & Belle have see with < 5𝜎

§ BES III recently observed transition 5.7𝜎
§ 2019 – 1903.04695
§ Employ PHSP to model 𝑋 → 𝜔 𝐽/𝜓

Precedent in 𝒄2𝒄 Sector

§ Naïvely, ∃ Insufficient phase space for transition:
Δ@ = 𝑀C/0 DE −𝑀( $& −𝑀B
= −10.5 MeV

§ The 𝝌𝒃𝟎 𝟐𝑷 is a wide state, 𝚪𝝌𝒃𝟎 ≫ 𝚪𝝌𝒃𝟏,𝟐
à 𝜞𝝌𝒃𝟎 = 𝟐. 𝟔𝐌𝐞𝐕 [Godfrey & Moats 2015]

à 𝜞𝝎 = 𝟖. 𝟔𝟖𝐌𝐞𝐕 [PDG]

Nominal
Fit
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Cross Check:
Refit with Tight 𝑴𝝎 Cut
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BELLE
𝚼 𝟑𝑺, 𝟒𝑺
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BELLE
𝚼 𝟑𝑺, 𝟒𝑺𝓡𝑳 𝓡𝑹

Background: 3rd order polynomial
à Studied in 𝑀(" Sidebands

Background: RooDstD0BG
à Studied in 𝑀(" Sidebands
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Systematic Uncertainty
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Search for 𝝌𝒃𝑱 𝟑𝑷 → 𝝎𝚼 𝟏𝑺
Event Selection Revisited

FSP Selections
§ At least 4 tracks with 𝑑𝑟 < 0.5 cm, 𝑑𝑧 < 2.0 cm, and track fit CL > 0

§ At least 2 ECL clusters with: 
§ No matched track

§
!!
""#

> 0.9

§ width > 6 cm, 

Hard Tracks (Leptons)
§ 𝑝ℓ"# > 4.0 GeV
§ 𝑀ℓℓ ∈ 9.0, 9.8 $%&

'!
§ Require exactly 1 di-lepton

Soft Tracks (Pions) 
§ 𝑝("# < 0.75 GeV/c
§ 𝑐𝑜𝑠(𝜓(() < 0.95
§ Require exactly 1 di-pion
𝝅𝟎 Candidates
§ 𝑝("

"# ∈ 80,750 *%&
'

§ 𝑀(" ∈ 0.11, 0.15 $%&
'!

§ Retain 𝝅𝟎 with smallest mass fit 𝝌𝟐

Resonant 𝒃K𝒃 → 𝝅,𝝅-𝒃K𝒃′ Veto
§ 𝚫M(( ∉ 10.014, 10.030 GeV
§ ΔM.. < 10.32 GeV

𝝌𝒃𝑱 𝟑𝑷 Continuum Veto
§ MuID > 0.2 for leptons
§ 𝑀ℓℓ ∈ 9.2,9.6 GeV

10.45 10.5 10.55
)2  (GeV/cPDG

(1S)¡ + Mll - Ml2p2g2 = Mc MD

0

5

10

15

20

25

30

35

Ev
en

ts
/[1

0 
Bi

ns
]

All Candidates
wTrue 

Veto Applied

9 9.2 9.4 9.6 9.8
)2 (GeV/cllM

0

10

20

30

40

50

60

Ev
en

ts
/[8

 B
in

s]

All Candidates
wTrue 

Veto Applied

0.75 0.8
)2 (GeV/cwM

0

5

10

15

20

25

30

35

40

Ev
en

ts
/[9

 B
in

s]

All Candidates
wTrue 

Veto Applied

Peaking 
Background:
𝒒z𝒒 → 𝝎+𝒉

Official 
Belle MC

Official Belle MC: 𝒆)𝒆# → 𝒒z𝒒 (𝒒 = 𝒖,𝒅, 𝒔, 𝒄)
Official 

Belle MC

Official 
Belle MC

Reject 𝚼 𝟏𝐒 → 𝐞)𝐞# to 
suppress large backgrounds

Removed by 
continuum veto
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From the fit, a 𝟗𝟎% CL upper limit is determined:

Can estimate conservative upper limit on expected BF
§ Assume ℬ 𝜒*$ 3𝑃 → 𝜔Υ 1𝑆 ≃ ℬ 𝜒*$ 2𝑃 → 𝜔Υ 1𝑆

§ Estimate: 𝓑 ∼ 𝟖. 𝟒×𝟏𝟎#𝟕

Search for 𝝌𝒃𝑱 𝟑𝑷
[Phys.Rev.D 92 (2015) 5, 054034]

𝟓𝟏𝟑 𝐟𝐛#𝟏 of on-resonance 𝚼 𝟒𝑺 data analyzed

BELLE
𝚼 𝟒𝑺

July 14, 2021Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler
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Summary BELLE

Paper Draft in progress – Pending Referee Approval we will proceed to CWR

𝟏𝟒. 𝟓𝝈
𝟑. 𝟐𝝈

3.9𝝈

July 14, 2021Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler

(𝟗𝟎% CL)

• We present Results:
§ First measurement of 𝝌𝒃𝑱 𝟐𝑷 → 𝝎𝚼 𝟏𝑺 since discovery in 2004

§ New limit set:



Thank you
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We Interpret this as the 𝝌𝒃𝟎 𝟐𝑷 → 𝝎𝚼 𝟏𝑺

This is surprising:
§ ∃ Insufficient phase space for transition:

Δ@ = 𝑀C/0 DE −𝑀( $& −𝑀B
= −10.5 MeV

§ The 𝝌𝒃𝟎 𝟐𝑷 is a wide state, 𝚪𝝌𝒃𝟎 ≫ 𝚪𝝌𝒃𝟏,𝟐
à 𝜞𝝌𝒃𝟎 = 𝟐. 𝟔𝐌𝐞𝐕 [Godfrey & Moats 2015]

à 𝜞𝝎 = 𝟖. 𝟔𝟖𝐌𝐞𝐕 [PDG]

20

Fit without 
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Similar Enhancement Seen in 𝑐 ̅𝑐 Region: 
𝝌𝒄𝟏 3872 → 𝜔 𝐽/𝜓

§ X	lies	~8 MeV	below	threshold
§ Γ 𝑋 3872 < 1.2 MeV (Belle 1107.0163)
§ BaBar & Belle have see with < 5𝜎

§ BES III recently observed transition 5.7𝜎
§ 2019 – 1903.04695
§ Employ PHSP to model 𝑋 → 𝜔 𝐽/𝜓

BESIII

July 14, 2021Study of Bottomonium Decays – Belle II Summer School – Zachary S. Stottler
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Cross Check:
Signal Shape Asymmetry

• Question from Kirill Chilikin and Alex Bondar: 
Verify on control channel that 𝝅𝟎 in final state 
does not induce data/MC difference 
in asymmetry of signal shapes?

• Control Channel: Υ 2𝑆 → 𝜋$𝜋$ Υ 1𝑆 → 4𝛾 ℓ%ℓ&

§ Reconstruct 𝚼 𝟏𝑺 and 𝝅𝟎$𝒔 with 𝝎-analysis cuts
§ Signal Shape: DSCB w/ 𝛼%, 𝑛% fixed from MC

à 𝜇, 𝜎 are floated

Small artifacts in MC pull 
are result of large statistics of fit

𝟖. 𝟕𝟓 ± 𝟎. 𝟏𝟎 %

Result: 𝓑 𝟐𝑺 → 𝝅𝟎𝝅𝟎𝟏𝑺

Compare with PDG:
𝟖. 𝟔 ± 𝟎. 𝟒 %

No significant data/MC 
difference in tail shapes.

July 14, 2021

𝚼(𝟐𝑺)
BELLE
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𝝅𝟎 Reconstruction Syst. Uncert.
𝚼 𝟐𝑺 → 𝝅𝟎𝝅𝟎 𝚼 𝟏𝑺 → 𝝁𝝁
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Single Pion Sample: 𝝅𝟎𝟐𝝁
Numerator: Count how many times the 𝜋@-pair is reconstructed 

Assessing a systematic uncertainty
for soft 𝝅𝟎’s, with 𝒑 < 𝟑𝟎𝟎𝑴𝒆𝑽/𝒄
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, where

𝚼 𝟐𝑺 𝚼 𝟏𝐒

𝝅𝟎

𝝅𝟎

𝝁&

𝝁'

Denominator: Tag events with hardest 𝜋@+Υ 1𝑆 candidate
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Systematic Uncertainty from Measured BFs
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