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Outline

• New physics searches in 𝐵 → 𝐷∗𝜏𝜈 decay.

1. 𝓡(𝑫∗) with semileptonic tag

• Shown at Moriond 2016, submitted to PRD (arXiv:1607.07923)

• Compatibility test in model-independent approach is newly done.

2. 𝓡(𝑫∗) and 𝓟𝝉 with hadronic tag and τ hadronic decay

• Shown for the first time, preliminary

• First measurement of 𝜏 polarization in 𝐵 → 𝐷∗𝜏𝜈 decay.

• Both analyses are based on complete Υ(4𝑆) Belle data set of 711 fb-1.
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https://arxiv.org/abs/1607.07923


𝑩 → 𝑫∗𝝉𝝂 decay

• New physics could change 𝓑 and 𝝉 polarization (𝓟𝝉).

– 𝓡 𝑫∗ ≡
B 𝐵→𝐷∗𝝉𝜈

B 𝐵→𝐷∗𝓵𝜈
=

𝐬𝐢𝐠𝐧𝐚𝐥

𝐧𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐚𝐭𝐢𝐨𝐧
(ℓ = 𝑒, 𝜇)

• Several uncertainties cancel in ratio.

• ℛ(𝐷∗)SM = 0.252 ± 0.003

• Belle, BaBar, and LHCb measured.

– 𝓟𝝉
𝐒𝐌 = −0.497 ± 0.014

• Not measured yet.

Choice of 𝝉 decay

• Leptonic decay (𝝉 → ℓ𝝂𝝂)

– Used in all ℛ 𝐷∗ measurements so far.

– Advantageous for bkg suppression.

• Two-body hadronic decay (𝝉 → 𝒉𝝂)

– Advantageous for 𝒫𝜏 measurement.

Physics Motivation
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S. Fajfer, J.F. Kmaenik, I. Nisandzic
PRD 85, 094025 (2012)

M. Tanaka, R. Watanabe
PRD 87, 034028 (2013)
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Hadronic/Semileptonic(SL) tag
• Unique and powerful tools at 𝐵 factories to analysis final states with multiple 𝜈.

Tagging Techniques
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𝑒− 𝑒+

Signal side
• Signal decay

Tag side
• Hadronic decay : 𝐵 → 𝐷(∗)𝑋, 𝐽/𝜓𝑋, …

• Semileptonic decay : 𝐵 → 𝐷(∗)ℓν

𝑩𝐬𝐢𝐠

𝑩𝐭𝐚𝐠

Υ(4𝑆) Reconstruct 𝑩𝐭𝐚𝐠 from know decays.

NIMA 654, 432 (2011)

𝑩 → 𝑫(∗)𝓵𝝂
𝑞𝑞

𝐵0  𝐵0

𝐵+𝐵−

PRD 82, 071101(R) (2010)

cos θ𝐵−𝐷(∗)𝑙

𝐜𝐨𝐬𝜽𝑩−𝑫(∗)ℓ =
2𝐸beam𝐸

𝐷(∗)ℓ
−𝑚𝐵

2 −𝑚
𝐷(∗)ℓ
2

2|  𝑝𝐵 | ∙ |  𝑝
𝐷(∗)ℓ

|

𝐷(∗)ℓ

𝜈𝐵
𝜽𝑩−𝑫(∗)𝓵

Had-tag. SL-tag.

𝑴𝒃𝒄 = 𝐸beam
2 −  𝑝𝐵tag

2 𝜟𝑬 = 𝐸beam − 𝐸𝐵tag



• “Clean” channels are only used to get high purity. 

– leptonic τ decay : τ → ℓνν

– 𝐵0  𝐵0 → 𝐷∗−ℓ+ 𝐷∗+ℓ− channel

• ℛ 𝐷∗ =
𝐬𝐢𝐠𝐧𝐚𝐥

𝐧𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐚𝐭𝐢𝐨𝐧

• Signal and normalization are tagged

by double semileptonic tag.

• Candidates with the lower value of cos 𝜃𝐵−𝐷∗ℓ

are assigned as 𝐵sig.

𝓡(𝑫∗) with Semileptonic Tag
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𝑩𝟎 → 𝑫∗−𝝉𝝂

𝑩𝟎 → 𝑫∗−ℓ𝝂

@Signal MC



• Two-dimensional fit :

1. 𝓞𝐍𝐁 (Neural network output, mainly based on cos 𝜃𝐵−𝐷∗ℓ
low )

2. 𝑬𝐄𝐂𝐋 (sum of residual energy in calorimeter)

• 𝓡 𝑫∗ = 𝟎. 𝟑𝟎𝟐 ± 𝟎. 𝟎𝟑𝟎(𝐬𝐭𝐚𝐭) ± 𝟎. 𝟎𝟏𝟏 𝐬𝐲𝐬𝐭

– 13.8𝜎 significance including syst. error.

– 1.6𝜎 larger than SM prediction

– Consistent with other measurements.

Result of 𝓡(𝑫∗) Measurement
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𝓡(𝑫∗) with SL-tag

Normalization-like Signal-like



• Examine the impact of each operators in kinematics.

– Effective Hamiltonian for 𝒃 → 𝒄𝝉𝝂𝝉

• Two leptoquark(LQ) models are also studied.

– 𝒞𝑆2 = +7.8𝐶𝑇 ∶ (𝑆𝑈(3)𝐶 , 𝑆𝑈(2)𝐿)𝑌 = (3,2)7/6 𝑹𝟐-type LQ

– 𝒞𝑆2 = −7.8𝐶𝑇 ∶ (𝑆𝑈(3)𝐶 , 𝑆𝑈(2)𝐿)𝑌 = (3∗, 2)1/3 𝑺𝟏-type LQ

• Favored regions and p-values for each scenarios are summarized in backup slide.

Compatibility Test in Model Independent Approach
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Theory

Measured 𝓡(𝑫∗)

𝒞𝑇

ℛ
(𝐷

∗
) SM

Five operators

＋ Data (bkg subtracted)
■MC

𝑝𝐷∗ [GeV] 𝑝ℓ [GeV]

(e.g.) 𝑹𝟐-type LQ

𝓡(𝑫∗) with SL-tag

SM NP

 Large contributions from tensor are disfavored.

2HDM (type-II)
2HDM
SM
RH-current
Tensor

(assuming no additional
𝒪𝑉1contribution)



1

Γ

𝑑Γ

𝑑 cos 𝜃hel
=

1

2
(1 + 𝜶 ∙ 𝓟𝝉 𝐜𝐨𝐬𝜽𝐡𝐞𝐥)

• Tau helicity angle (cos 𝜃hel) is sensitive to 𝓟𝝉.

– 4-momentum of 𝐵sig is determined by had-tag.

– Two-body hadronic 𝜏 decays are used.

• 𝜏 → ℎ𝜈, ℎ = 𝜋−, 𝜌− (→ 𝜋−𝜋0)

• 𝛼 =  
1 for 𝜏 → 𝜋−𝜈 (pseudo scalar meson)

0.45 for 𝜏 → 𝜌−𝜈 vector meson

• Both 𝐵0/𝐵+ channels are used.

– 𝐷∗+ → 𝐷0𝜋+/𝐷+𝜋0, 𝐷∗0 → 𝐷0𝜋0/𝐷0𝛾

• 𝑀miss
2 is used for determination of 𝐵 → 𝐷∗ℓ𝜈 (denominator in 𝓡(𝑫∗) )

• Correct 𝒫𝜏
raw to 𝒫𝜏

true in fitter, considering acceptance effect.

– cos 𝜃hel < 0.8 for (𝜏 → 𝜋−𝜈)

𝓡(𝑫∗) and 𝓟𝝉 with Hadronic Tag
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𝑾

𝝂

𝝂
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(𝜏 rest frame)

𝜃hel

𝑩𝐬𝐢𝐠

𝝉

𝑚𝜏
2 − 2𝑚𝑉

2

𝑚𝜏
2 + 2𝑚𝑉

2



• Simultaneous fitting of eight 𝐸ECL distributions:

– 𝐵0, 𝐵+ ⨂ 𝜋𝜈, 𝜌𝜈 ⨂(Forward/backward cos 𝜃hel)

• Dominant Bkg (except fake 𝐷∗, which can be determined by sideband) arises from 
hadronic 𝐵 decay (e.g. 𝐵 → 𝐷∗ n𝜋).

– Calibrated by requiring additional particles and reconstructing these events.

– Yield of hadronic 𝐵 decay is floated.

Fit for 𝓡(𝑫∗) and 𝓟𝝉 Measurements
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𝓡(𝑫∗) and 𝓟𝝉 with Had-tag
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𝝅−𝝂
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𝑬𝐄𝐂𝐋 distributions



• ℛ 𝐷∗ = 0.276 ± 0.034(stat)−0.026
+0.029 syst

– 7.1𝜎 significance including systematic uncertainty.

– Consistent with SM prediction and other measurements.

• 𝒫𝜏 = −0.44 ± 0.47(stat)−0.17
+0.20 syst

– First 𝓟𝝉 measurements !

– Consistent with SM prediction (−0.497 ± 0.014) within uncertainty.

• Systematics arises mainly from hadronic 𝐵 bkg, MC statistics.

Result of 𝓡(𝑫∗) and 𝓟𝝉 Measurements
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M. Tanaka, R. Watanabe, PRD 87, 034028 (2013)

𝓡(𝑫∗) and 𝓟𝝉 with Had-tag

Preliminary

Preliminary

SM

Measured

𝟏𝝈

2𝝈

Average at Moriond 2016

 Consistent with the SM prediction within 𝟎. 𝟔𝝈



Combined Plots

• Correlation of systematic uncertainties about semileptonic decay are considered.

– Assumption : large correlation in measurements of the same observable and 
null correlation between ℛ 𝐷 and ℛ 𝐷∗ .
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Belle combination Comparison among experiments

 Precision of ℛ 𝐷∗ is improved 

by combining three Belle results. 

 Belle average is slightly smaller 
than BaBar/LHCb results,

but still larger than SM prediction.

Belle average

BaBarWA

SM
LHCb

Belle average
SM



Summary

• 𝐵 → 𝐷∗𝜏𝜈 decay is sensitive to several new physics scenarios.

• Belle continues to contribute to 𝐵 → 𝐷∗𝜏𝜈 decay actively.

– ℛ 𝐷∗ = 0.302 ± 0.030(stat) ± 0.011 syst

• First measurement of ℛ 𝐷∗ using semileptonic tag.

– ℛ 𝐷∗ = 0.276 ± 0.034(stat)−0.026
+0.029 syst

– 𝒫𝜏 = −0.44 ± 0.47(stat)−0.17
+0.20 syst

• First measurement of 𝜏 polarization in 𝐵 → 𝐷∗𝜏𝜈 decay.

• More analyses about 𝑏 → 𝑐𝜏𝜈 are ongoing at Belle. Stay tuned.

12

Submitted to PRD 
(arXiv:1607.07923)

Preliminary

Results presented here.

https://arxiv.org/abs/1607.07923


Backup
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Belle Experiment

• KEKB accelerator and Belle detector at Tsukuba, Japan.

– Asymmetric 𝑒+𝑒− energy to boost B mesons

– Data taking for 1999-2010

– Good particle ID capability

• (𝑝, π±, 𝐾±, γ, 𝑒, μ, 𝐾𝐿
0)

– Good momentum resolution

•
σ𝑃𝑡

𝑃𝑡
= 0.19𝑃𝑡 ⊕

0.30

β
%
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KEKB accelerator

𝒆− 𝒆+

m / KL detection
14/15 lyr. RPC+Fe
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CsI(Tl)
16X0
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(n=1.015~1.030)

Si vtx. det.
(3/4 lyr.  DSSD)

TOF counter
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𝒆
−

(8 GeV)

𝒆
+

(3.5 GeV)

~3 km circumference

Time [year]

In
te

gr
at

e
lu

m
in

o
si

ty
 [

fb
-1

]

Lint. > 1 ab−1

Lpeak = 2.11 × 1034cm−2s−1



• Same background sources as analysis with hadronic tagging.

 Separation of signal and background using information on missing particles.

Signal and Background
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𝜈

𝜈

𝑩 → 𝑫∗𝓵𝝂 𝑩 → 𝑫∗𝓵𝝂

𝓵

𝑫∗𝑫∗

𝓵

Background

1. Normalization

2 neutrinos in final state

2. 𝑩 → 𝑫∗∗𝓵𝝂
• One of the dominant systematic source
• Mainly 2 neutrinos + more than one pion in final state.

3. Others

• 𝐵 → 𝑋𝑐𝐷
∗, combinatorial (fake 𝐷(∗)) background, continuum background, ….

𝜏
𝜈

𝜈

𝑩 → 𝑫∗𝝉𝝂 𝑩 → 𝑫∗𝓵𝝂

𝓵

𝑫∗

𝜈
𝜈

𝑫∗

𝓵

4 neutrinos in final state

Signal

𝐵 𝐵 𝐵 𝐵

𝓡(𝑫∗) with SL-tag



• Separate signal from normalizations using NeuroBayes.

– Signals : 𝐵sig𝐵tag → (𝐷∗𝝉ν)sig(𝐷
∗𝓵ν)tag

– Normalizations : 𝐵sig𝐵tag → (𝐷∗𝓵ν)sig(𝐷
∗𝓵ν)tag

• Three input for NeuroBayes.

Background Separation
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𝐸vis [GeV]𝑀miss
2 [GeV2]atan(cos θ𝐵−𝐷∗ℓ

low )

Signals
(𝑁ν = 4)

Normalizations
(𝑁ν = 2)

1. 𝐜𝐨𝐬𝛉𝑩−𝑫∗𝓵
𝐥𝐨𝐰 2. Missing mass 3. Visible Energy

𝐵sig is also 𝐵 → 𝐷∗ℓν

NeuroBayes output 𝑁𝑁

Signals

Normalizations

𝓡(𝑫∗) with SL-tag



• Current statistical uncertainty ~ 10%.

– 3.8 % at 5 ab-1

– 1.2 % at 50 ab-1

• We must reduce systematic uncertainty at Belle II.

☆Systematic uncertainties related to limited amount of MC samples

☆Need to understand 𝐵 → 𝐷∗∗ℓ𝜈 and 𝐵 → 𝑋𝑐𝐷
∗ background

☆Difference between data and MC is conservatively assigned as systematic 

uncertainty in this estimation.

Systematic Uncertainty and Prospect for Belle II
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☆
☆
☆

(☆)
☆
☆

𝓡(𝑫∗) with SL-tag



Efficiency Variation
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Type-II 2HDM SM with adding contribution from 𝓞𝑽𝟏

𝑹𝟐-type LQ

𝑺𝟏-type LQ

(𝒞𝑆2 = +7.8𝐶𝑇)

(𝒞𝑆2 = −7.8𝐶𝑇)

(𝒞𝑆1 = −𝑚𝐵𝑚𝜏tan
2𝛽/𝑚𝐻+

2 )

SM with adding contribution from 𝓞𝑻

SM with adding contribution from 𝓞𝑽𝟐

SM with adding contribution from 𝓞𝑺𝟐

SM with adding contribution from 𝓞𝑺𝟏

𝓡(𝑫∗) with SL-tag



Measured 𝓡(𝑫∗)
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Type-II 2HDM 𝑹𝟐-type LQ

𝑺𝟏-type LQ

(𝒞𝑆2 = +7.8𝐶𝑇)

(𝒞𝑆2 = −7.8𝐶𝑇)

(𝒞𝑆1 = −𝑚𝐵𝑚𝜏tan
2𝛽/𝑚𝐻+

2 )

SM with adding contribution from 𝓞𝑽𝟏

SM with adding contribution from 𝓞𝑻

SM with adding contribution from 𝓞𝑽𝟐

SM with adding contribution from 𝓞𝑺𝟐

SM with adding contribution from 𝓞𝑺𝟏

𝓡(𝑫∗) with SL-tag



Kinematic Distributions
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SM

Type-II 2HDM
(tan 𝜷 /𝒎𝑯+ = 𝟎. 𝟕 𝐆𝐞𝐕−𝟏)

SM

SM with adding contribution from 𝓞𝑽𝟐

(𝓒𝑽𝟐
= +𝟏. 𝟖𝟖)

Type-II 2HDM
(tan 𝜷 /𝒎𝑯+ = 𝟎. 𝟕 𝐆𝐞𝐕−𝟏)

SM with adding contribution from 𝓞𝑽𝟐

(𝓒𝑽𝟐
= +𝟏. 𝟖𝟖)

𝓡(𝑫∗) with SL-tag



Kinematic Distributions
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SM with adding contribution from 𝓞𝑻
(𝓒𝑻 = +𝟎. 𝟑𝟔)

𝑹𝟐-type LQ
(𝓒𝑻 = +𝟎.𝟑𝟔)

𝑺𝟏-type LQ
(𝓒𝑻 = +𝟎.𝟐𝟔)

SM with adding contribution from 𝓞𝑻
(𝓒𝑻 = +𝟎. 𝟑𝟔) 𝑹𝟐-type LQ

(𝓒𝑻 = +𝟎.𝟑𝟔)
𝑺𝟏-type LQ

(𝓒𝑻 = +𝟎.𝟐𝟔)

𝓡(𝑫∗) with SL-tag



Summary Table of Compatibility Tests
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𝓡(𝑫∗) with SL-tag



𝑴𝐦𝐢𝐬𝐬
𝟐 Fit
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𝑩𝟎𝑩+

𝓡(𝑫∗) and 𝓟𝝉 with Had-tag



cos 𝜃hel Distributions

• cos 𝜃hel < 0.8 in 𝜏 → 𝜋𝜈 channel to mitigate 𝐵 → 𝐷∗ℓ𝜈.

• Correlation between cos 𝜃hel and 𝑀miss
2 .
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𝓡(𝑫∗) and 𝓟𝝉 with Had-tag

@𝜏 → 𝜋𝜈 channel



Systematic Uncertainty
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𝓡(𝑫∗) and 𝓟𝝉 with Had-tag



HFAG plot
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