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𝐵𝑅 𝐵+ → ℓ+𝜈ℓ 2𝐻𝐷𝑀 = 𝐵𝑅 𝐵+ → ℓ+𝜈ℓ × 1 − tan2𝛽
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Motivation 
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• A clean process for the measurement of  𝑓𝐵 , 𝑉𝑢𝑏
2, within the SM. 

• Helicity suppression in the SM  B. F. ∝ 𝑚ℓ
2  

• Deviation from the SM may reveal New Physics ! (e.g. 2HDM(type2), lepto-quark) 

• Evidences of  𝐵+ → 𝜏+𝜈𝜏 from Belle and BABAR experiments. 

<The Feynmann diagram, SM branching fraction, order of  𝐁.𝐅(𝑩 → ℓ+𝝂ℓ) > 

An update using full 𝚼(𝟒𝑺) data (𝟕𝟕𝟐 × 𝟏𝟎𝟔 𝑩𝑩  events) / Hadronic tagging on ℓ = 𝒆, 𝝁. 

Result presented today is on… 

(Loose Tagging) 

𝐵𝑅 𝐵+ → 𝑒+𝜈𝑒 < 9.8 × 10−7   253𝑓𝑏−1  
Belle Collab., PLB 647, 67 (2007). 

𝐵𝑅 𝐵+ → 𝜇+𝜈𝜇 < 1.0 × 10−6   426𝑓𝑏−1  
BABAR Collab., PRD 79, 091101 (2009). 

(Hadronic Tagging) 

𝐵𝑅 𝐵+ → 𝑒+𝜈𝑒 < 5.2 × 10−6   

𝐵𝑅 𝐵+ → 𝜇+𝜈𝜇 < 5.6 × 10−6   342𝑓𝑏−1  
BABAR Collab., PRD 77, 091104 (2008). 

Up-to-date results: 𝑩 → ℓ𝝂 

@ 90% C.L. 

𝐵𝑅 𝐵+ → ℓ+𝜈ℓ =
𝐺𝐹
2𝑚𝐵𝑚ℓ

2

8𝜋
1 −

𝑚ℓ
2

𝑚𝐵
2

2

𝑓𝐵
2 𝑉𝑢𝑏

2𝜏𝐵 

𝐵𝑅 𝐵 → 𝑒𝜈 𝑆𝑀~10
−11  

𝐵𝑅 𝐵 → 𝜇𝜈 𝑆𝑀~3.5 × 10−7  

𝐵𝑅 𝐵 → 𝜏𝜈 𝑆𝑀~10
−4  

2HDM type2 

W. Hou, Phys. Rev. D. 48, 2342 (1993). 



Hadronic Tagging 
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e+e− → Υ 4𝑆 → 𝐵𝐵  e+e− → 𝑞𝑞  

B-factories 
• Precise knowledge of  the initial states in 𝑒+𝑒− collisions. 

 

 

 

 

 
• 𝐵𝑟 Υ 4𝑆 → 𝐵𝐵 > 96%; w/ 𝑝𝐵

∗ = 380MeV/𝑐 

Feb. 14th, 2014 KIAS-NCTS Joint Workshop, High-1 2014 5 

Mass (GeV/𝑐2) 

𝜎
(𝑒

+
𝑒
−
→
H
ad
ro
n
𝑠)
(n
b
) 



Hadronic Tagging 
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Pros: The best knowledge 

on kinematics in the 𝑩𝒔𝒊𝒈 

results in high purity ! 

 

Cons: Low efficiency due to 

the prior reconstruction of 

the 𝑩𝒕𝒂𝒈. 



Hadronic Tagging in 𝐵+ → ℓ+𝜈ℓ 
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Excuse me for a little bit of spoiler ! 



• 615 𝐵+ channels with hierarchical reconstruction procedure. 

• 𝐵𝑡𝑎𝑔 quality control via: 

• 𝑀𝑏𝑐 = 𝐸𝑏𝑒𝑎𝑚/2
2 −  𝑝 𝐵𝑡𝑎𝑔

2
> 5.27GeV/𝑐 

• Δ𝐸 = 𝐸𝐵𝑡𝑎𝑔 − 𝐸𝑏𝑒𝑎𝑚/2 : −0.05 GeV < Δ𝐸 < 0.05 GeV 

• 𝑜𝑁𝐵: A neural network output.  

• More than one 𝐵𝑡𝑎𝑔 candidate in an event? → The highest 𝑜𝑁𝐵 candidate chosen. 

• − log 𝑜𝑁𝐵 < 6 for quality control. 
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𝑀𝑏𝑐 (GeV/𝑐
2) Δ𝐸 (GeV) 

In our analysis! : 𝐵𝑡𝑎𝑔 quality 



In our analysis! : 𝐵𝑡𝑎𝑔 quality 

• 615 𝐵+ channels with hierarchical reconstruction procedure. 

• 𝐵𝑡𝑎𝑔 quality control via: 

• 𝑀𝑏𝑐 = 𝐸𝑏𝑒𝑎𝑚/2
2 −  𝑝 𝐵𝑡𝑎𝑔

2
> 5.27GeV/𝑐 

• Δ𝐸 = 𝐸𝐵𝑡𝑎𝑔 − 𝐸𝑏𝑒𝑎𝑚/2 : −0.05 GeV < Δ𝐸 < 0.05 GeV 

• 𝑜𝑁𝐵: A neural network output.  

• More than one 𝐵𝑡𝑎𝑔 candidate in an event? → The highest 𝑜𝑁𝐵 candidate chosen. 

• − ln 𝑜𝑁𝐵 < 6 for quality control. 
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− 𝐥𝒏(𝒐𝑵𝑩) 



• 615 𝐵+ channels with hierarchical reconstruction procedure. 

• 𝐵𝑡𝑎𝑔 quality control via: 

• 𝑀𝑏𝑐 = 𝐸𝑏𝑒𝑎𝑚/2
2 −  𝑝 𝐵𝑡𝑎𝑔

2
> 5.27GeV/𝑐 

• Δ𝐸 = 𝐸𝐵𝑡𝑎𝑔 − 𝐸𝑏𝑒𝑎𝑚/2 : −0.05 GeV < Δ𝐸 < 0.05 GeV 

• 𝑜𝑁𝐵: A neural network output.  

• More than one 𝐵𝑡𝑎𝑔 candidate in an event? → The highest 𝑜𝑁𝐵 candidate chosen. 

• − log 𝑜𝑁𝐵 < 6 for quality control. 

• 𝜖𝑡𝑎𝑔 (𝐵 tagging efficiency) calibrated to data event by event. 

• A control sample study using 𝐵 → 𝐷(∗)ℓ𝜈 decays. 

• Calibrated in the 𝑜𝑁𝐵 value and the first hierarchy decay from the 𝐵𝑡𝑎𝑔. 

• 𝜖𝑡𝑎𝑔 = 0.30 0.29 % for 𝐵 → 𝜇𝜈 (𝐵 → 𝑒𝜈). 
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In our analysis! : 𝜖𝑡𝑎𝑔 



Signal-side Event Selection 
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Now let’s turn our focus to 

A high momentum lepton & an invisible neutrino. 

Pre-selection of  events with a lepton with 𝑝ℓ
𝐿𝐴𝐵 > 1.8 GeV/𝑐. 

Impact parameter conditions to sort good tracks.  

( distance from the IP: dr < 0.05cm, |dz| < 1.5cm ) 
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HERE 



Continuum suppression 

• Virtual extermination using co𝑠𝜃𝑡ℎ𝑟𝑢𝑠𝑡. 
• 𝜃𝑡ℎ𝑟𝑢𝑠𝑡: ∠ (𝐵tag thrust axis, 𝑝 ℓ

∗) 
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cos𝜃thrust < 0.9 (𝑒) 
(Arbitrary scale) 

cos𝜃thrust < 0.8 𝜇  
More 𝐾/𝜋 fakes here 

(x 300 Signal displayed) 



Further BG suppression 

Feb. 14th, 2014 KIAS-NCTS Joint Workshop, High-1 2014 14 

• 𝐸𝐸𝐶𝐿 = 𝐸𝑇𝑜𝑡𝑎𝑙 − 𝐸𝐵𝑡𝑎𝑔 − 𝐸ℓ 

• No extra particles aside from the 𝐵𝑡𝑎𝑔 and the signal ℓ. 



Signal Extraction Variable 
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• Sharp-peaking near 2.64 GeV/c due to 2-body decay. 

• Very clean signal separation with low BG. 

𝒑ℓ
𝑩: The momentum of  the signal ℓ at 

the rest frame of  the 𝐵𝑠𝑖𝑔. 

<Signal Enhanced plot of 𝒑ℓ
𝑩 for 𝑩 → 𝝁𝝂 search> 

Signal region decision 
 

• −2.5𝜎 of  the main Gaussian component in 

the histogram fit < 𝑝ℓ
𝐵 < 2.7 GeV/𝑐. 

• 𝑒:  2.606 GeV/𝑐 < 𝑝ℓ
𝐵 < 2.7 GeV/𝑐 

• 𝜇:  2.604 GeV/𝑐 < 𝑝ℓ
𝐵 < 2.7 GeV/𝑐 

1 Gaussian (Dominant) 

+ 1 Bifurcated Gaussian 



Signal Extraction Variable 
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• Sharp-peaking near 2.64 GeV/c due to 2-body decay. 

• Very clean signal separation with low BG. 

𝒑ℓ
𝑩: The momentum of  the signal ℓ at 

the rest frame of  the 𝐵𝑠𝑖𝑔. 

<Signal Enhanced plot of 𝒑ℓ
𝑩 for 𝑩 → 𝝁𝝂 search> 

𝐵𝑅 =
𝑌𝑑𝑎𝑡𝑎 − 𝑁𝑏𝑘𝑔

𝑀𝐶

𝑁𝐵𝐵 ⋅ 𝜖𝑠𝑖𝑔𝑛𝑎𝑙
 

Signal extraction strategy! 

 

𝒀𝒅𝒂𝒕𝒂: count the events in the 𝑝ℓ
𝐵 signal region. 

 

𝑵𝒃𝒌𝒈
𝑴𝑪 : extrapolate from the background PDF fit 

to the side band data. The PDF’s are obtained 

from the mode-by-mode histogram template 1D 

unbinned maximum likelihood fit. 

𝑌𝑑𝑎𝑡𝑎 : Observed data yield in the signal region. 

𝑁𝑏𝑘𝑔
𝑀𝐶 : Expected backgrounds in the signal region. 

𝑁𝐵𝐵 : Initial # of  𝐵𝐵 . 

𝜖𝑠𝑖𝑔: Signal selection efficiency 



Signal Extraction Variable 
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<Signal Enhanced plot of 𝒑ℓ
𝑩 for 𝑩 → 𝝁𝝂 search> 𝑵𝒃𝒌𝒈

𝑩𝑮  
 

Estimation of  backgrounds crucial in this study! 
 

Peaking / heavily influential decays in the signal region 

treated with dedicated large MC samples. 
 

𝑏 → 𝑐 decays, dominant in the low momentum range, 

composed of  over 90% of  𝐵− → 𝐷 ∗ 0ℓ−𝜈 . 
 

Expected from the MC histograms (Events) 

Backgrounds: 𝐵 → 𝜇𝜈 Backgrounds: 𝐵 → 𝑒𝜈 

𝒃 → 𝒖ℓ𝝂 0.0087 (13.8%) 0.0289 (13.0%) 

Other 𝑿𝒖ℓ𝝂 0 0.0598 (26.9%) 

𝑩+ → 𝝅+𝑲𝟎 0.0410 (65.1%) 0.0612 (27.6%) 

𝑩+ → 𝑲+𝝅𝟎 0.0133 (21.1%) 0.0631 (28.4%) 

𝑩+ → ℓ+𝝂ℓ𝜸 0 0.0091 (4.1%) 

Total 0.063 0.222 

Assumed 𝐵𝑅 𝐵 → ℓ𝜈𝛾 = 5.0 × 10−6 𝐵 → ℓ𝜈𝛾 according to G. Korchemsky, D. Pirjol, and T.-M. Yan, PRD 61, 114510 (2000) 



Background PDFs from histogram template fits 

• 𝐵+ → 𝜇+𝜈𝜇 mode 

• Backgrounds PDFs summed w/ branching ratio weighting 
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𝐵+ → 𝜋+𝐾0 

𝐵+ → 𝐾+𝜋0 

S
ig

n
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𝐵+ → 𝐷 ∗0ℓ+𝜈ℓ 

𝐵+ → 𝐷 0ℓ+𝜈ℓ 

Other 𝑏 → 𝑐 

Other 𝑏 → 𝑠, 𝑑 

or leptonic 
𝐵+ → ℓ+𝜈ℓ𝛾 

Other 𝑏 → 𝑢ℓ𝜈 

𝐵+ → 𝜋0ℓ+𝜈ℓ 



Verification 
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MC compared w/ data in the 𝑝ℓ
𝐵 sideband region 

• 𝑝ℓ
𝐵 sideband region ≡ 2.0 – 2.5 GeV/𝑐, all other criteria applied.  
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𝑝ℓ
𝐵 𝑀𝑏𝑐 𝐸𝐸𝐶𝐿 

−ln (𝑜𝑁𝐵) |𝑐𝑜𝑠𝜃𝑡ℎ𝑟𝑢𝑠𝑡| Δ𝐸 

𝑩+ → 𝝁+𝝂𝝁 



𝑝ℓ
𝐵 shape calibration 

• A control sample study using: 

• 𝐵+ → 𝐷 0𝜋+ ∶ 𝐷0 → 𝐾−𝜋+ & 𝐷0 → 𝐾− 3𝜋 +. 

• Treat 𝜋+(primary pion) as ℓ+, 𝐷0 as 𝜈ℓ. 

• Same conditions given for 𝐵+ → ℓ+𝜈ℓ analysis given. 
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𝑝𝜋
𝐵 

ALL region 

SIGNAL region 

𝐶𝑠ℎ𝑎𝑝𝑒 ≡
𝑁𝑠𝑖𝑔 Data − Bkg /𝑁𝑎𝑙𝑙(Data − Bkg)

𝑁𝑠𝑖𝑔 signal MC /𝑁𝑎𝑙𝑙(signal MC)
 

 

= 0.954−0.031
+0.033 

Fitted each distribution and integrated each region. 

Obtained BR within 0.2𝜎 deviation 

compared to the PDG world average. 
(Including systematic uncertainties from  

𝐾𝜋-ID / 𝐶𝑠ℎ𝑎𝑝𝑒 / tag /  PDF parameters / tracking 

uncertainties.) 

Data - Bkg 

Signal MC 



Signal Extraction & Branching Ratio 
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Systematic Uncertainties 

• PDF uncertainty in parameters from the fit. 

• Branching Ratio uncertainty. 

• Statistical uncertainty of  the experimental data in the sideband region. 
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𝐵𝑅 =
𝑌𝑑𝑎𝑡𝑎 − 𝑁𝑏𝑘𝑔

𝑀𝐶

𝑁𝐵𝐵 ⋅ 𝜖𝑠𝑖𝑔𝑛𝑎𝑙
 

Sources Uncertainty 

𝑁𝐵𝐵  1.4 % 

𝜖𝑡𝑎𝑔 correction 4.2 % 

Lepton Identification 2.1 % 

Tracking 0.35 % 

MC statistics 2.0 % 

𝑝ℓ
𝐵 shape 15.2 % 

Sum 16.0 % 

A note on the 𝑝ℓ
𝐵 shape! 

 

The number here is based on the preliminary result. 

The study in p.21 was a modification after the 

preliminary result was presented, and the updated 

number will be presented in the paper soon to be 

submitted. In the updated the systematic uncertainty is 

reduced at ~6%, along with slightly modified 𝜖𝑠𝑖𝑔𝑛𝑎𝑙  

and 𝑁𝑏𝑘𝑔
𝑀𝐶 . Very sorry about that! 

𝜖𝑠𝑖𝑔𝑛𝑎𝑙 𝑒 = 0.091% 

𝜖𝑠𝑖𝑔𝑛𝑎𝑙 𝜇 = 0.115% 

𝑁𝑏𝑘𝑔
𝑀𝐶 (𝑒) = 0.11−0.06

+0.08 events 

𝑁𝑏𝑘𝑔
𝑀𝐶 𝜇 = 0.33−0.08

+0.10 events 



Opening the 𝑝ℓ
𝐵 signal region 
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We observe no experimental data 

events in the 𝒑ℓ
𝑩 signal region. 

𝐵+ → 𝜇+𝜈_𝜇 𝐵+ → 𝑒+𝜈e 

𝑌𝑑𝑎𝑡𝑎 0 0 

𝜖𝑠𝑖𝑔𝑛𝑎𝑙  0.115%  

(16% unc.) 

0.091%  

(16% unc.) 

𝑁𝑏𝑘𝑔
𝑀𝐶  0.33−0.08

+0.10 0.11−0.06
+0.08 

𝐵𝑅 𝐵+ → 𝜇+𝜈𝜇 < 2.5 × 10−6 (90% 𝐶. 𝐿. ) 

𝐵𝑅 𝐵+ → 𝑒+𝜈𝑒 < 3.5 × 10−6 (90% 𝐶. 𝐿. ) 

Upper limits calculated based on a 

frequentist approch,  

Feldman & Cousins method. 
(G. J. Feldman and R. D. Cousins, PRD 57, 3878 (1998).) 



Summary 

• With 772M 𝐵𝐵  events and hadronic tagging method, we search for the 

purely leptonic rare 𝐵 meson decays, 𝐵+ → 𝑒+𝜈𝑒 and 𝐵+ → 𝜇+𝜈𝜇. 

 

• We obtain the most stringent “hadronic tagging method using” 

constraint, improved by a factor of  two. 

 

• The low background study demonstrated shows a promise of  hadronic 

tagging method as a powerful probe for testing the SM and searching 

for the New Physics. 

 

• The paper draft to be submitted soon with the final results. 
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BACK UP 
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Untagged study vs. Hadronic Tag. 
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Had. Tagging Hierarchy 
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Variables used in the NN training 
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𝜖𝑡𝑎𝑔 calibration 

Feb. 14th, 2014 KIAS-NCTS Joint Workshop, High-1 2014 30 

(# event in within ln 𝑁𝐵𝑜𝑢𝑡  cut.) 

The correlation factor can be expressed as a function of 

𝑁𝐵𝑜𝑢𝑡. This is done for each tagged decay structure. 

<with these definitions> 

𝑪 𝒙 =
𝑵𝑫𝑨𝑻𝑨

𝑵𝑴𝑪
 

for each signal mode 

with D0pi tagged 

ln 𝑁𝐵𝑜𝑢𝑡  

distribution 

The final 𝒄 𝒙  for D0pi tag 

overall MM2 distribution of the specified signal 



𝑜𝑁𝐵 in terms of  Efficiency and Purity 
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Pre-selection of  high mmt tracks 

• Pre-selection condition. 

• Actually for the file size management. 
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dr distribution 
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Muon mode. Nearly identical distribution for the 
electron mode. 



dz distribution 
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Muon mode. Nearly identical distribution for the 
electron mode. 



Magnified 

Electron mode 𝑝ℓ
𝐵 distribution 
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Signal enhanced plot for 
the electron mode. 

Fitted distribution. 



Background PDF’s for e-mode 
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𝐵+ → 𝜋+𝐾0 

𝐵+ → 𝐷 ∗0ℓ+𝜈ℓ 

𝐵+ → 𝐷 0ℓ+𝜈ℓ 

Other 𝑏 → 𝑐 

Other 𝑏 → 𝑠, 𝑑 

or leptonic 

𝐵+ → ℓ+𝜈ℓ𝛾 

Other 𝑏 → 𝑢ℓ𝜈 

𝐵+ → 𝜋0ℓ+𝜈ℓ 



Sideband comparison: e-mode 
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Control sample study: Kpi + K(3pi) mode 



𝑁𝑏𝑘𝑔
𝑀𝐶  

• Calculated as 

 

 

 where S/S stands for the rate of  events in 

the signal region to the events in the sideband 

region. 
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𝑁𝑏𝑘𝑔
𝑀𝐶  presented in this talk 

• Based on less categorization of  BG. 

• The uncertainty calculation. 

• Varied the fit parameters by 1𝜎 and summed the 

effects. 

• The amount of  PDG value varied for the well 

measured modes. 

• Conservative PDG uncertainty assumption for the 

rest. (+200% -50%, +/- 50% for lnugamma BG). 
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The uncertainty in S/S of  𝑁𝑏𝑘𝑔
𝑀𝐶  
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𝐵 → 𝑒𝜈 𝐵 → 𝜇𝜈 



The uncertainty in 𝑁𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑 of  𝑁𝑏𝑘𝑔
𝑀𝐶  
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𝐵 → 𝑒𝜈 𝐵 → 𝜇𝜈 



E-id / Mu-id 

• E-id: Likelihood function of 

• Cluster Energy in the ECL 

• Track mmt in the CDC/SVD 

• dE/dx in the CDC 

• Position/shower shape of  the cluster in the ECL 

• Response from the ACC 

• Mu-id: hit position/depth penetrated at the KLM 
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