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The Belle Detector

located at the asymmetric e+e−

collider KEKB (Japan)

designed for time-dependent
CPV

works well as 4π multi-purpose
detector

data taking until 2010

upgrade to Belle II at
SuperKEKB (2015 / 2016)
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The Belle Dataset
world’s largest integrated luminosity (≈ 1ab−1)
Υ(4S) dataset (bb̄) with ≈ 772 million BB̄ pairs
clean environment
simple two-body decays⇒ strong kinematic constraints
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B− → pp̄`−ν̄`

basic idea: measurement of
|Vub| of the CKM matrix

previous efforts center around
B →M`ν (M is a charmless
meson)

no observation of semileptonic
charmless baryon anti-baryon
B decay

existing upper limit:
B(B− → pp̄e−ν̄e) < 5.2×10−3

(CLEO)
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Motivation

previously: SM estimation1 O(10−5 − 10−6)
2011: theoretical paper2 predicted
B(B− → pp̄`−ν̄`) = (1.04± 0.38)× 10−4

in reach of Belle dataset

support: enable many similar channels in the |Vub| measurement

falsify: could enhance theoretical understanding of baryonic B
decays

1 W.-S. Hou and A. Soni, PRL 86, 4247 (2001)
2 C.Q. Geng and Y.K. Hsiao, Phys. Lett. B 704, 495 (2011)
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Reconstruction

Problem: low signal expectancy, invisible neutrinos
Solution: full reconstruction tagging

tag side signal side
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M2
miss = [p(Beam)− (p(Btag) + p(visible))]2
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Fit Model

one dimension: M2
miss

two datasets: pp̄e and pp̄µ

extended unbinned maximum likelihood fit

signal: three Gaussian functions, fixed shape

background: second order Chebyshev polynomial, floating shape
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Results
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signal significance: 3.19σ

Mode B(10−6) U.L. (10−6)
B− → pp̄e−ν̄e 8.22+3.74

−3.20 ± 0.55 13.8

B− → pp̄µ−ν̄µ 3.13+3.10
−2.40 ± 0.71 8.5

Combined Fit 5.78+2.42
−2.13 ± 0.86 9.6
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Measurement of B− → τ ν̄τ

Γ(B+ → `+ν`) =
G2
FmBm

2
`

8π

(
1− m2

`

m2
B

)2

f2B|Vub|2

helicity-suppressed:
Γ(B+ → e+νe)� Γ(B+ → µ+νµ)�
Γ(B+ → τ+ντ )

very clean place to measure fB (or Vub?)
and/or search for new physics (e.g. H+, LQ)

charged boson may take the role of the W
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Charged Higgs Contributions

e.g. H+ of 2-Higgs doublet model (type II)3:

B(B+ → τ+ντ ) = BSM(B+ → τ+ντ )× rH

rH =
[
1− (m2

B/m
2
H) tan2 β

]2
Tension with a CKM fit prediction

Discrepancy by 2.8σ.
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Compare measured B(B→τν) with a SM prediction 
obtained from a CKM global fit.

Hint of new physics...?

7

discrepancy
by 2.8!

3 W.S. Hou, PRD 48, 2342 (1993)
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Reconstruction

Methods for analyzing B→τν

Two independent tags are used.

• Hadronic tag: tag B in hadoronic decays B→D(*)!, etc.

• Semileptonic tag: tag B in semileptonic decays B→D(*)lν.

Exploit that a B meson pair is generated by e+e!→Υ(4S)→BB
for “seeing” multiple neutrinos.

D(*)

K
"

"’s

B

, etc.

Υ(4S)
τ

ν’s μ, e, ", etc.

ν

B

Tag Signal

(l = e or μ)

5

2-3 neutrinos in the final state
full reconstruction tagging (hadronic)

Belle, increased tagged events

• Improved hadronic tag:

• Add decay modes (B→D!!!, etc.) which have several final-state particles.

• Use NeuroBayes package for a better separation with backgrounds.

NIMA 654, 432 (2011)
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Purity also improved.

(reprocessed) " 1.8 (data increase)

3.0 times larger tagged events in total

(Efficiency slightly larger if signal side is B→τν.)
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Signal Extraction

Signal τ modes: τ+ → e+νeντ , µ
+νµντ , π

+ντ , ρ
+ντ

2D fitting to EECL & M2
miss

- improve sensitivity by ∼ 20%
- more robust against peaking backgrounds in EECL

Improvement for signal extraction

signal

background

Previous analyses
(including BaBar) used 
single variable EECL

for signal extraction.

EECL: extra energy detected at ECL
after removing all detected particles
(“detected” energy of neutrinos).

This analysis uses two 
variables EECL and Mmiss2 
for the signal extraction.

Mmiss2: missing mass squared in an event
(mass squared for neutrinos).
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Results

Simultaneous fit to different τ decay modes
Figures below shown for the sum of different τ decay modes
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Belle, signal extraction

• Signal yield: 62 +23!22 (stat) ±6 (syst).

• B(B→τν) = [0.72 +0.27!0.25 (stat) ±0.11 (syst)] ! 10!4.

(Projection for EECL < 0.2 GeV)

signal
background

Significance: 3.0σ
(including syst)

(Projection for all Mmiss2 region.)
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Simultaneous fit to different τ decay samples.
Figures shown for the sum of different τ decays.

arXiv:1208.4678

13

Signal yield: 62+23
−22 ± 6 significance = 3.0σ incl. systematic error

B(B+ → τ+ντ ) =
(
0.72+0.27

−0.25 ± 0.11
)
× 10−4 arXiv:1208.4678, to appear in PRL
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Results
consistency over all τ decay modes
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Sub-mode Nsig (10−4) B (10−4)
τ− → e− ν̄eντ 16+11

−9 3.0 0.68+0.49
−0.41

τ− → µ− ν̄µντ 26+15
−14 3.1 1.06+0.63

−0.58

τ− → π−ντ 8+10
−8 1.8 0.57+0.70

−0.59

τ− → π−π0ντ 14+19
−16 3.4 0.52+0.72

−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25
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Search for Heavy Neutrinos

SM neutrinos strictly massless

oscillations observed⇒ nonzero masses

right-handed, heavy neutrinos introduced in BSM models (SUSY,
GUT, νMSM)

B → heavy neutral lepton

Mass generation in SM: coupling of the Higgs boson
to left and right components of the particle
No right-handed neutrino in SM → neutrinos should be massless
Neutrino oscillation show that neutrinos do have a mass
⇒ sterile right-handed neutrinos?
Heavy neutral leptons appear in many models beyond SM(SUSY, νMSM, GUT)

No strong interaction (lepton)
No weak interaction (right handed)
No electromagnetic interaction (neutral)
Only way to interact: mixing with left-handed neutrinos

Oksana Brovchenko Rare and forbidden decays at Belle 06.07.2012 17/21

B → heavy neutral lepton

Mass generation in SM: coupling of the Higgs boson
to left and right components of the particle
No right-handed neutrino in SM → neutrinos should be massless
Neutrino oscillation show that neutrinos do have a mass
⇒ sterile right-handed neutrinos?
Heavy neutral leptons appear in many models beyond SM(SUSY, νMSM, GUT)

No strong interaction (lepton)
No weak interaction (right handed)
No electromagnetic interaction (neutral)
Only way to interact: mixing with left-handed neutrinos

Oksana Brovchenko Rare and forbidden decays at Belle 06.07.2012 17/21

B

D(*), etc.

νh

search in B → X`+2 νh with νh → l±1 π
∓

νh interacts only via mixing with νL
long flight distance O(20 m)⇒ low efficiency
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Selection
separately for large and small M(νh)

* “small” M(νh) < 2.0 GeV/c2: X = D, D∗ only
D(∗) is identified by “missing mass”: M2

X ≡ (ECM − E`1`2π)2 − P 2
`1`2π

− P 2
B

* “large” M(νh) ≥ 2.0 GeV/c2: X = D(∗), light meson, “nothing”
W
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W
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FIG. 1. Heavy neutrino production (top) and

decay (bottom) diagrams.
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FIG. 2. Recoil mass MX for B → D!νh

and B → D∗!νh decays, shown as dashed and

solid histograms, respectively, and generic MC,

shown as dotted histogram, for different heavy

neutrino masses.
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background suppression:
* QED: N(track) ≥ 5
* “V ” decays from K0

S , γ,Λ: strict lepton ID and kinematic cuts
* long flight distance of νh is exploited by vertex distance cuts
* overall background reduction O(106) with 3− 10% signal efficiency
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Results

mode MC expected Data
eeπ 1.7± 0.7 6± 2.4
µµπ 2.3± 0.9 2± 1.4
eµπ + µeπ 4.0± 1.2 3± 1.7

MC Data(based on 3 “streams”)

+
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+
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+
2
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Upper Limits
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upper limits on νh − ν` mixing (|U`|2) are obtained, in the range
0.5 < M(νh) < 5 GeV/c2.
maximum sensitivity is reached at M(νh) ∼ 2 GeV/c2.

upper limit for product branching fraction (for M(νh) = 2 GeV/c2):

B(B → `2νh(X))× B(νh → `1π) < 7.5× 10−7 for ` = e, µ
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Summary

B− → pp̄`−ν̄`

first evidence

upper limits clearly contradictory to prediction

B+ → τ+ντ

first evidence

closer to SM

heavy neutrino search

UL only

B factories

nice flavor physics going on at the LHC, but B-factories still matter

plenty of interesting stuff for Belle II
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