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poorlypoorly knownknown: : multiplemultiple νννννννν’’s s inin finalfinal statesstates ⇒⇒⇒⇒⇒⇒⇒⇒ experimentalyexperimentaly difficultdifficult !!



ExperimentalExperimental TechniquesTechniques
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BBtagtag
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νννννννν

KK

Two ways of Btag reconstruction:

� Select Bsig candiate and check whether

remaining particles consistent with B decay

(„inclusive” Btag reconstruction)

� Reconstruct Btag (in exclusive mode)                    

and check whether remaining particles

consistent with Bsig („exclusive” Btag reconstruction)

Btag reconstruction:

� BB event

� which particles belong to Bsig

� kinematical constraints on Bsig

tagsig pp
rr

−=

signature:         signature:         

K + K + invisibleinvisible

rreconstrueconstrucctt

BBtagtag

atat BB--factoriesfactories::

ee++ee-- →ϒ→ϒ→ϒ→ϒ→ϒ→ϒ→ϒ→ϒ(4S) (4S) →→→→→→→→BBBB

B decay with missing energy

e.g.   B+→→→→K+νννννννν
BBsigsig



KEKB / BelleKEKB / KEKB / BelleBelle

BB++
tagtag →→→→→→→→DD00((→→→→→→→→ KK++ ππππππππ-- ππππππππ++ ππππππππ--))ππππππππ++

BB--
sigsig →→→→→→→→ τ τ τ τ τ τ τ τ –– ((→→→→→→→→ee--νννννννννννννννν))ννννννννττττττττ

8 8 GeVGeV ee-- ×××××××× 3.5 3.5 GeVGeV ee++

Lpeak = 1.71××××1034

Integ. Lum. ~700 fb-1

ppmismis

Belle detector: multi-purpose, large-solid-angle magnetic spectrometer



DAMADAMA
CDMSCDMS

ExpectedExpected BFBF’’ss inin thethe SM:SM:

BB→→→→→→→→hh(*)(*)νννννννννννννννν
FlavorFlavor ChangingChanging NeutralNeutral CurrentCurrent processprocess:        :        

ZZ--mediatedmediated electroweakelectroweak penguinpenguin +  +  boxbox diagramsdiagrams
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SensistiveSensistive to to New New PhysicsPhysics

inin loopsloops, , e.ge.g.:.:

b

h

s,d
q~

otherother weaklyweakly coupledcoupled

particlesparticles::

possible window to light dark matter, 

not accessible in direct searches

e.g. C. Bird et al., PRL 93, 201803 (2004)
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BB→→→→→→→→hh(*)(*)νννννννννννννννν -- methodmethod

hh(*)(*) == KK*+*+,K,K*0*0,K,K++,K,K00, , ρρρρρρρρ++,,ρρρρρρρρ00,,ππππππππ++,,ππππππππ00,,ϕϕϕϕϕϕϕϕ

∆E = ΣEi - Ebeam

Mbc = √√√√E2
beam-(Σpi)

2
ϒϒϒϒ(4S) νννννννν

ννννννννBBtagtag hh(*)(*)

B±±±± candidates

788K B ±±±±788K B ±±±±

+++++ → (*)

s1

(*)0 /D/a/ρπDB

++++−→ (*)

s1

(*)0 /D/a/ρπDB

hh(*)(*) + + nothingnothing

Reconstruct Btag in hadronic mode:

ssignalignal signaturesignature::

Mbc[GeV/c
2]

EECL: residual energy in

calorimeter

for signal: EECL ≈≈≈≈ 0

EEECLECL: residual energy in

calorimeter

for for signalsignal: : EEECLECL ≈≈≈≈≈≈≈≈ 00

535 535 MMBBBB

MMCC

background suppression: 1.6 < p1.6 < phh(*)(*) < 2.5 < 2.5 GeV/cGeV/c

reject 2-body (eg. B→K*γ)suppress b→c



BB→→→→→→→→hh(*)(*)νννννννννννννννν -- resultsresults

535 535 MMBBBB

hep-ex/0707.0138 

submitted to PRL

1.6 < p* < 2.5 GeV/c

Nb = 20.0 ±±±± 4.0 Nobs = 10

BBFF(B(B++ →→→→→→→→ KK++νννννννννννννννν) < 1.4x10) < 1.4x10--55 @90% CL@90% CL

K+ momentum

signal

SM BF ×××× 20

Theoretical predictions:                                  

C. Bird et al., PRL 93, 201803 (2004)



BB→→→→→→→→hh(*)(*)νννννννννννννννν -- resultsresults

535 535 MMBBBB

ννπ→ ++
B

νν→ 0*0
KB

νν→ ++
KB

νν→ 00

SKB

ννρ→ ++
B

ννρ→ 00
B

ννπ→ 00B νϕν→0
B

νν→ ++ *
KB

hep-ex/0707.0138 

submitted to PRL

< 3.4x10-4

< 1.4x10-4

< 1.4x10-5

< 1.6x10-4

< 1.7x10-4

< 2.2x10-4

< 4.4x10-4

< 1.5x10-4

< 5.8x10-5

UL @ 90%CL

first
measurements



BB→τν→τν→τν→τν→τν→τν→τν→τνττττττττ
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purelypurely leptonicleptonic B B decaydecay: : 

WW--mediatedmediated annihilationannihilation

theoreticallytheoretically veryvery cleanclean,, SM BF:SM BF:

BubBm
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mG
VfmlBBF

B

lBF τ−=ν→ π
2222

8
||)1()( 2
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B B decaydecay constantconstant410)40.059.1()( −
τ

++ ×±=ντ→BBF

fB=0.216±0.022 GeV from LQCD HPQCD Collab., PRL 95, 212001 (2005)

SensistiveSensistive to to 

ChargedCharged HiggsHiggs

mmbbtantanββββββββ++mmcccotcotββββββββ mmττττττττtantanββββββββ

DecayDecay amplitudeamplitude ∝∝∝∝∝∝∝∝ mmbb mmττττττττ tantan22ββββββββ
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HH±±±±±±±± effects to branching fractioneffects to branching fraction: : 

HSM rBBFBBF ×ντ→=ντ→ τ
++

τ
++ )()(

providingproviding ffBB is knownis known

W. S. Hou, PR D 48, 2342 (1993)



81% of all modes

449 449 MMBBBB

PRL 97, 251802 

(2006)

BB→τν→τν→τν→τν→τν→τν→τν→τνττττττττ -- analysisanalysis

ϒϒϒϒ(4S) ννννννννττττττττ

ννννννννll

BBtagtag h/h/llννννννννττττττττ

hh = = ρρρρρρρρ±±±±±±±±,,ππππππππ±±±±±±±±,,(3(3ππππππππ))±±±±±±±±, , ll = e= e±±±±±±±±, , µµµµµµµµ±±±±±±±±

visible products of τ decay

validate EECL simulation using

B→→→→D*0lνννν control sample

signalsignal backgroundbackground

FIRST FIRST 

EVIDENCEEVIDENCE

5.3
4.717.2+

−
Find signal events from a fit 

to a sample of 54 events.
4.6σ stat. significance ⇒ 3.5σ (syst. included)



449 449 MMBBBB

PRL 97, 251802 

(2006)

BB→τν→τν→τν→τν→τν→τν→τν→τνττττττττ -- resultsresults

Constraint on Charged Higgs (2HDM II)Constraint on Charged Higgs (2HDM II)

excluded
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BB→→→→→→→→DD(*)(*)τντντντντντντντνττττττττ

W±±±± τ
ντ

b c

H±±±± τ
ντ

b c

mmbbtantanββββββββ++mmcccotcotββββββββ

⊕⊕⊕⊕⊕⊕⊕⊕
mmττττττττtantanββββββββ

Theoretical tool: 

Heavy Quark Effective 

Theory (HQET)

� Sensitive to extended Higgs sector

� New Physics at tree level

� Sensitive observables  

e.g. τ polarization; possible O(1 ) effectsExpected SM BF’s~O(10-2)

inclusive BF(b→cτντ) = (2.48 ±0.26)%  from LEP PDG 2007

Y.Okada: CP violation & CKM; plenary talk at ICHEP06

H-b-u vertex measured in B →τντ

H-b-c vertex measured in  B →Dτντ
H-b-t vertex  measured in direct production by LHC.



BB00→→→→→→→→DD**--ττττττττ++ννννννννττττττττ -- methodmethod

Signal sub-decay modes: 

D*- →D0ππππ-

ττττ → eνννννννν,D0 → K+ππππ-

ττττ → eνννννννν,D0 → K+ππππ-ππππ0

ττττ → πνπνπνπν,  D0 → K+ππππ-

ϒϒϒϒ(4S)

νννννννννννννννν

rreconstrueconstrucctt BBtagtag

inclusivelyinclusively

BBtagtag

clean signature

DD**-- ee++ + + ppmismis

τ→µνν not used;                  
(µ-ID inefficient for soft leptons)

Signal MC

Control sample : 

B0
sig → D*- ππππ+

ΣQ = 0, 
no extra leptons, 

Σ Npp= 0

-0.25 GeV<∆Etag<0.05 GeV

ννννννννττττττττ

ee

DD**

ττττττττ ∆Etag = ΣEi - Ebeam

Mtag = √√√√E2
beam-(Σpi)

2

apply all the tag-side

selection criteria

verify Btag

reconstruction

MC

Data



XXmismis>2>2..7575

Xmis≡(Emis – |pD* + pe/π|)/|pB|

missing mass:   MM
2 ≡ (Emis)2 – (psig – pD* – pe/π)

2

virtual W mass: MW
2 ≡ (Eb – ED*)2 – (psig – pD*)

2

signal

ττττ → πνπνπνπν
(2ν)

combinatorialcombinatorial backgroundbackground fromfrom hadronichadronic B B decaysdecays dominatesdominates

EEvisvis < 8< 8..3 3 GeVGeV,     ,     XXmismis > > 1.1.55

MMWW
22 –– MMMM

22 –– MMττττττττ
22 + M+ Mππππππππ

22 > 0> 0 (exact kinematical constraint)

energy of π Eππππ > 0.6 GeV
No KL in the event (suppress B→D(*)KL+X)

Number of tracks with bad impact parameter Nbad < 4 (suppress B→D*nn+X)

Xmis

−

−

BB00→→→→→→→→DD**--ττττττττ++ννννννννττττττττ -- analysisanalysis

signal

EEvisvis
XXmmisisMC MC

other B dec.

continuum

D*e ν
D**e ν

signal

backgroundbackground suppressionsuppressionττττ → eνννννννν
(3ν)

MC

exploitexploit signalsignal--sideside variablesvariables:: visible energy:EEvisvis<8<8..3 3 GeVGeV

Emis≡Ebeam-ED*-Ee: 11..9<E9<Emismis<2<2..6 6 GeVGeV



BB00→→→→→→→→DD**--ττττττττ++ννννννννττττττττ -- analysisanalysis

hep-ex/0707.0138 

submitted to PRL

535 535 MMBBBB

MCMC

before after cuts

other B decays

continuum

D*e ν
D**e ν

signal
clearclear signalsignal

peakpeak expectedexpected

ττττ → eνννννννν

AND OBSERVED IN DATAAND OBSERVED IN DATA

DATA

Expected bckground

(MC scaled to data luminosity)

ττττ → eνννννννν ττττ → πνπνπνπν



BB00→→→→→→→→DD**--ττττττττ++ννννννννττττττττ -- resultsresults

hep-ex/0707.0138 

submitted to PRL

535 535 MMBBBBSIGNAL YIELDSIGNAL YIELD

from a combined maximum likelihood fit (with a single BF) to 3 Mtag distributions

Ns= 60+12
-11 6.7σσσσ (5.2σσσσ with syst.)

combined data FIRST OBSERVATIONFIRST OBSERVATION

20.40
0.37 102.02 −+

−τ
+− ×±=ντ→ ))(37.0)(()( *0

syststatDBBF

combinatorial

background
peaking

background

(D*-eν)

CROSSCROSS--CHECKSCHECKS

� seaparate fits to sub-channels

� check look-back plots

� signal yield from signal-side
varibales

2

bckgr.

DATA

signal
MC

Mmis
2

cosθν1ν2

τ→τ→τ→τ→eνννννννν, D→→→→Kππππ 2.44 -0.65%
+0.74

τ→τ→τ→τ→eνννννννν, D→→→→Kππππππππ0 1.69 -0.74%
+0.84

τ→πντ→πντ→πντ→πν, D→→→→Kππππ 2.02 -0.61%
+0.68

τ→τ→τ→τ→eνννννννν, 1.83 ±0.43% 

combined 1.90 ±0.35% 

τ→πντ→πντ→πντ→πν,      1.96 ±0.41%

τ→πντ→πντ→πντ→πν, 2.05 ±0.56%

combined 2.02 -0.37 ±0.37%
+0.40

Mtag

Mmis
2

channel BF     fit variableSM



SUMMARYSUMMARY

Reach program of B→Emis studies is being pursued in Belle

� BB→→→→→→→→hh(*)(*)νννννννννννννννν

• new measurements for 6 modes (K*+νν, KSνν,π0νν, ρ0νν, ρ+νν, ϕνν)

• improved upper limits for K+νν and K*0νν modes

• upper limit  at 90% CL for K+νν mode ≈ 3×BFSM

� BB→τν→τν→τν→τν→τν→τν→τν→τν

• first evidence (3.5σ) of purely leptonic B decay

• constraints on H± competitive with direct searches

� BB→→→→→→→→DD**τντντντντντντντν

• first observation (5.2σ) of exclusive B decay with b→cτντ transition in

the B0→D*-τντ mode

LookingLooking forwardforward to Super to Super BB--factoryfactory
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BelleBelle ExperimentExperiment

1.3 million B B pairs / day

Total ~770 × 106 B B pairs

_

_



B B →→→→→→→→ hh(*)(*)νννννννννννννννν: : SystematicSystematic UncertaintiesUncertainties

Associated with the normalization (siganl efficiency and N(BB)) in %

Associated to BG signal-to-sideband ratio



Prospects for H±±±± sensitivityProspectsProspects forfor HH±±±±±±±± sensitivitysensitivity

50ab-1
50ab-1

5ab-1

B ���� D−−−− τ τ τ τ ++++νννν B ���� τ τ τ τ ++++νννν
Super B FactorySuper B Factory



BB→τν→τν→τν→τν→τν→τν→τν→τνττττττττ -- ssignalignal sselectionelection

� ττττ lepton is identified in the 5 decay modes

All the selection criteria have been optimized to achieve 

the highest sensitivity

81% of all ττττ decay modes

Total efficiency with ττττ decay branching fraction : 15.81 ±0.05%



BB++→τ→τ→τ→τ→τ→τ→τ→τ++ννννννννττττττττ : : FitsFits to to individualindividual modesmodes



BB→τν→τν→τν→τν→τν→τν→τν→τνττττττττ -- ssystematicystematic uuncertaintyncertainty

� Signal selection efficiencies

� Tag reconstruction efficiency : 10.5% 

Difference of yields between data and MC in the BB--�� DD*0*0ll-ν control 
sample

� Number of BB : 1%

� Signal yield : 

signal shape ambiguity estimated by varying the signal PDF parameters 

BG shape : changing PDF

� Total systematic uncertainty

+22.5%       
- 25.7%

+25.5%       
- 28.4%



Total uncertainty of branching fraction: 18.5 %

1.2 +1.6
−1.5(*) peaking bg

(*)

5.0 +2.6
−2.2 −1.0 +3.6

−3.2

± 0.64 %--Br(τ→πν)

-± 0.28 %± 0.28 %Br(τ→eνν)

-± 3.55 %-Br(D→Kππ0)

± 1.84 %-± 1.84 %Br(D→Kπ)

± 0.74 %Br(D*→Dπ)

± 15.4 %± 5.0 %εsel

± 10.9 %εBtag

± 8.1 %± 10.7 %± 7.9 %εD*e/π

± 1.3 %NBB

(+ 8.2, - 4.4) %Peaking BG

(+4.0, -8.7) %(+2.7, - 2.6) %(+3.1, -4.4) %Argus param.

± 2.8 %CB param.

τ→πν, D→Kπτ→eνν, D→Kππ0τ→eνν, D→KπSource

BB0 0 →→→→→→→→ DD**-- ττττττττ++ννννννννττττττττ SystematicSystematic errorserrors



Checks: Mtag fit projectionsChecks: Checks: MMtagtag fit fit projectionsprojections

ττττ(eνννννννν),),),), D(K++++ππππ−−−−) ττττ(πνπνπνπν),),),), D(K++++ππππ−−−−)ττττ(eνννννννν),),),), D(K++++ππππ−−−−ππππ0000)



Checks: Look-back plotsChecks: Look-back plots

signal

other D*τν
modes

data

background

Distribution of a variable in signal-box (“N-1” cuts)



BF(B- → D0 τν)  = (0.63±0.38±0.10±0.06)%,

BF(B- → D*0τν) = (2.35±0.49±0.22±0.18)%, 

BF(B0 → D- τν)  = (1.03±0.35±0.14±0.10)%, 

BF(B- → D*-τν)  = (1.15±0.53±0.04±0.04)% 

Combined B- and B0 :

BF(B → D τν)  = (0.90±0.26±0.11±0.06)%  (3.5σ),

BF(B- → D*τν) = (1.81±0.33±0.11±0.06)% (6.2σ)

BB→→→→→→→→DD(*)(*)τντντντντντντντνττττττττ -- BaBarBaBar preliminarypreliminary
hep-ex/0707.2758


