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Belle experiment

Pro
ess σ, nbe+e− → e+e−(γ) 123.515o ≤ θ ≤ 165oe+e− → µ+µ−(γ) 1.005e+e− → qq (q = u, d, s, 
) 3.39e+e− → bb 1.05e+e− → e+e−ff 72.6
(f = u,d, s, 
, e, µ, τ)e+e− → τ+τ−(γ) 0.919

Ee− = 8 GeV, Ee+ = 3.5 GeVPeak luminosity:L = 2.11× 1034 
m−2s−1Integrated luminosity:
R Ldt ≃ 1 ab−1, Nττ ≃ 109B-fa
tory is also τ -fa
tory4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 2/26



Lepton-�avor-violating (LFV) τ de
ays
τ

ν

γ
W

µ (e)τ νµ(e)

Model B(τ → µγ) B(τ → ℓℓℓ)mSUGRA+seesaw 10−8 10−9SUSY+SO(10) 10−8 10−10SM+seesaw 10−9 10−10Non-universal Z' 10−9 10−8SUSY+Higgs 10−10 10−8Probabililty of LFV de
ays of 
harged leptons is extremely smallin the Standard Model (SM), B(τ → ℓν) ∼

(

∆m2
νm2W )2

< 10−54Many models beyond the SM predi
t LFV de
ays with thebran
hing fra
tions up to . 10−8. As a result observation of LFVis a 
lear signature of New Physi
s (NP).
τ lepton is an ex
ellent laboratory to sear
h for the LFV de
aysdue to the enhan
ed 
ouplings to the new parti
les as well aslarge number of LFV de
ay modesStudy of the di�erent τ LFV de
ay modes allows us to testvarious NP models.4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 3/26



Sear
h for τ → ℓhh′, ℓ = e, µ; h, h′ = π±,K±Y. Miyazaki et al. Phys. Lett. B 719 (2013) 346.In total 14 modes were investigated: 8 LFV τ− → ℓ−h+h′− and 6lepton-number-violating τ− → ℓ+h−h′− de
ays.
e− e

τ

τ+

−
+

ντ

µ− K+

π−
Signal side

Tag sideTag one τ by its 1-prong de
ay (B1−prong ≃ 85%), the other τ isrequired to produ
e the LFV �nal stateSuppress ba
kground from: ττ , 
ontinuum qq̄ (q=u,d,s,
), BB̄,two-photon pro
esses, Bhabha, µµ(γ)Blind Analysis. A sear
h for signal events on the (Minv vs. ∆E)plane: Minv ≃ Mτ , ∆E = ELFV − Ebeam ≃ 04 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 4/26



To reje
t ττ , qq̄, Bhabha and µµ(γ) ba
kground:Opening angle between missing momentum ~pmissing and the
harged tra
k on the tag side is required to be0 < 
os θCM(~pmissing,~ptag) < 0.85(0.96) for the τ → µhh′(τ → ehh′).Sele
tion on the thrust (T): (0.90 ÷ 0.92) < T < (0.97 ÷ 0.98)m2missing (m2missing vs. pmissing) sele
tion to redu
e ττ and qq̄ba
kground for ehh′, µππ, µKK (µKπ) modesTo suppress ba
kground from the τ → 3πν events for the
τ → µKπ mode we required M3π > 1.52 GeV/
2
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Results for τ → ℓhh′One event in the signal region was found for τ− → µ+π−π− and
τ− → µ−π+K−, no events for the other 12 modes. For all modes thenumber of observed signal events agrees with the number of expe
tedba
kground events.

4 July 2013 Tau physi
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Results for τ → ℓhh′Mode ε (%) NBG σsyst (%) Nobs s90 UL (10−8)
τ− → µ−π+π− 5.83 0.63 ± 0.23 5.7 0 1.87 2.1
τ− → µ+π−π− 6.55 0.33 ± 0.16 5.6 1 4.01 3.9
τ− → e−π+π− 5.45 0.55 ± 0.23 5.7 0 1.94 2.3
τ− → e+π−π− 6.56 0.37 ± 0.19 5.5 0 2.10 2.0
τ− → µ−K+K− 2.85 0.51 ± 0.19 6.1 0 1.97 4.4
τ− → µ+K−K− 2.98 0.25 ± 0.13 6.2 0 2.21 4.7
τ− → e−K+K− 4.29 0.17 ± 0.10 6.7 0 2.29 3.4
τ− → e+K−K− 4.64 0.06 ± 0.06 6.5 0 2.39 3.3
τ− → µ−π+K− 2.72 0.72 ± 0.28 6.2 1 3.65 8.6
τ− → e−π+K− 3.97 0.18 ± 0.13 6.4 0 2.27 3.7
τ− → µ−K+π− 2.62 0.64 ± 0.23 5.7 0 1.86 4.5
τ− → e−K+π− 4.07 0.55 ± 0.31 6.2 0 1.97 3.1
τ− → µ+K−π− 2.55 0.56 ± 0.21 6.1 0 1.93 4.8
τ− → e+K−π− 4.00 0.46 ± 0.21 6.2 0 2.03 3.2Obtained upper limits at 90% CL: B(τ → ℓhh′) < (2.0÷ 8.6) × 10−84 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 7/26



Results on LFV de
ays of τ
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48 di�erent LFV modes were studied at Belle46 modes were analysed with almost full Belle statisti
s (∼ 1 ab−1)and the world best upper limits were obtained. Full statisti
s study of
τ → µ(e)γ will be 
ompleted soon.4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 8/26



Measurement of the τ -lepton lifetimeOngoing studies of the general properties of τ at Belle:Lifetime of τ -leptonEle
tri
 dipole momentMi
hel parameters in leptoni
 and radiative leptoni
 τ de
ays(ρ, η, ξ, δ, η̄, κ)Anomalous magneti
 moment of τ in radiative leptoni
 de
aysPre
ise measurement of the tau lifetime is ne
essary for the tests oflepton universality.
|

µ
/g

τ
|g

0.9 1

)τν,  K τν π,   τν eν e → τHFAG Average (
 0.0020±0.9998 

)τν,  K τν π → τHFAG Average (
 0.0029±0.9949 

)µν µ →)/(K τν K → τHFAG Fit (
 0.0073±0.9857 

) µν µ → π)/(τν π → τHFAG Fit (
 0.0030±0.9961 

ττ/µτ ×) τν eν e → τHFAG Fit (
 0.0021±1.0008 

)µν µ →)/(W τν τ →LEP EW WG (W 
 0.0130±1.0390 

HFAG-Tau
Summer 2011

|
e

/gτ|g
0.9 1

 ττ/µτ ×) τν µν µ → τHFAG Fit (

 0.0021±1.0027 

)eν e →)/(W τν τ →LEP EW WG (W 

 0.0140±1.0360 

HFAG-Tau
Summer 20112B(W→τντ )

B(W→µνµ)+B(W→eνe) = 1.066± 0.025: 2.6σ deviation from the SMS. S
hael et al. arXiv:1302.3415 [hep-ex℄4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 9/26



Measurement of ττ , methodWe analyse e+e− → τ+τ− → (π+π+π−ν̄τ , π+π−π−ντ ) events.
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τ momentum dire
tion is determined with two-fold ambiguity inCMS, for the analysis we use the average axis.Asymmetri
-energy layout of experiment allows us to determine
τ+τ− produ
tion point in LAB independently from the positionof beam IP.Possibility to test CPT 
onservation measuring τ− and τ+lifetimes separately.4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 10/26



Measurement of ττ , sele
tionsUse the data sample of ∫ Ldt = 711 fb−1 with Nττ = 650× 106Sele
tion 
riteria:Event is separated into two hemispheres in CMS,Thrust>0.9.Ea
h hemisphere 
ontains 3 
harge pions with the ±1net 
harge.There are no additional K0S, Λ, π0 
andidates. Numberof additional photons Nγ < 6 with ETOTγ < 0.7 GeV.P⊥(6π) > 0.5 GeV/
,4 GeV/
2 < Minv(6π) < 10.25 GeV/
2.Pseudomass
qM2h + 2(Ebeam − Eh)(Eh − Ph) < 1.8 GeV/
2,h = (3π)−, (3π+).Cuts on the quality parameters of the vertex �ts andtau axis re
onstru
tion.Minimal distan
e between τ− and τ+ axes in LABdl < 0.02 
m. 82

83

84

85

86

87

88

10
-2

10
-1

1
value of dl cut (cm)

λ τ (
µm

)

86.7

86.8

86.9

87

87.1

87.2

87.3

10
-2

10
-1

1
value of dl cut (cm)

cτ
 (

µm
)1148360 events were sele
ted with ∼2% ba
kground 
ontamination,the main ba
kground 
omes from e+e− → qq̄ (q =u, d, s).4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 11/26



Measurement of ττ , �t of the de
ay length distributionDe
ay length PDF
P(x) = N

Z e−x′/λτ R(x − x′ ; ~P)dx′ + NudsR(x; ~P) + P
b(x),R(x; ~P) = (1 − 2.5x) · exp„

−
(x − P1)22σ2 «

,

σ = P2 + P3|x− P1|1/2
+ P4|x− P1| + P5|x− P1|3/2Free parameters of the �t: λτ , N , ~P = (P1, ...,P5)

λτ - estimator of 
ττ , 
ττ = λτ + ∆
orr, ∆
orr is determinedfrom MC;R(x; ~P) - dete
tor resolution fun
tion;
Nuds - 
ontribution of ba
kground frome+e− → qq̄ (q = u, d, s) (predi
ted by MC)
P
b(x) - PDF for ba
kground from e+e− → qq̄ (q = 
, b) (�xedfrom MC)From the �t of experimental data

λτ = 86.53± 0.16 µm, after applying
∆
orr = 0.46 µm we have:
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Measurement of ττ , preliminary result

285 290 295

ττ (fs)

290.6 ± 1.0 mean PDG

289.0 ± 2.8 ± 4.0 CLEO

289.2 ± 1.7 ± 1.2 OPAL

290.1 ± 1.5 ± 1.1 ALEPH

293.2 ± 2.0 ± 1.5 L3

290.9 ± 1.4 ± 1.0 DELPHI

289.40 ± 0.91 ± 0.90 BaBar (prelim.)

290.17 ± 0.50 ± 0.27 Belle (prelim.)

Systemati
 un
ertaintiesSour
e ∆
τ (µm)SVD alignment 0.070Fit range 0.020ISR and FSR des
ription 0.018Beam energy 0.016Ba
kground 
ontribution 0.010
τ -lepton mass a

ura
y 0.009Total 0.078
ττ = (86.99 ± 0.16(stat.) ± 0.08(syst.)) µm.

ττ = (290.17 ± 0.50(stat.) ± 0.27(syst.)) × 10−15 s.
|ττ+ − ττ− |/τaverage < 7.0 × 10−3 at 90% CL.4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 13/26



Hadroni
 τ de
aysCabibbo-allowed de
ays (B ∼ 
os2 θ
)
B(S = 0) = (61.85± 0.11)% (PDG) Cabibbo-suppressed de
ays (B ∼ sin2 θ
)

B(S = −1) = (2.88 ± 0.05)% (PDG)iM� S = 0S = −1ff

=
GF√2 uντ γ

µ(1−γ5)uτ ·
( 
os θ
 · 〈hadrons(qµ)|ĴS= 0

µ (q2)|0〉sin θ
 · 〈hadrons(qµ)|ĴS=−1
µ (q2)|0〉 )

, q2 ≤ M2
τThe main tasksSear
h for CP violationMeasurement of bran
hing fra
tions with highest possible a

ura
yMeasurement of low-energy hadroni
 spe
tral fun
tionsDetermination of the de
ay me
hanism (what are intermediate mesonsand their 
ontributions)Pre
ise measurement of masses and widths of the intermediate mesonsComparison with hadroni
 formfa
tors from e+e− experiments to 
he
k CVCtheoremMeasurement of Γin
lusive(S = −1) to determine s-quark mass and Vus:

|Vus| =

v

u

u

u

t

RstrangeRnon−strange
|Vud|2 −δRtheory Rstrange = Bstrange/BeRnon−strange = Bnon−strange/Be

δRtheory - SU(3)-breaking 
ontribution4 July 2013 Tau physi
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Study of τ− → K0SX−ντ de
aysData sample of R Ldt = 669 fb−1 with Nττ = 616× 106 was used to studyin
lusive de
ay τ− → K0SX−ντ as well as 6 ex
lusive modes:
π−K0Sντ K−K0Sντ π−K0SK0Sντ

π−K0Sπ0ντ K−K0Sπ0ντ π−K0SK0Sπ0ντAfter the standard ττ presele
tion 
riteria we sele
tevents with parti
ular 
on�guration.Event is separated into two hemispheres inCMS, Thrust>0.9Tag side: 1-prong (e, µ or π/K(n ≥ 0)π0)Signal side:K0S → π+π−:0.485 GeV/
2 < Mππ < 0.511 GeV/
2(±5σ), 2 
m< LK0S < 20 
m,
∆Z1,2 < 2.5 
m
π0 → γγ: −6 < Sγγ(=

mγγ−m
π0

σγγ
) < 5Charged kaon (pion):

PK/π =
LK

Lπ+LK > 0.7(< 0.7)ELABγextra < 0.2 GeV e− e
τ

τ+

−
+

ν

ντ

τ

+

CMS
frame

π− π+

π−
π0

γ
γ

5.29 GeV 5.29 GeV

µ

K 0
S

νµ4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 15/26



Sele
ted events

4 July 2013 Tau physi
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Cal
ulation of bran
hing fra
tionsMode K0SX− π−K0S K−K0S π−K0Sπ0 K−K0Sπ0 π−K0SK0S π−K0SK0Sπ0Ndata 397806 ± 631 157836 ± 541 32701 ± 295 26605 ± 208 8267 ± 109 6684 ± 96 303 ± 33
εdet (%) 9.66 7.09 6.69 2.65 2.19 2.47 0.82NbgNdata (%) 4.20 ± 0.46 8.86 ± 0.05 3.55 ± 0.07 5.60 ± 0.10 2.43 ± 0.10 7.89 ± 0.24 11.6 ± 1.60

` ∆B
B

´syst(%) 2.4 2.5 4.0 3.9 5.2 4.4 8.1The main non-ττ ba
kground 
omes from e+e− → qq̄ (q = u, d, s, 
). To take intoa

ount 
ross-feed ba
kground 6 de
ay modes are analysed simultaneously:Nsigi =
Xj (E−1)ij(Ndataj − Nbgj )For the π−K0Sν, K−K0Sν, π−K0Sπ0ν and K−K0Sπ0ν modes lepton tag is applied andnormalisation to the two-lepton events (τ∓ → e∓νν, τ± → µ±νν) method is used to
al
ulate bran
hing fra
tions:
Bi =

NsigiNsige-µ BeBµ

Be + BµTo in
rease statisti
s for the remaining π−K0SK0Sν and π−K0SK0Sπ0ν modes 1-prong tagand luminosity normalisation method are used:
Bi =

Nsigi2LσττB1−prong4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 17/26



Preliminary result on bran
hing fra
tions
)τν S

0K-π → -τ(Β
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B(τ− → K0SX−ντ ) = (9.14± 0.01± 0.22)× 10−34 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 18/26



Analysis of de
ay me
hanisms (preliminary results)Unfolded invariant mass distributions (all 
ombinations) were obtained for the
τ− → K0Sπ−π0ντ and τ− → K0SK−π0ντ modes.

In the study of visible invariant mass spe
tra for τ− → π−K0SK0Sπ0ντ events
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(b)f1(1285)π−ντ (5.9σ) and K∗−(892)K0Sντ intermediate stru
tures are observed, as wellas indi
ation of the f1(1420)π−ντ (2.7σ) me
hanism is seen.
B(τ− → (f1(1285) → K0SK0Sπ0)π−ντ ) = (0.76± 0.12± 0.07) × 10−5
B(τ− → (K∗− → K0Sπ−)K0Sπ0ντ ) = (1.11± 0.15 ± 0.09) × 10−54 July 2013 Tau physi
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Ongoing studies of hadroni
 τ de
ays at Belle
Spe
tral fun
tion of τ− → π−π−π+π0ντ de
aySpe
tral fun
tion of τ− → π−π0π0ντ de
aySear
h for CP violation in τ− → K−π−π+ντ de
ayBran
hing fra
tions of τ− → π− ≥ 2π0ντBran
hing fra
tions of τ− → h−1 h−2 h+3 ντ , h1,2,3 = π, K

4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 20/26



SummaryBelle 
olle
ted the world largest data sample of ∼ 1 ab−1 (Nττ ≃ 109) in theregion of Υ(4S) resonan
e, whi
h opened a new era in pre
ise studies of τphysi
s.We studied 48 di�erent LFV modes, 46 of them were analysed with almostfull data sample and obtained upper limits on the bran
hing fra
tions are ofthe order of 10−8. Full statisti
s study of τ → µ(e)γ will be 
ompleted soon.With statisti
s of 711 fb−1 τ lifetime and upper limit on the relative lifetimedi�eren
e between τ+ and τ− have been measured using new method:
ττ = (290.17 ± 0.50(stat.) ± 0.27(syst.)) × 10−15 s.

|ττ+ − τ
τ− |/τaverage < 7.0× 10−3 at 90% CL.Our preliminary result on ττ is almost twi
e more pre
ise than the 
urrentworld average value. |ττ+ − τ

τ− |/τaverage has been measured for the �rsttime.Using data sample of R Ldt = 669 fb−1 six τ hadroni
 de
ay modes with K0Shave been investigated. Bran
hing fra
tions for all modes as well as for thein
lusive de
ay τ− → K0SX−ντ have been measured. Unfolded invariantmass spe
tra have been obtained for the τ− → K0Sπ−π0ντ and
τ− → K0SK−π0ντ modes. For the τ− → π−K0SK0Sπ0ντ de
ay f1(1285)π−ντand K∗−(892)K0Sντ me
hanisms have been observed.Lots of ongoing analyses of τ de
ays at Belle, new results are expe
ted soon.4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 21/26



Ba
kup
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KEKB luminosity
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Presele
tion of ττ events2 ≤ Ntrk ≤ 8
|Qtotal| ≤ 2PLAB⊥ max > 0.5 GeV/
Event vertex |R| < 1.0 
m, |Z| < 3.0 
mFor Ntrk = 2:

PN
lustersi=1 ELABi (ECL) < 11 GeV5o < θLABmissing < 175oEre
 =
∑Ntrki=1 | ~Pi|CMS +

∑Nγj=1 | ~Kj|CMS > 3 GeV/
 ORPLAB⊥ max > 1.0 GeV/
If 2 ≤ Ntrk ≤ 4:Etot = Ere
 + |
PNtrki=1 ~PiCMS

+
PNγj=1 ~KjCMS

| <9 GeV/
 OR Maximum opening angle< 175o OR 2 GeV<
PN
lustersi=1 ELABi (ECL) < 10 GeVNbarrel ≥ 2 OR PAll 
lusters ECMS −

Pphotons ECMS
γ < 5.3 GeV4 July 2013 Tau physi
s at Belle D. Epifanov The University of Tokyo 24/26



Parti
le identi�
ation at BelleFor e± a likelihood ratio ID parameter Pe = Le/(Le + Lx) is 
onstru
ted. Le and Lxin
lude information on the spe
i�
 ionization (dE/dx) measurement by the CDC, theratio of the 
luster energy in the ECL to the tra
k momentum, the transverse ECLshower shape and the light yield in the ACC. For the Pe > 0.8 requirement ele
tronidenti�
ation e�
ien
y is 93%.For µ± a likelihood ratio ID parameter Pµ = Lµ/(Lµ + Lπ + LK) is introdu
ed. Lµ,
Lπ and LK are evaluated from the information on the di�eren
e between the range
al
ulated from the momentum of the parti
le and the range measured by KLM, andthe χ2 of the KLM hits with respe
t to the extrapolated tra
k. For the Pµ > 0.8requirement muon identi�
ation e�
ien
y is 88%.To separate pions from kaons we determine the pion L′

π and kaon L′K likelihoods fromACC response, the spe
i�
 ionization (dE/dx) measurement in the CDC and the TOF�ight-time measurement for ea
h tra
k, and form a likelihood ratio
PK/π = L′K/(L′

π + L′K) parameter. For the Pπ/K > 0.7 requirement pionidenti�
ation e�
ien
y is 93%.
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Sele
tion of τ− → K0SX−ντ de
ays
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