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Belle experiment

Proess 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-fatory is also τ -fatory19 September 2013 D. Epifanov, The University of Tokyo 2/50



IntrodutionThe world largest statistis of τ leptons ∼ 2× 109 olleted atBelle opens the new era in preision tests of the SM in τ deays.In the SM harged weak interation is desribed by the exhangeof W± with a pure vetor oupling to only left-handed fermionsproviding �V-A⊗ V-A� Lorentz struture of the e�etivefour-fermion weak interation (maximal parity violation).Deviations from �V-A� an be originated from:CPV in leptoni setor.Salar ontributions from H±Mixing of right-handed and left-handed vetor urrents (WL andWR).
τ− → ℓ−ν̄ℓντ (ℓ = e, µ) deays provide lean laboratory to probeeletroweak ouplings.19 September 2013 D. Epifanov, The University of Tokyo 3/50



General weak four-lepton interation ansatzThe most general, Lorentz invariant four-lepton interation matrixelement:
M =

4G√2 ∑N=S,V,Ti,j=L,R gNij [ūi(l−)ΓNvn(ν̄l)][ūm(ντ )ΓNuj(τ−)

]

,

ΓS = 1, ΓV = γµ, ΓT =
i2√2 (γµγν − γνγµ)Ten oupling onstants gNij :gSRR, gSRL, gSLR, gSLL, gVRR, gVRL, gVLR, gVLL, gTRL, gTLR.The indies i and j label the right- or lefthandedness (R, L) of theharged leptons. For a given i, j and N, the handedness of theneutrinos (n, m) are �xed. Couplings an be omplex, with arbitrarytotal phase → 19 independent parameters.In the SM the only non-zero oupling onstant is gVLL = 1.19 September 2013 D. Epifanov, The University of Tokyo 4/50



τ− → ℓ−ν̄ℓντWithout measuring neutrinos and spin of the outgoing hargedlepton, only four bilinear ombinations of gNij are experimentallyaessible. They are alled Mihel parameters (MP): ρ, η, ξ and δ.They appear in the energy spetrum of the outgoing lepton:dΓ(τ∓)dΩdx =
4G2FMτE4max

(2π)4 qx2 − x20„x(1− x)+
29ρ(4x2− 3x−x20) + ηx0(1− x)

∓
13Pτosθℓξ

qx2 − x20»1− x +
23 δ`4x− 4 +

q1− x20´

–«x = EℓEmax , Emax = Mτ2 (1+
m2

ℓM2
τ
), x0 = mℓEmax ;

θℓ - angle between τ spin and ~pℓ;Pτ - τ polarizationIn the SM: ρ = 34, η = 0, ξ = 1, δ = 34We are sensitive to the η parameter only with τ → µνν deays.19 September 2013 D. Epifanov, The University of Tokyo 5/50



Mihel par. Measured value Experiment SM value
ρ 0.747 ± 0.010 ± 0.006 CLEO-97 3/4(e or µ) 1.5%
η 0.012 ± 0.026 ± 0.004 ALEPH-01 0(e or µ) 2.6%
ξ 1.007 ± 0.040 ± 0.015 CLEO-97 1(e or µ) 4.3%
ξδ 0.745 ± 0.026 ± 0.009 CLEO-97 3/4(e or µ) 3.8%
ξh 0.992 ± 0.007 ± 0.008 ALEPH-01 1(all hadr.) 1.1%
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With ×300 statistis at Belle we an improve the unertainties of MP atleast by one order of magnitude !19 September 2013 D. Epifanov, The University of Tokyo 6/50



Method, spin-spin orrelation in τ+τ−To measure ξ and δ MP we have to know τ spin diretion. E�et of τspin-spin orrelation in e+e− → τ+(~ζ+)τ−(~ζ−) an be used:dσ(~ζ−, ~ζ+)dΩ =
α264E2τ βτ (D0+Dijζ−i ζ+j )D0 = 1+ os2θ +

1
γ2τ sin2 θ

CMS frame

e− e+τ−

τ+

θ

R

R

L

L

Dij =







(1+ 1
γ2τ ) sin2 θ 0 1

γτ
sin 2θ0 −β2τ sin2 θ 01

γτ
sin 2θ 0 1+ os2 θ − 1

γ2τ sin2 θ
τ− and τ+ heliities are 95% anti-orrelated, so if we knowheliity of τ on the tag side we an identify heliity of τ onthe signal side.19 September 2013 D. Epifanov, The University of Tokyo 7/50



τ− → h−ντ , h = π, ρJµ =< h|d̄γµ(V + Aγ5)u|0 >Mihel formalism for the τ− → h−ντ inludes
ξh = − 2Re(∗VA)

|V|2+|A|2 = −hντ ( =1 in SM):dΓ(τ∓ → π∓ν)dΩπ
= C(1± ξπPτ os θπ

)dΓ(τ∓ → ρ∓ν)dm2
ππdΩρdΩ∗

π

= f(~k1,~k2) ± ξρ~Pτ~g(~k1,~k2) = f(~k1,~k2)(1± ξρ~Pτ
~Hρ)

~Hρ = Mτ
2(q,Q)~Q+Q2~K2(p,Q)(q,Q)−Q2(p,q)

~Hρ- polarimeter vetor (indiates ρ spindiretion)
τ± → ρ±(→ π±π0)ν an be used as a spinanalyzer τ−

ντ

W− ρ− π−

π0

p

q

k 1

k2

1

K

2K = k  + k
1Q = k  − k219 September 2013 D. Epifanov, The University of Tokyo 8/50



Method, study of ℓ − ρ and ρ − ρ eventsIt was suggested to use events:
τ∓ → ℓ∓νν vs. τ± → ρ±ν (ℓ = e, µ) to measure MP:
ρ, η, ξρξ, ξρξδ.
τ∓ → ρ∓ν vs. τ± → ρ±ν to measure ξ2ρ .Sign of ξρ was reliably established by ARGUS:H. Albreht et al., Phys. Lett. B 250 (1990) 164.In the ℓ− ρ events τ → ρ(→ ππ0)ν serves as spin-analyzer.
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Method, onstraints on τ diretionIn the ℓ− ρ events the diretion of τ axis is onstrained by ar, whihis determined by measurable angles (mhad
ντ

= 0, 0 < mlep
νν ≤ (Mτ −mlep)):osψ =

2EτEρ −M2
τ −m2

ππ02pτpρ
,
2EτEℓ −M2

τ −m2
ℓ2pτpℓ
< osχ ≤ EτEℓ −Mτmℓpτpℓosα = sin θρ sin θπ os (ϕρ − ϕπ) + os θρ os θπ
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Method, heliity sensitive variable ωM. Davier et. al Phys. Lett. B 306 (1993) 411.Heliity sensitive variable ω is introdued as:
ω =

1
Φ2 − Φ1 Z Φ2

Φ1 (~Hρ± ,~nτ±)dΦ =< (~Hρ± ,~nτ±) >Φτ

τΦ
)>τn,ρH=<(ω
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Spin-spin orrelation manifests itself through momentum-momentumorrelations of �nal lepton and pions.19 September 2013 D. Epifanov, The University of Tokyo 11/50



Theoretial frameworkW. Fetsher, Phys. Rev. D 42 (1990) 1544.
ℓ∓1 − ℓ±2 , ℓ∓ − h±, ℓ = e, µ; h = π, K.K. Tamai, Nul. Phys. B 668 (2003) 385. (KEK Preprint 2003-14,Belle note 471) ℓ∓ − ρ±(→ π±π0) + feasibility study.dσ(~ζ, ~ζ′)dΩ

=
α264E2τ βτ (D0 + Dijζiζ′j )dΓ(τ∓(~ζ∗) → ℓ∓νν)dx∗dΩ∗

ℓ

= κℓ(A(x∗) ∓ ξ~n∗
ℓ
~ζ∗B(x∗)), x∗ = E∗

ℓ /E∗
ℓmaxA(x∗) = A0(x∗) + ρA1(x∗) + ηA2(x∗), B(x∗) = B1(x∗) + δB2(x∗)dΓ(τ±(~ζ′∗) → ρ±ν)dm2

ππdΩ∗
ρdΩ̃π

= κρ(A′ ∓ ξρ
~B′ ~ζ′∗)W(m2

ππ)A′ = 2(q,Q)Q∗0 −Q2q∗0 , ~B′ = Q2~K∗ + 2(q,Q)~Q∗, W = |Fπ(m2
ππ)|2 pρ(m2

ππ)p̃π(m2
ππ)Mτmππdσ(ℓ∓, ρ±)dE∗

ℓdΩ∗
ℓdΩ∗

ρdm2
ππdΩ̃πdΩτ

= κℓκρ
α2βτ64E2τ `D0A′A(E∗

ℓ ) + ξρξℓDijn∗
ℓiB′jB(E∗

ℓ )
´W(m2

ππ)dσ(ℓ∓, ρ±)dpℓdΩℓdpρdΩρdm2
ππdΩ̃π

=

Φ2
Z

Φ1 dσ(ℓ∓, ρ±)dE∗
ℓdΩ∗

ℓdΩ∗
ρdm2

ππdΩ̃πdΩτ

˛

˛

˛

˛

∂(E∗
ℓ , Ω∗

ℓ , Ω∗
ρ, Ωτ )

∂(pℓ, Ωℓ, pρ, Ωρ, Φτ )

˛

˛

˛

˛

dΦτ19 September 2013 D. Epifanov, The University of Tokyo 12/50



Multidimensional unbinned maximum likelihood �t4 Mihel parameters (~Θ = (1, ρ, η, ξρξℓ, ξρξℓδℓ)) are extrated in theunbinned maximum likelihood �t of ℓ− ρ events in the 9D phase spae(~z = (pℓ, os θℓ, φℓ, pρ, os θρ, φρ, mππ, os θ̃π, φ̃π)) in CMS.The PDF for individual k-th event is written in the form:
P(k) =

F(~z(k))

N (~Θ)
, F(~z) =

dσ(ℓ∓ , ρ±)dpℓdΩℓdpρdΩρdm2
ππdΩ̃π

, N (~Θ) =

Z

F(~z)d~zLikelihood funtion for N events:L =
N

Yk=1P(k), L = − lnL = N lnN (~Θ) −
N

Xk=1 lnF (k), F (k) = F(~z(k))

F (k) = A(k)0 Θ0+A(k)1 Θ1+A(k)2 Θ2+A(k)3 Θ3+A(k)4 Θ4 =

4
Xi=0 A(k)i Θi, N (~Θ) =

4
Xi=0 CiΘi

L = N ln(CiΘi) − N
Xk=1 ln(A(k)i Θi)As a result �tted statistis is represented by a set of 5×N values of A(k)i(k = 1÷ N, i = 0÷ 4), whih is alulated only one. Ci (i = 0÷ 4) are alulatedusing MC simulation.19 September 2013 D. Epifanov, The University of Tokyo 13/50



Suppose we have NMC MC events, whih were simulated withpartiular set ~ΘMC. By reweighting eah event we an alulatenormalization for arbitrary set ~Θ:
N (~Θ) ≈

1NMC NMC
Xk=1 w(k), w(k) =

A(k)i ΘiA(k)j ΘMCj = B(k)m Θm, B(k)m =
A(k)mA(k)j ΘMCj

N (~Θ) = CiΘi, Ci =
1NMC NMC

Xk=1 B(k)iThis algorithm an be easily extended to take into aount seletion e�ieny:
F(~z) → F ′(~z) = F(~z)ǫ(~z), N ′(~Θ) =

Z

F(~z)ǫ(~z)d~z
L = Nsel lnN ′(~Θ) −

Nsel
Xk=1 ln(F (k)ǫ(~z)) = Nsel ln(C′iΘi) − Nsel

Xk=1 ln(A(k)i Θi) −
�

�
�

�Z
Z

Z
Z

Nsel
Xk=1 ln ǫ(~z)Ci =

1NMC NselMC
Xk=1 B(k)i19 September 2013 D. Epifanov, The University of Tokyo 14/50



Intermediate resultsMihel parameter formalism was embedded into TAUOLAgenerator.M. Shmidtler IEKP-KA/93-14 1993.About 100M MC events were generated for di�erent tests of the�tting proedure.Belle pion form fator was also embedded into TAUOLA.M. Fujikawa et al. [Belle Collaboration℄, Phys. Rev. D 78 (2008)072006.With high statistis of generated events we heked that spin-spinorrelation of taus is implemented orretly in KKMC/TAUOLA.Integration over Φτ results in only ∼ 1.4 MP sensitivity derease.We on�rmed that even with large Belle statistis we are notsensitive to η MP in τ− → e−ν̄eντ (only τ− → µ−ν̄eντ an beused to extrat η).It was on�rmed that with Belle statistis it is possible tomeasure Mihel parameters in partiular event on�guration
(ℓ∓; ρ±) ℓ = e, µ with the statistial unertainty of O(10−3).19 September 2013 D. Epifanov, The University of Tokyo 15/50



Physial orretionsInitial state radiation (ISR) e+e− → τ+τ−γISRAnalytial approah based on:E. A. Kuraev and V. S. Fadin, �On Radiative Corretions to e+ e-Single Photon Annihilation at High-Energy,� Sov. J. Nul. Phys. 41,466 (1985)KKMC based approah:We generate table of ISR photons and then use it to alulate visibledi�erential ross setion in CMS.Radiative leptoni deays τ− → ℓ−ν̄ℓντγAnalytial approah based on:A. B. Arbuzov, Phys. Lett. B 524 (2002) 99. O(α).A. Arbuzov, A. Czarneki and A. Gaponenko, Phys. Rev. D 65 (2002)113006. O(α2 ln2(mµme )).A. Arbuzov and K. Melnikov, Phys. Rev. D 66 (2002) 093003.
O(α2 ln(mµme )).TAUOLA based approah:M. Jezabek, Comput. Phys. Commum. 70 (1992) 69.A. Czarneki, M. Jezabek and J. H. Kuhn, Nul. Phys. B 351 (1991) 70.

τ− → π−π0ντγAnalytial approah based on:F. Flores-Baez et al, Phys. Rev. Lett. D 74 (2006) 071301(R).A. Flores-Tlalpa et al, Nul. Phys. B (Pro. Suppl.) 169 (2007) 250.PHOTOS based approah19 September 2013 D. Epifanov, The University of Tokyo 16/50



Initial state radiation (ISR), Fadin & Kuraev formalism
e− e+

e−

ν
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dσvis(s)dpℓdΩℓdpρdΩρdm2
ππdΩ̃π

=

ZZ 10 dx1dx2D(x1)D(x2)
dσ(s(1 − x1)(1 − x2))dp′
ℓ
dΩ′

ℓ
dp′ρdΩ′

ρdm2
ππdΩ̃π

˛

˛

˛

˛

∂(p′ℓ, Ω′
ℓ)

∂(pℓ, Ωℓ)

˛

˛

˛

˛

˛

˛

˛

˛

∂(p′ρ, Ω′
ρ)

∂(pρ, Ωρ)

˛

˛

˛

˛D(x) = xβ/2−1h(x) - probability funtion for initial e∓ to emit a γ-quantum jetarrying x1,2 part of e∓ energy Ebeam =
√s/2. β = 2α

π (ln sm2 − 1), h(x) - smoothlimited funtion.
˛

˛

˛

˛

∂(p′i,Ω′i )
∂(pi,Ωi) ˛

˛

˛

˛

(i = ℓ, ρ) - Jaobian of transformation from the τ+τ− rest frame to theBelle CMS.19 September 2013 D. Epifanov, The University of Tokyo 17/50



Radiative leptoni deays
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ℓ

= κℓ(A(x∗) ∓ ξ~n∗
ℓ
~ζ∗B(x∗)), x∗ = E∗

ℓ/E∗
ℓmaxA(x∗) = A0(x∗) + ρA1(x∗) + ηA2(x∗) + Arad(x∗), B(x∗) = B1(x∗) + δB2(x∗) + Brad(x∗)Arad(x∗) = α · a1(x∗) + α

2 ln2„Mτmℓ

«

· a2(x∗) + α
2 ln„Mτmℓ

«

· a3(x∗)Brad(x∗) = α · b1(x∗) + α
2 ln2„Mτmℓ

«

· b2(x∗) + α
2 ln„Mτmℓ

«

· b3(x∗)a1,2,3(x∗), b1,2,3(x∗) - known form fators19 September 2013 D. Epifanov, The University of Tokyo 18/50



τ− → π−π0ντγ
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Detetor e�etsIn our �t proedure the probability density funtion for individual event after allphysial orretions applied is:
Pvis(~z|~Θ) =

Fvis(~z|~Θ)

N (~Θ)
, Fvis(~z|~Θ) =

dσvis(ℓ∓, ρ±)dpℓdΩℓdpρdΩρdm2
ππdΩ̃π

= Avisi (~z)Θi,
N (~Θ) =

Z

Fvis(~z)d~z = Cvisi Θi, Cvisi =

Z Avisi (~z)d~z
~z = (pℓ, os θℓ, φℓ, pρ, os θρ, φρ, mππ, os θ̃π, φ̃π)For the reonstruted values ~̃z:

PvisR (~̃z|~Θ) =
1

Ñ (~Θ)

Z

Fvis(~z|~Θ) · R(~̃z,~z)d~z =
1

Ñ (~Θ)
Ãvisi (~̃z)Θi, Ñ (~Θ) = C̃visi Θi

R(~̃z,~z) inludes:Trak momentum resolution (ℓ∓, π±)
γ energy and angular resolution (π0)E�et of external bremsstrahlung for e− ρ eventsBeam energy spread19 September 2013 D. Epifanov, The University of Tokyo 20/50



Trak momentum resolutionUnertainties for the trak helix parameters (dρ, φ0, κ, dz, tanλ) are taken fromthe Mdst_trk_�t panther table (array error(15)). They are propagated to theunertainties of (px, py, pz) giving ovariane matrix D̂. The resolution funtionfor 1 trak:
R(∆p = ~̃p− ~p) =

1
(2π)3/2qdet(D̂)

e− 12∆pTD̂−1∆pMuon
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Bremsstrahlung for e− ρ eventsBremsstrahlung photon spetrum per unit of length (Ee >> m
αZ1/3 ):dNγdxdEγ

≃ 1X0Eγ
. As a result the probability density funtion to emitbremsstrahlung photon:f(ε, θeletron) = (1− p)δ(ε) + pH(ε− εmin) 1

εln( 1
εmin )

ε =
EγEe , εmin =

EγminEe = 10−4p =
L1− εmin ln( 1

εmin )

, L =
dSVD + dva.hambersin θeletrondSVD + dva.hamber(SVD1) = 1.9%X0dSVD + dva.hamber(SVD2) = 2.7%X019 September 2013 D. Epifanov, The University of Tokyo 22/50



Validation of the �tter with 5M (e∓, ρ±) MC sample
(e+;π−π0)
ρ = 0.7506 ± 0.0010
η = 0 - �xed
ξ = 1.0026 ± 0.0043
ξδ = 0.7544 ± 0.0027
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Validation of the �tter with 5M (e∓, ρ±) MC sampleEletron energy spetra for di�erent ω
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Study of the �tter bias for (e+, ρ−)
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Bakground
(e∓;π±π0)Mode Contribution (%)

(e∓;π±π0) 88
(e∓;π±2π0) 10
(e∓;K±π0)
(e∓;π±π0KL) 2
(e∓;π+π−π±π0)other

(µ∓;π±π0)Mode Contribution (%)
(µ∓;π±π0) 88.0
(µ∓;π±2π0) 8.1
(π∓;π±π0) 1.4
(µ∓;K±π0)
(µ∓;π±π0KL) 2.5otherBakground from the non-ττ events is . 0.1%.To inlude bakground PDF for individual event is written as:

P = (1− λ1 − ...− λk)Psignal + λ1PBG1 + ...+ λkPBGkThe main bakground modes ((e∓;π±2π0), (µ∓;π±2π0), (π∓;π±π0)) areinluded in the �t in the same way as the signal one, writing PDF expliitlyand applying all orretions.The remaining soures are taken into aount using MC-based approah:D. Shmidt, R. Morrison and M. Witherell, Nul. Instr. and Meth. A328 (1993) 547.19 September 2013 D. Epifanov, The University of Tokyo 26/50



Likelihood per event
P(x) = (1−λ3π −λπ)

ε(x)S(x)
R

ε(x)S(x)dx +λ3π
ε(x) R

(1 − επ0 (y))εadd(y)B3π(x, y)dy
R

ε(x)(1 − επ0(y))εadd(y)B3π(x, y)dxdy+

+λπ
επ(x)Bπ(x)

R

επ(x)Bπ(x)dxx = (pℓ, Ωℓ, pρ, Ωρ, m2
ππ, Ω̃π); y = (pπ0 , Ωπ0);S(x) - density of signal (ℓ∓, π±π0) events;B3π(x, y) - density of bakground (ℓ∓, π±2π0) events;Bπ(x) - density of bakground (π∓, π±π0) events;

ε(x) - detetion e�ieny for signal events;
επ0(y) - π0 detetion e�ieny;
εadd(y) - additional e�ieny for (ℓ∓, π±2π0) events;
επ(x) - detetion e�ieny for (π∓, π±π0) events;

P(x) = ε(x)„

(1−λ3π−λπ)
S(x)

R

ε(x)S(x)dx+λ3π
B̃3π(x)

R

ε(x)B̃3π(x)dx+λπ
B̃π(x)

R

ε(x)B̃π(x)dx«B̃3π(x) =

Z

(1 − επ0 (y))εadd(y)B3π(x, y)dy, B̃π(x) =
επ(x)
ε(x) Bπ(x)19 September 2013 D. Epifanov, The University of Tokyo 27/50



τ → π±2π0νD. M. Asner et al. [CLEO℄ Phys. Rev. D 61 (1999) 012002.Jµ = β1jµ1 (ρπ0)S−wave + β2jµ2 (ρ′π0)S−wave + β3jµ3 (ρπ0)D−wave + β4jµ4 (ρ′π0)D−wave+
+β5jµ5 (f2(1270)π)P−wave + β6jµ6 (f0(500)π)P−wave + β7jµ7 (f0(1370)π)P−wavedΓ(τ∓ → π∓2π0ν)dΩ∗3πdm23πdΩ̃ρdm2

ππdΩ̃π

= κ3π(A′ ± ~B′~ζ′
∗
)WA′ = H1 + ξa1H2, ~B′ = ξa1 ~G1 + ~G2, ξa1 = 1W =

pπ(m2
ππ)mππ

pρ(m2
ππ,m23π)m3π

pa1 (m23π)MτH1 = (P, J∗)(q, J)+(P, J)(q, J∗)−(J, J∗)(P, q)H2 = ieµνσδJµJ∗νPσqδGλ1 = Mτ ((q, J)J∗λ + (q, J∗)Jλ − (J, J∗)qλ)Gλ2 = iMτeλµνσJµJ∗νqσ

τ−

ντ

W− − π−

π0

q

k 1

k2

a

k

k3
π0

P 1
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Calulation of B̃3π(x)dσ(~ζ, ~ζ′)dΩ
=

α264E2τ βτ (D0 + Dijζiζ′j )dΓ(τ∓(~ζ∗) → ℓ∓νν)dx∗dΩ∗
ℓ

= κℓ(A(x∗) ∓ ξ~n∗
ℓ
~ζ
∗B(x∗)), x∗ = E∗

ℓ /E∗
ℓmaxA(x∗) = A0(x∗) + ρA1(x∗) + ηA2(x∗), B(x∗) = B1(x∗) + δB2(x∗)dΓ(τ∓ → π∓2π0ν)dΩ∗3πdm23πdΩ̃ρdm2

ππdΩ̃π

= κ3π(H1 + ξa1H2 ± (ξa1 ~G1 + ~G2, ~ζ′∗))W(m2
ππ,m23π)dσ(ℓ∓, π±2π0)dE∗

ℓdΩ∗
ℓdΩ∗3πdm23πdΩ̃ρdm2

ππdΩ̃πdΩτ

= κℓκ3π
α2βτ64E2τ `D0A(E∗

ℓ )(H1 + ξa1H2)+
+B(E∗

ℓ )Dijn∗
ℓi(ξa1G1j + G2j)´W(m2

ππ,m23π)dσ(ℓ∓, π±2π0)dpℓdΩℓdpρdΩρdm2
ππdΩ̃πdpπ0dΩπ0 =

Φ2
Z

Φ1 dσ(ℓ∓, π±2π0)dE∗
ℓdΩ∗

ℓdΩ∗3πdm23πdΩ̃ρdm2
ππdΩ̃πdΩτ

×

×
˛

˛

˛

˛

∂(E∗
ℓ , Ω∗

ℓ )

∂(pℓ, Ωℓ)

˛

˛

˛

˛

·
˛

˛

˛

˛

∂(Ω∗3π, Ωτ )

∂(p3π, Ω3π, Φτ )

˛

˛

˛

˛

·
˛

˛

˛

˛

∂(m23π, Ω̃ρ, p3π, Ω3π)

∂(pρ, Ωρ, pπ0 , Ωπ0 )

˛

˛

˛

˛

dΦτdσobs(ℓ∓, π±2π0)dpℓdΩℓdpρdΩρdm2
ππdΩ̃π

=

Zmissed π0 dσ(ℓ∓, π±2π0)dpℓdΩℓdpρdΩρdm2
ππdΩ̃πdpπ0dΩπ0 dpπ0dΩπ019 September 2013 D. Epifanov, The University of Tokyo 29/50



(π∓, π±π0) events, alulation of B̃π(x)In the (π∓, π±π0) events the diretion of τ axis is determined withtwo-fold ambiguity. dσ(~ζ, ~ζ′)dΩ =
α264E2τ βτ (D0 +Dijζiζ′j)dΓ(τ∓(~ζ∗) → π∓ν)dΩ∗

π

= κπ(1± ξπ~n∗π~ζ∗)dΓ(τ±(~ζ′
∗
) → ρ±ν)dm2

ππdΩ∗
ρdΩ̃π

= κρ(A′ ∓ ξρ
~B′ ~ζ′

∗
)W(m2

ππ)A′ = 2(q,Q)Q∗0−Q2q∗0 , ~B′ = Q2~K∗+2(q,Q)~Q∗, W = |Fπ(m2
ππ)|2 pρ(m2

ππ)p̃π(m2
ππ)Mτmππdσ(π∓ , ρ±)dΩ∗

πdΩ∗
ρdm2

ππdΩ̃πdΩτ

= κπκρ
α2βτ64E2τ `D0A′ − ξρξπDijn∗πiB′j´, ξρξπ = 1dσ(π∓ , ρ±)dpπdΩπdpρdΩρdm2

ππdΩ̃π

=
X

Φ1,Φ2 dσ(π∓ , ρ±)dΩ∗
πdΩ∗

ρdm2
ππdΩ̃πdΩτ

˛

˛

˛

˛

∂(Ω∗
π ,Ω∗

ρ, Ωτ )

∂(pπ , Ωπ,pρ, Ωρ)

˛

˛

˛

˛E�ieny ratio επ(x)/ε(x) = επ→µ(pLABℓ , θLABℓ )/εµ→µ(pLABℓ , θLABℓ ) was tabulatedfrom MC as a funtion of (pLABℓ , θLABℓ ) and used to get B̃π(x) for eah event.19 September 2013 D. Epifanov, The University of Tokyo 30/50



Validation of the �tter with dominant bakgroundsFor eah on�guration 5M MC sample is �tted. The other, statistiallyindependent, 5M MC sample was used to alulate normalization.
(e+;π−π0)
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Trigger e�ieny
ε̄trigger(e±, ρ∓) = 93%

eff_e

P (GeV/c)
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

Tr
ig

ge
r 

ef
fic

ie
nc

y 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

eff_e

) SVD-1 MC-ρ, +(e

ε̄trigger(µ±, ρ∓) = 99%
eff_mu

P (GeV/c)
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

Tr
ig

ge
r 

E
ffi

ci
en

cy
 

0
0.1

0.2

0.3

0.4
0.5

0.6

0.7
0.8

0.9

1
1.1
1.2

eff_mu

) SVD-1 MC-ρ, +µ(

19 September 2013 D. Epifanov, The University of Tokyo 32/50



EXP/MC orr. to the trigger e�.
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ℓID e�ieny orretions
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To get ℓID related systemati unertainty of Mihel parameters well below ∼1% level more preisestudy of eID and µID e�ienies will be needed (using large statistis of e+e− → e+e−γ ande+e− → µ+µ−γ events).19 September 2013 D. Epifanov, The University of Tokyo 34/50



Fit of experimental (e+; ρ−) dataAbout 7M events of all 4 on�gurations were seleted for the �t.
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Fit of experimental (µ+; ρ−) data
hetot

Entries     1.20758e+07

Mean    2.355

RMS    0.9964

 (GeV/c)µ
CMSP

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

/(
50

 M
eV

/c
)

ev
en

ts
N

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

hetot
Entries     1.20758e+07

Mean    2.355

RMS    0.9964

)-ρ; +µ(

)π; 3+µ( other

hlktot
Entries     1.20758e+07

Mean    1.092

RMS      1.18

Likelihood / event
-2 -1 0 1 2 3 4 5 6

/0
.1

ev
en

ts
N

0

10

20

30

40

50

60

70

80

90

100

110

310×
hlktot

Entries     1.20758e+07

Mean    1.092

RMS      1.18

)-ρ; +µ(

)π; 3+µ(
other

 (GeV/c)µ
CMSP

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

 -
 1

si
m

/N
ex

p
N

-0.14

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04 )-ρ; +µ(

19 September 2013 D. Epifanov, The University of Tokyo 36/50



Summary
The proedure to measure 4 Mihel parameters (ρ, η, ξ, ξδ) inleptoni τ deays has been developed and tested.The trigger and lepton identi�ation EXP/MC e�ienyorretions were determined and taken into aount in theproedure to �t experimental data.The �rst �t of experimental data (∼7M events) has been done.Systemati unertainty of about few perent is seen for both
(e; ρ) and (µ; ρ) events.Study of systemati e�ets is going on.
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Validity of the fatorization
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Contribution of the right diagrams violating fatorization ansatz isadditionally suppressed by a fator of ΓτMτ
∼ 10−12.19 September 2013 D. Epifanov, The University of Tokyo 39/50



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

PNlustersi=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<
PNlustersi=1 ELABi (ECL) < 10 GeVNbarrel ≥ 2 OR PAll lusters ECMS −

Pphotons ECMS
γ < 5.3 GeV19 September 2013 D. Epifanov, The University of Tokyo 40/50



SeletionsStandard preseletion.Additional riteria (ε ≃ 46%):2 ≤ Ntraks ≤ 4 (PCMS
⊥ > 0.1 GeV/, |△r| < 0, 5 m, |△z| < 2.5 m)

|Qtotal| ≤ 1Nγ ≤ 5 (ECMS
γ > 0.08 GeV)

PNlustersi=1 ELABi (ECL) < 9 GeV1 GeV/2 ≤ Mmissing ≤ 7 GeV/230o ≤ θCMSmissing ≤ 150oWe selet events with two oppositely harged traks, one of themis identi�ed as lepton (eID, µID > 0.9) and the other one as pion(PID(π/K) > 0.4).
π0 andidate is reonstruted from the pair of gammas(ELABγ > 80 MeV) satisfying 115 MeV/2 < Mγγ < 150 MeV/2.os(~Plep, ~Pπ) > 0, os(~Plep, ~Pπ0) > 0.0.3 GeV/2 < Mππ0 < 1.8 GeV/2, PCMS

π0 > 0.3 GeV/ELABextraγ < 0.1 GeV (ρ side) and ELABextraγ < 0.1 GeV (leptonside) Detetion e�ieny εdet ≃ 12%19 September 2013 D. Epifanov, The University of Tokyo 41/50



Validation of the �tter with MCFrom the total ττ generi MC data sample we seleted about4× 15M events of all on�gurations (ℓ∓, ρ±) (ℓ = e, µ). Weexpet to have ∼100M seleted MC events for eah on�guration(in total 4× 100M events), whih is large enough to keep relatedsystemati unertainty several times smaller than the expetedexperimental statistial error of MP.For eah on�guration 10M MC data sample has been splittedinto two statistially independent 5M parts. The �rst subsampleis used to alulate normalization. And the seond one is �ttedto extrat MP.To hek biases of the �tter we reweighted initial MC sample(generated with SM values of MP) to get series of samples withshifted MP. For eah MP we produed samples with ±3σ, ±6σand ±10σ shifted MP values. During the �t all 4 MP were free.19 September 2013 D. Epifanov, The University of Tokyo 42/50



Fit of the 5M (µ∓, ρ±) MC sample
(µ+;π−π0)
ρ = 0.7468 ± 0.0026
η = -0.0083 ± 0.0101
ξ = 0.9933 ± 0.0050
ξδ = 0.7501 ± 0.0032
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Fit of the 5M (µ∓, ρ±) MC sampleMuon energy spetra for di�erent ω
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Fit of the 5M (µ∓, ρ±) MC sample
ρ energy spetra for di�erent ω
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Study of �tter bias for (µ+, ρ−)
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τ− → π−π0π0ντ in TAUOLAD. M. Asner et al. [CLEO℄ Phys. Rev. D 61 (1999) 012002.
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Jµ = β1jµ1 (ρπ0)S−wave+β2jµ2 (ρ′π0)S−wave+β3jµ3 (ρπ0)D−wave+β4jµ4 (ρ′π0)D−wave+
+β5jµ5 (f2(1270)π)P−wave + β6jµ6 (f0(500)π)P−wave + β7jµ7 (f0(1370)π)P−wave19 September 2013 D. Epifanov, The University of Tokyo 47/50



Calulation of B̃3π(x)
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�Shmidt et al.� method for the remaining bakgroundD. Shmidt et al., Nul. Instr. and Meth. A328 (1993) 547.
1

2
9x

x

x

1

2
9

X (k)

V
(k)

y

y
y

Y V
(k) NMC

(k)

MCEXP

P(k) N
(k)
MC

V(k)

P (k) =
Nsel (k)MC /V(k)Nsel TOTMC , k = 1÷NexpVolume around experimental point an be hosen large enough to alulatelikelihood funtion preisely, but should be kept at the level, where thenonlinearity of the likelihood funtion within the volume is still small.Tehnially bulky beause of the ∼ 10M × 10M double yle.19 September 2013 D. Epifanov, The University of Tokyo 49/50



Desription of the remaining bakgroundWe use 5D phase subspae: pℓ, osθℓ, pρ, osθρ, m2
ππ (distributionsover ϕℓ, ϕρ, Ω̃π are uniform) to evaluate likelihood funtion:Bakground likelihood omponent

Pother(xi) =
Nselother(xi)/ViNsel TOTother

Lother(xi) =
ε̄

ε(xi)Pother(xi), ε̄

ε(xi) =
Nsel TOTsignalNselsignal(xi) Ngensignal(xi)Ngen TOTsignal

Lother(xi) =
1− λ3π − λπ − λother

λother Nselother(xi)Nselsignal(xi) × psignal(xi)Binning : psignal(xi) =
1Vi Ngensignal(xi)Ngen TOTsignal , ′′Shmidt et al.′′ : psignal(xi) = S(xi)Total likelihood per event

P(x) =
ε(x)

ε̄

„

(1 −
Xi λi) S(x)

R ε(x)
ε̄

S(x)dx + λ3π
B̃3π (x)

R ε(x)
ε̄

B̃3π (x)dx + λπ
B̃π (x)

R ε(x)
ε̄

B̃π (x)dx + λotherLother (x)
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