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1. Introdution

The deay of tau is known as one of the most important tools to searh for New Physis

(NP). The large mass of t (m

t

= 1776.86±0.12 MeV [1℄) allows us to expet an enhanement of

the sensitivity to the NP. For instane, the NP models suh as 2HDM (two Higgs doublet model)

predit the existene of harged Higgs and the magnitude of their ouplings are proportional to

mass of leptons. Therefore, in omparison with muon deays, we an expet the gain of a fator

(m
t

/m
m

)2 ∼ 300 in the simplest ase.

The mass of t makes it possible to deay into both leptons and hadrons. The former one is

alled leptoni deay and aounts for approximately 35% of all tau deays. Various properties

of these deays, desribed by the eletroweak setor of the SM, are preisely alulated, hene

experimental results an be de�nitely ompared with theoretial preditions. The rest deays of tau

ontain hadrons in the �nal state and alled hadroni deay. These deays turn out to be beautiful

laboratory for studying low energy struture of the strong interation like the hiral perturbation

theory.

Both of these deay are mediated by the weak interation. In the Standard Model (SM), the

Lorentz struture of orresponding intermediate partile,W

±
boson, inludes the vetor and axial-

vetor ontributions in the same magnitude with opposite sign and turns out to maximally violate

the symmetry of parity (so alled V −A struture). Thus the preision test of this struture may

reveal hints from the Physis Beyond the Standard Model (BSM) and the measurement of Mihel

parameters of tau lepton offers an ideal laboratory to us.

2. Mihel Parameters

The most general Lorentz-invariant derivative-free matrix element of leptoni t deay t

− →
ℓ−n ¯n ∗

is represented as [2, 3℄

M =
W

t

n

t

nℓ

ℓ

=
4G

F√
2

å

N=S,V,T
i, j=L,R

g

N

i j

[

u

i

(ℓ)GNv
n

(nℓ)
]

[u
m

(n
t

)G
N

u

j

(t)] ,

where G

F

is the Fermi onstant, i and j are the hirality indies for the harged leptons, n and m are

the hirality indies of the neutrinos, ℓ is e or m , GS = 1, G

V = g

m

and G

T = i(gmgn − g

n

g

m)/2
√
2

are, respetively, the salar, vetor and tensor Lorentz strutures in terms of the Dira matries g

m

,

u

i

and v

i

are the four-omponent spinors of a partile and an antipartile, respetively, and g

N

i j

are

the orresponding dimensionless ouplings. In the SM, t

−
deays into n

t

andW

−
boson, the latter

deays into ℓ− and right-handed

¯

nℓ, i.e., the only non-zero oupling is g

V

LL

= 1. Experimentally,

only the squared matrix element is observable and bilinear ombinations of the g

N

i j

are aessible.

Of all suh ombinations, four Mihel parameters, h , r , d and x , an be measured in the leptoni

deay of the t when the �nal-state neutrinos are not observed or the spin of the outgoing lepton is

∗
Unless otherwise stated, use of harge-onjugate modes is implied throughout the paper.
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not measured [4℄:
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Figure 1: Three Feynman diagrams of the tau radiative leptoni deay

The Feynman diagrams desribing the radiative leptoni deay of the t are presented in Fig. 1.

The last amplitude is ignored beause this ontribution turned out to be suppressed by the very

small fator (m
t

/m
W

)2 [5℄. As shown in Refs. [6, 7℄, through the presene of a radiative photon in

the �nal state, the polarization of the outgoing lepton is indiretly exposed, aordingly two more

Mihel parameters

¯

h and xk beome experimentally aessible:
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• h and r

Two h and r are spin-independent Mihel parameters, i.e., their effets are irrelevant to the

polarization of tau lepton. Figure 2 shows an energy distribution of muon in t

− → m

−
n

¯

n

deay for various h and r values. r parameter mainly affets the high energy part in the

spetrum while h is not; thus h is sometimes alled low-energy parameter.

Important harateristis of h is that it is the �rst order in terms of New Physis, unlike other

Mihel parameters. Aording to Eq. (2.2) and noting g

V

LL

∼ 1, h ∼ 0.5Â{gS
RR

}. Indeed, h

2
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Figure 2: Dependene of the energy of daughter muon in the tau rest frame on (a) h and (b) r (t

−→
m

−
n

¯

n deay). Horizontal axis is normalized in terms of maximum energy E

max

= (m2

t

+m

2

ℓ)/2mt

.

parameter is related to New Physis variables of the 2HDM [8℄:

h =−m

t

mℓ

2

(

tanb

m

H

±

)

2

, (2.7)

where m

t

, mℓ and m

H

±
are masses of tau, daughter lepton and harged Higgs, respetively,

b is a ratio of vauum expetation value between up-type and down-type quarks. Unfortu-

nately, the effets from h is suppressed by the small mass of daughter lepton. More expliitly,

the generalized branhing ratio an be written by

B(t− → ℓ−n ¯n)
B

SM

(t− → ℓ−n ¯n)
= 1+h

mℓ

m

t

, (2.8)

thus it is dif�ult to measure h parameter from the eletron mode t

− → e

−
n

¯

n .

r parameter is used to onstrain magnitude of eah oupling oef�ient. 1−r an be written

by
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(2.9)

and the right hand side of Eq. (2.9) is non-negative. It is thus, the experimental value an

give upper limit.

• x and xd

Unlike above h and r parameters, x and xd are spin-dependent parameters. These two

3
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parameters are inluded in the differential deay width together with the spin vetor of tau

lepton. The measurement requires, therefore, the extration of tau-spin information. Exper-

imentally, the spin-spin orrelation of tau leptons in the annihilation proess e

+
e

− → t

+
t

−

is utilized [9℄. Polarization of both taus are anti-orrelated eah other and onsequently an

observation of spetra of deay produts from both taus makes it possible to extrat x and

xd parameters.

Of partiular interest of these two parameters is the fat that the normalized probability that

right-handed tau lepton ouples withW

−
boson, Q

t

R

, an be alulated by ombining x and

xd parameters:

Q

t

R

=
1

2

(

1+
1

3

x − 16

9

xd

)

. (2.10)

This is forbidden in the SM and the experimental value of Q

t

R

= 0.00± 0.02� is onsistent

with the SM predition.

• ¯

h and xk

¯

h and xk are additional parameters whih an be measured only through the observation of

the radiative leptoni deays t

− → ℓ−n ¯ng . The angular distribution of photon versus the

spetrum of daughter lepton exposes the polarization of daughter lepton and this is re�eted

on the appearane of new parameters.

¯

h appears in spin-independent terms of the differential deay width of t

− → ℓ−n ¯ng . Sine
all terms in Eq. (2.5) are stritly non-negative, similarly to 1−r situation, the upper limit on

¯

h provides a onstraint on eah oupling onstant as well.

On the other hand, xk is a spin-dependent parameter and this measurement requires the

tau spin information. Aording to Ref. [10℄, xk is related to the normalized probability

that the t

−
deays into the right-handed harged daughter lepton Qℓ

R

= (1+ x + 4xk −
8xd/3)/2 [11℄.

In muon deay, through the diret measurement of eletron polarization in m

+ → e

+
n

¯

n ,

equivalent parameters x

′
and x

′′ = 16r/3−4

¯

h−3 (see Table 1) have been already measured,

whereas

¯

h and xk of the t lepton have not been measured yet. Therefore, the measurement

of both parameters provides a further onstraint on the Lorentz struture of the weak urrent.

• Summary of six parameters

Table 1 summarizes the information of desribed Mihel parameters. In addition to the ex-

plained parameters, we also inluded h

′′
, x

′
and x

′′
. Figure 3 shows illustrative summary of

various parameters by several experiments. The ombined averages by Partile Data Group

(PDG) are onsistent with the SM predition within their unertainties, where these uner-

tainties vary 1% to 3%. All of these measurements were arried out approximately twenty

years ago and the update is desired using modern B fatories.

�

Calulated based on the PDG value

4
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Table 1: Mihel parameters of the t lepton �

Name SM Spin Experimental Comments and Ref.

value orrelation result [1℄

h 0 no 0.013±0.020 (ALEPH) [12℄

r 3/4 no 0.745±0.008 (CLEO) [13℄

xd 3/4 yes 0.746±0.021 (CLEO) [13℄

x 1 yes 1.007±0.040 measured in leptoni deays (CLEO) [13℄

x

h

1 yes 0.995±0.007 measured in hadroni deays (CLEO) [13℄

h 0 no not measured from radiative deay (RD)

xk 0 yes not measured from RD

h

′′
0 no not measured from RD, suppressed by m

2

l

/m2

t

x

′
1 yes - x

′ =−x −4xk+8xd/3.
x

′′
1 no - x

′′ = 16r/3−4

¯

h−3.

�

Experimental results represent average values obtained by PDG [1℄.

3. Measurements of Mihel parameters by Belle experiments

Utilizing the large number of statistis of tau lepton by B fatory as well as the preise de-

sription of probability density funtion, Belle ollaboration measures h , r , x and xd parameters

from t

− → ℓ−n ¯n deay to ahieve preision better than 1%. Whereas from the radiative deay

t

− → ℓ−n ¯ng , the ¯

h and xk are measured. The latter represents the �rst measurement of these

parameters for the tau lepton. Both of two analyses use t → r(→ pp

0)n deay in the partner side

of tau and the spin-spin orrelation of tt pair to extrat the information of signal t lepton.

3.1 Belle experiment

The Belle experiment at KEK (Tsukuba, Japan) olleted 1040 fb

−1

of data sample using e

+
e

−

energy-asymmetri ollider KEKB and Belle detetor. It ran from June 1999 to June 2010 and on-

tributed to the progress of high energy physis. The Belle detetor is designed to be multi-purpose

so that vertexing, momentum traking, energy measurement of photon and partile identi�ation

are interatively performed by several sub-detetors.

These B fatory experiments are useful laboratory also for the study of the t leptons. At the

resonane energy of ¡(4S)∼10.58 GeV, the ross setion of tau pair prodution is ompatible with

that of bb pair (s

ee→tt

= 0.9 nb

−1

and s

ee→bb

= 1.1 nb

−1

). Indeed, spending approximately ten

years, KEKB aelerator and Belle detetor olleted O(109) of tt pair data.

3.2 t spin extration

To measure x , xd , xk parameters, the spin of t must be measured. This is extrated using

the spin-spin orrelation of tau lepton pairs. In the beam energy of KEKB aelerator, the hirality

of tau leptons are anti-orrelated by ∼95%, thus one we measure the spin of the other side of tau

lepton, or tag side, we an extrat the spin of signal tau lepton. In the tag side, we use t → rn →

5
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Figure 3: Summary of the measured Mihel parameters: (a) h (b) r () x

h

and (d) xd . Lines and

�lled regions are the ombined values and their unertainties summarized in Table 1.

pp

0

n deay mode as a spin-analyzer. Indeed, the differential deay width of t → rn → pp

0

n is

written by

dG(t → rn → pp

0

n) µ A+~
B ·~S

t

, (3.1)

where A and

~
B are known funtions of kinemati variables of p and p

0

, and

~
S

t

is a spin of t .

Equation (3.1) represents there is a sensitivity to the spin. For more details, see Refs. [15, 16℄.

3.3 Extration of Mihel parameters

Combining the kinemati observables of both signal and tag sides, the phase spae of an event

forms multi-dimension variables: ~x = {Pℓ,Wℓ,Pr ,Wr

,m2

pp

, �W
p

} for h , r , x and xd measurement

6
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using t

−
t

+ → (ℓ−n ¯n)(r+
¯

n) and~x= {Pℓ,Wℓ,Pg ,Wg

,P
r

,W
r

,m2

pp

, �W
p

} for ¯h and xk measurement

using t

−
t

+ → (ℓ−n ¯ng)(r+
¯

n). Here, P

i

and W

i

(i = ℓ,g ,r) are the momentum and solid angle,

respetively, m

pp

is an invariant mass of pp

0

-system, and

�

W

p

is a solid angle of p in the pp

0

system. For the observable ~x, we alulate the probability density funtion (PDF) P(~x) and the

minimization of negative logarithmi likelihood funtion (NLL) allows one to get the best estimator

of Mihel parameters for a given set of~x
i

(i= 1, . . . ,N):

NLL=− logL(Q) =−
N

å

i=1

logP(~x
i

), (3.2)

where Q= {h ,r ,x ,xd} or Q= { ¯h ,xk}.

In our approah, the signal PDF is desribed analytially. As Fig. 4 shows, assuming the mass

of neutrinos are zero, we an onstrain the andidate of t diretion onto the ar. The visible PDF

is then de�ned as integration of the initial differential ross setion:

P

vis.(x)≡ 1

s

vis.

ds

vis.

d~x
=

1

s

∫

F

2

F

1

dF

ds

d~xdF
. (3.3)

Figure 4: When one t deays leptonially and the other t deays hadronially, the diretion of t is

onstrained onto the ar in the enter-of-mass system. The ar is an overlap of two ones that are

de�ned around the diretion of hadron and lepton momenta.

The differential ross setion of t

−
t

+ → (ℓ−n ¯n)(r+
¯

n) deay is given as a linear ombina-

tion in terms of Mihel parameters: ds

vis./d ~x µ C
0

(~x)+C
1

(~x)h +C
2

(~x)r+C
3

(~x)h +C
4

(~x)x +

C
5

(~x)xd for known funtions C
i

(~x) (i= 0,1, . . . ,5). Taking also into aount the presene of event

7
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Table 2: List of systemati unertainty ontributions

Item s

e

¯

h

s

e

xk

s

m

¯

h

s

m

xk

Relative normalizations 4.2 0.94 0.15 0.04

Absolute normalizations 1.0 0.01 0.03 0.001
Desription of the bakground PDF 2.5 0.24 0.67 0.22

Input of branhing ratio 3.8 0.05 0.25 0.01
Effet of luster merge in ECL 2.2 0.46 0.02 0.06
Detetor resolution 0.74 0.20 0.22 0.02

Corretion fator R 1.9 0.14 0.04 0.04
Beam energy spread negligible negligible negligible negligible

Total 7.0 1.1 0.76 0.24

seletion ef�ieny, the normalized PDF is given by

1

s

vis.

ds

vis.

d~x
=

[C
0

(~x)+C
1

(~x)h+C
2

(~x)r+C
3

(~x)h+C
4

(~x)x +C
5

(~x)xd ]e(~x)
∫

d~x [C
0

(~x)+C
1

(~x)h+C
2

(~x)r+C
3

(~x)h+C
4

(~x)x +C
5

(~x)xd ]e(~x)
, (3.4)

where e(~x) is a seletion ef�ieny. The denominator of Eq. (3.4) is evaluated by Monte Carlo

simulation and the differene of the fator of ef�ieny between the data and simulation R(~x) ≡
¯

e

data(~x)/¯eMC(~x) is diretly measured from real data.

We measure R(~x) values due to the orretions of ℓ− identi�ation, p

+
identi�ation, p

0

re-

onstrution and trigger ef�ieny. Of all fators, the extration of the trigger ef�ieny orretion

turns out to have the largest impat. In the urrent sheme, the expeted systemati unertainty

is approximately 3% and we are investigating the proedure how to preisely measure the trigger

ef�ieny orretion. We aim to ahieve the auray better than 1%, whih is better than previous

measurements.

3.4

¯

h and xk measurement using t

− → ℓ−n ¯ng deay

The measurement of

¯

h and xk using t

− → ℓ−n ¯ng is arried out in the similar way as h ,r ,x

and xd analysis. Figure 5 shows the photon energy distribution for the muon deay mode t

− →
ℓ−n ¯ng . Due to the bakground ontamination to the signal photon andidates, the event seletion

suffers from the inlusion of bakgrounds than t

− → ℓ−n ¯n ase. The purity of signal events are

approximately sixty perent for the muon mode.

In Table 2, we summarize the ontributions of various soures of systemati unertainties. The

dominant systemati soure for the eletron mode is the alulation of the normalizations. Due to

the peuliarity of the signal PDF when m

l

→ m

e

, the evaluation of the normalization fator is

inaurate and results in a notable effet. The unertainty of the relative normalization is evaluated

using the entral limit theorem.

The largest systemati unertainty for the muon mode is due to the limited preision of the

desription of bakground PDF. The set of minor bakground soures is treated as one additional

8
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Figure 5: Distribution of the photon energy in the muon deay mode t

− → m

−
n

¯

ng . The empty

and olored histograms are the signal and bakground Monte Carlo distributions. Dots with uner-

tainties are data.

ategory that is based on MC distributions. This effetive desription disards the information

about orrelations in the phase spae and thereby gives signi�ant bias.

Sine the sensitivity to

¯

h is suppressed by the fator of m

l

/m
t

, we extrat it from the muon

mode only. Using 832644 and 72768 seleted events for t

+
t

− → (p+
p

0

¯

n)(e−n ¯ng) and t+t− →
(p+

p

0

¯

n)(m−
n

¯

ng) andidates, respetively, we obtain preliminary values

(xk)(e) =−0.5±0.8±1.1, (3.5)

¯

h

m =−2.0±1.5±0.8, (3.6)

(xk)(m) = 0.8±0.5±0.2, (3.7)

where the �rst error is statistial and the seond is systemati. The results of xk are ombined to

give

xk = 0.6±0.4±0.2. (3.8)

Figure 6 shows the ontour the likelihood for t → mn

¯

ng events. As the shape suggests, a

orrelation between

¯

h and xk is small. The magnitude of the orrelation oef�ient determined by

the error matrix is approximately 7%. This is the �rst experimental trial to measure the

¯

h and xk

parameters.

9



P
o
S
(
F
P
C
P
2
0
1
7
)
0
2
7

Measurement of tau Mihel parameters Nobuhiro Shimizu for the Belle ollaboration

η
6− 5− 4− 3− 2− 1− 0 1 2

κξ

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2

Contour of likelihoodContour of likelihood

Figure 6: Contour of the likelihood for t → mn

¯

ng events. The irles indiate 1s , 2s and 3s

statistial deviations from inner to outer sides, respetively. The ross is the SM predition.

4. Conlusion

Preision studies of leptoni deays of tau lepton is one of the most useful ways to searh

for the effets from New Physis. Of all strategies, measurement of Mihel parameters allows

us to verify the Lorentz struture of weak interation in model independent way. Observing the

ordinary leptoni deay, t

−→ ℓ−n ¯n , four Mihel parameters h , r , x and xd are measured whereas

the radiative leptoni deay t

− → ℓ−n ¯ng tells us information of spin of daughter lepton, whih

aordingly gives more two parameters

¯

h and xk .

Using eletron-positron olliders, various experiments had measured the four Mihel param-

eters within a preision of a few perent. It is desired to update these measurement using modern

B-fatory apparatuses. On the other hand, the two parameters

¯

h and xk have not been measured.

Utilizing muh abundant statistis of B-fatory, Belle experiment tries to measure these six

Mihel parameters. In these measurements, it is important to extrat the ef�ieny orretions

preisely. Of all orretions, the fator of trigger ef�ieny turns out to have the largest system-

ati ontribution. For h , r , x and xd measurement, we are investigating the sheme to ahieve

preision better than 1%.

On the ontrary, the unertainty of

¯

h and xk measurements are dominated by statistial �u-

tuation. Based on 832644 and 72768 seleted events for t

+
t

− → (p+
p

0

¯

n)(e−n ¯ng) and t

+
t

− →
(p+

p

0

¯

n)(m−
n

¯

ng) andidates, respetively, we obtained preliminary result to be (xk)(e) =−0.5±
0.8±1.1, ¯hm =−2.0±1.5±0.8 and (xk)(m) = 0.8±0.5±0.2. These results are onsistent with

the SM predition within their unertainties. This is the �rst trial to measure

¯

h and xk parameters.
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