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1. Introduction

The decay of tau is known as one of the most important tools to search for New Physics
(NP). The large mass of T (m; = 1776.86 £0.12 MeV [1]) allows us to expect an enhancement of
the sensitivity to the NP. For instance, the NP models such as 2HDM (two Higgs doublet model)
predict the existence of charged Higgs and the magnitude of their couplings are proportional to
mass of leptons. Therefore, in comparison with muon decays, we can expect the gain of a factor
(me/my)? ~ 300 in the simplest case.

The mass of T makes it possible to decay into both leptons and hadrons. The former one is
called leptonic decay and accounts for approximately 35% of all tau decays. Various properties
of these decays, described by the electroweak sector of the SM, are precisely calculated, hence
experimental results can be definitely compared with theoretical predictions. The rest decays of tau
contain hadrons in the final state and called hadronic decay. These decays turn out to be beautiful
laboratory for studying low energy structure of the strong interaction like the chiral perturbation
theory.

Both of these decay are mediated by the weak interaction. In the Standard Model (SM), the
Lorentz structure of corresponding intermediate particle, W* boson, includes the vector and axial-
vector contributions in the same magnitude with opposite sign and turns out to maximally violate
the symmetry of parity (so called V — A structure). Thus the precision test of this structure may
reveal hints from the Physics Beyond the Standard Model (BSM) and the measurement of Michel
parameters of tau lepton offers an ideal laboratory to us.

2. Michel Parameters

The most general Lorentz-invariant derivative-free matrix element of leptonic 7 decay 7~ —
£~ vv * is represented as [2, 3]

VT Vg
B B 4Gp N N _
M = --- = Z 8ij [u,-(f)l" Vn("é)] [t (Vo) Tvu; ()],
w V2 NSVr
i i—=L.R
T Y4

where G is the Fermi constant, i and j are the chirality indices for the charged leptons, n and m are
the chirality indices of the neutrinos, £is e or p, I = 1, TV = y* and T = i (y*y" — yVv*) /2V2
are, respectively, the scalar, vector and tensor Lorentz structures in terms of the Dirac matrices y*,
u; and v; are the four-component spinors of a particle and an antiparticle, respectively, and g{‘; are
the corresponding dimensionless couplings. In the SM, 7~ decays into v; and W~ boson, the latter
decays into ¢~ and right-handed ¥, i.e., the only non-zero coupling is gy, = 1. Experimentally,
only the squared matrix element is observable and bilinear combinations of the g?j’- are accessible.
Of all such combinations, four Michel parameters, 17, p, & and &, can be measured in the leptonic
decay of the T when the final-state neutrinos are not observed or the spin of the outgoing lepton is

*Unless otherwise stated, use of charge-conjugate modes is implied throughout the paper.
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not measured [4]:

3 3 2 2 2 2 T T

P=7"7 <‘g‘L/R| + ‘8XL‘ +2‘8ZR| +2‘8£L‘ +R (82R82R+8%L81€L)) ) (2.1)
1 * * * * 3 * 3 *

N = SR (Ogk.81r + O%1k8kI.+ 8kr8LL + k18K + SLRGKI. T 81L8kK) (2.2)

E = 4R (gl el — ahrght) + |abol” +3eVel” =3 |ake]” — | ehe|”
1. . .
+5 {8&‘2 =5 ‘81€L{2+ I (‘g}iﬂz - {821?‘24' ‘8‘1seL{2 - {8‘1se1e{2> ; (2.3)

3 .
£6 = 16 (‘8EL‘2— ‘821?{2%- {g}SeL‘Q— {g}gmf)

3
1 <|8ZR|2 - |g£L‘2 - ‘g‘L/L|2+ ‘gXR‘Z -R (giRgZ;g‘f‘g%LngeZ)) . 2.4
Vi Vi Vz \ 7 \7
w </\ L w oW .</\
14 W 4 14
T Yy T Yy T Y

Figure 1: Three Feynman diagrams of the tau radiative leptonic decay

The Feynman diagrams describing the radiative leptonic decay of the T are presented in Fig. 1.
The last amplitude is ignored because this contribution turned out to be suppressed by the very
small factor (m¢/ mw)2 [5]. As shown in Refs. [6, 7], through the presence of a radiative photon in
the final state, the polarization of the outgoing lepton is indirectly exposed, accordingly two more
Michel parameters 7] and £ k become experimentally accessible:

_ 1
n= ‘gXL‘Z‘f‘ ‘gZR|2+§ (‘g}g?L+2g£L‘2+ \g§R+2gZR\2) +2<‘81TeL|2+ |g17:R‘2)7 (2.5)
1
&xc = [ghu|” —latel +5 (Ieh + 26k — [sfe+ 28T ) +2 (leke /"~ [sfe*) - 26)

e nandp

Two 1 and p are spin-independent Michel parameters, i.e., their effects are irrelevant to the
polarization of tau lepton. Figure 2 shows an energy distribution of muon in 7= — u~vv
decay for various 1 and p values. p parameter mainly affects the high energy part in the
spectrum while 77 is not; thus 71 is sometimes called low-energy parameter.

Important characteristics of 1 is that it is the first order in terms of New Physics, unlike other
Michel parameters. According to Eq. (2.2) and noting g}, ~ 1, 7 ~ 0.5R{ghz}. Indeed, n
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Figure 2: Dependence of the energy of daughter muon in the tau rest frame on (a) n and (b) p (7~ —
W~ vV decay). Horizontal axis is normalized in terms of maximum energy Ep.x = (m% + m%) /2mz.

parameter is related to New Physics variables of the 2HDM [8]:

o _mams (tanB>27 0

2 Mg+

where m, my and my+ are masses of tau, daughter lepton and charged Higgs, respectively,
B is a ratio of vacuum expectation value between up-type and down-type quarks. Unfortu-
nately, the effects from 1) is suppressed by the small mass of daughter lepton. More explicitly,
the generalized branching ratio can be written by

Bt~ = L7VV)
Bsu(t— = L~VV)

140 (2.8)
me

thus it is difficult to measure 1] parameter from the electron mode T~ — e~ VV.

p parameter is used to constrain magnitude of each coupling coefficient. 1 — p can be written
by

1 : 1 : 1 1
l—p= 16 ‘82L|2+ 16 |g}S€R‘2+ 2 |gZL|2+ 2 ‘gXR|2+ |gXR‘2+ |8XL|2
1 1
+ 16 {8§R+682R|2+ 16 |8%L+681€L|2 (2.9)

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

° 5and§5

Unlike above 1 and p parameters, & and 8 are spin-dependent parameters. These two
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parameters are included in the differential decay width together with the spin vector of tau
lepton. The measurement requires, therefore, the extraction of tau-spin information. Exper-
imentally, the spin-spin correlation of tau leptons in the annihilation process ete™ — 777~
is utilized [9]. Polarization of both taus are anti-correlated each other and consequently an
observation of spectra of decay products from both taus makes it possible to extract & and
& 8 parameters.

Of particular interest of these two parameters is the fact that the normalized probability that
right-handed tau lepton couples with W~ boson, Q,, can be calculated by combining & and
& 8 parameters:

1 1 16
=—(14+5&E——=E6). 2.10
0y =3 (1+36-53) 2.10)
This is forbidden in the SM and the experimental value of Q, = 0.0040.02" is consistent
with the SM prediction.

e Nand Ex

] and £ k are additional parameters which can be measured only through the observation of
the radiative leptonic decays T~ — ¢~ vVvy. The angular distribution of photon versus the
spectrum of daughter lepton exposes the polarization of daughter lepton and this is reflected
on the appearance of new parameters.

7] appears in spin-independent terms of the differential decay width of 7= — ¢~ vV7y. Since
all terms in Eq. (2.5) are strictly non-negative, similarly to 1 — p situation, the upper limit on
N provides a constraint on each coupling constant as well.

On the other hand, £k is a spin-dependent parameter and this measurement requires the
tau spin information. According to Ref. [10], £k is related to the normalized probability
that the 7~ decays into the right-handed charged daughter lepton Qy, = (1 +& +4EKk —
866/3)/2 [11].

In muon decay, through the direct measurement of electron polarization in u* — eTvv,
equivalent parameters &’ and §” = 16p /3 —417 — 3 (see Table 1) have been already measured,
whereas 7] and £ k of the T lepton have not been measured yet. Therefore, the measurement
of both parameters provides a further constraint on the Lorentz structure of the weak current.

e Summary of six parameters

Table 1 summarizes the information of described Michel parameters. In addition to the ex-
plained parameters, we also included n”, £’ and &”. Figure 3 shows illustrative summary of
various parameters by several experiments. The combined averages by Particle Data Group
(PDG) are consistent with the SM prediction within their uncertainties, where these uncer-
tainties vary 1% to 3%. All of these measurements were carried out approximately twenty
years ago and the update is desired using modern B factories.

fCalculated based on the PDG value
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Table 1: Michel parameters of the 7 lepton

Name SM Spin Experimental Comments and Ref.
value correlation result [1]
n 0 no 0.01340.020 (ALEPH) [12]
P 3/4 no 0.74540.008 (CLEO) [13]
&b 3/4 yes 0.746 +:0.021 (CLEO) [13]
& 1 yes 1.007£0.040 measured in leptonic decays (CLEO) [13]
&n 1 yes 0.995+0.007 measured in hadronic decays (CLEO) [13]
n 0 no not measured from radiative decay (RD)
Ex 0 yes not measured from RD
n’ 0 no not measured from RD, suppressed by m7 /m?>
g 1 yes - &'=-E—-4Ek+8£6/3.
g" 1 no - £’ =16p /3 — 47 — 3.

" Experimental results represent average values obtained by PDG [1].

3. Measurements of Michel parameters by Belle experiments

Utilizing the large number of statistics of tau lepton by B factory as well as the precise de-
scription of probability density function, Belle collaboration measures 1, p, & and £ § parameters
from T~ — /7 vV decay to achieve precision better than 1%. Whereas from the radiative decay
T~ — £~ vVy, the 7] and £k are measured. The latter represents the first measurement of these
parameters for the tau lepton. Both of two analyses use T — p(— 7°)v decay in the partner side
of tau and the spin-spin correlation of 77 pair to extract the information of signal 7 lepton.

3.1 Belle experiment

The Belle experiment at KEK (Tsukuba, Japan) collected 1040 fb~! of data sample using e e~
energy-asymmetric collider KEKB and Belle detector. It ran from June 1999 to June 2010 and con-
tributed to the progress of high energy physics. The Belle detector is designed to be multi-purpose
so that vertexing, momentum tracking, energy measurement of photon and particle identification
are interactively performed by several sub-detectors.

These B factory experiments are useful laboratory also for the study of the T leptons. At the
resonance energy of Y(4S) ~10.58 GeV, the cross section of tau pair production is compatible with
that of bb pair (Gpe_zr = 0.9 nb~! and 6,e_p, = 1.1 nb~1). Indeed, spending approximately ten
years, KEKB accelerator and Belle detector collected O(10%) of 77 pair data.

3.2 7 spin extraction

To measure &, 8, & k parameters, the spin of T must be measured. This is extracted using
the spin-spin correlation of tau lepton pairs. In the beam energy of KEKB accelerator, the chirality
of tau leptons are anti-correlated by ~95%, thus once we measure the spin of the other side of tau
lepton, or tag side, we can extract the spin of signal tau lepton. In the tag side, we use 7 — pv —
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Figure 3: Summary of the measured Michel parameters: (a) 1 (b) p (c) &, and (d) £8. Lines and
filled regions are the combined values and their uncertainties summarized in Table 1.

nn’v decay mode as a spin-analyzer. Indeed, the differential decay width of T — pv — walv is

written by

dl'(t = pv — nx’v) <A+ B- S, 3.1

where A and B are known functions of kinematic variables of 7 and 7% and §T is a spin of 7.
Equation (3.1) represents there is a sensitivity to the spin. For more details, see Refs. [15, 16].

3.3 Extraction of Michel parameters

Combining the kinematic observables of both signal and tag sides, the phase space of an event
forms multi-dimension variables: X = {PZ,QZ,Pp,QP,mgm,QH} for n, p, & and £ 6 measurement
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using T T" — (£7vV)(ptV) and ¥ = {Py,Qy, Py, Qy, Py, Qp,m> 1,

using Tt — (£~ vvy)(p*V). Here, P, and Q; (i = £,y,p) are the momentum and solid angle,
0

Q) for fj and £ k measurement

respectively, my; is an invariant mass of 7z’-system, and Q is a solid angle of 7 in the 77
system. For the observable X, we calculate the probability density function (PDF) P(X) and the
minimization of negative logarithmic likelihood function (NLL) allows one to get the best estimator
of Michel parameters for a given set of X; (i = 1,...,N):

N
NLL = —logL(®) = — Y logP(%,), (3.2)
i=1

where @ = {n,p,£,£8} or ® = {7}, &}

In our approach, the signal PDF is described analytically. As Fig. 4 shows, assuming the mass
of neutrinos are zero, we can constrain the candidate of 7 direction onto the arc. The visible PDF
is then defined as integration of the initial differential cross section:

1 doy, 1 /‘1’2 4o do

P (x) = =— . :
(x) T (3.3)

T Oy dX o

Figure 4: When one 7 decays leptonically and the other T decays hadronically, the direction of T is
constrained onto the arc in the center-of-mass system. The arc is an overlap of two cones that are
defined around the direction of hadron and lepton momenta.

The differential cross section of 7~ t" — (£~ vV)(p* V) decay is given as a linear combina-
tion in terms of Michel parameters: do"® /d X o< 6o (¥) + 61 (¥)N + G2(X)p + G3(¥)n + Cu(¥)E +
%5(X)E S for known functions €;(¥) (=0, 1,...,5). Taking also into account the presence of event
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Table 2: List of systematic uncertainty contributions

Ttem o;, o, o Gg -
Relative normalizations 4.2 0.94 0.15 0.04
Absolute normalizations 1.0 0.01 0.03 0.001
Description of the background PDF 2.5 0.24 0.67 0.22
Input of branching ratio 3.8 0.05 0.25 0.01
Effect of cluster merge in ECL 2.2 0.46 0.02 0.06
Detector resolution 0.74 0.20 0.22 0.02
Correction factor 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
selection efficiency, the normalized PDF is given by
I do"™  [GE) +a@n+GF)p +GEN +CF)E+E5(F)E5]e(F)

vis 7z ) 3.4)
O A @G + G DN + GEp + GEN + CDE + G EES )

where €(X) is a selection efficiency. The denominator of Eq. (3.4) is evaluated by Monte Carlo
simulation and the difference of the factor of efficiency between the data and simulation R(X) =
gdaa (%) /eMC (%) is directly measured from real data.

We measure R(¥) values due to the corrections of £~ identification, 7+ identification, 7° re-
construction and trigger efficiency. Of all factors, the extraction of the trigger efficiency correction
turns out to have the largest impact. In the current scheme, the expected systematic uncertainty
is approximately 3% and we are investigating the procedure how to precisely measure the trigger
efficiency correction. We aim to achieve the accuracy better than 1%, which is better than previous
measurements.

3.4 1 and & x measurement using T~ — ¢/~ vy decay

The measurement of 7 and & k using T~ — £~ vV} is carried out in the similar way as 1, p, &
and &6 analysis. Figure 5 shows the photon energy distribution for the muon decay mode T~ —
£~ vvy. Due to the background contamination to the signal photon candidates, the event selection
suffers from the inclusion of backgrounds than 7= — ¢~ vV case. The purity of signal events are
approximately sixty percent for the muon mode.

In Table 2, we summarize the contributions of various sources of systematic uncertainties. The
dominant systematic source for the electron mode is the calculation of the normalizations. Due to
the peculiarity of the signal PDF when m; — m,, the evaluation of the normalization factor is
inaccurate and results in a notable effect. The uncertainty of the relative normalization is evaluated
using the central limit theorem.

The largest systematic uncertainty for the muon mode is due to the limited precision of the
description of background PDF. The set of minor background sources is treated as one additional
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Figure 5: Distribution of the photon energy in the muon decay mode T~ — p~vvy. The empty
and colored histograms are the signal and background Monte Carlo distributions. Dots with uncer-
tainties are data.

category that is based on MC distributions. This effective description discards the information
about correlations in the phase space and thereby gives significant bias.

Since the sensitivity to 7 is suppressed by the factor of m;/m., we extract it from the muon
mode only. Using 832644 and 72768 selected events for 7+1~ — (2t 7°V) (e~ vvy) and 771~ —
(r+7%V)(u~vvy) candidates, respectively, we obtain preliminary values

(Ex)® =—-05+0.8+1.1, (3.5)
A% =—-2.0+1.5+0.8, (3.6)
(Ex)W = 0.840.54+0.2, (3.7)

where the first error is statistical and the second is systematic. The results of &k are combined to
give
Exk=0.6+04+0.2. (3.8)

Figure 6 shows the contour the likelihood for T — pvvy events. As the shape suggests, a
correlation between 7 and & k is small. The magnitude of the correlation coefficient determined by
the error matrix is approximately 7%. This is the first experimental trial to measure the 7 and & K
parameters.
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Figure 6: Contour of the likelihood for T — pvvy events. The circles indicate 16, 20 and 3¢
statistical deviations from inner to outer sides, respectively. The cross is the SM prediction.

4. Conclusion

Precision studies of leptonic decays of tau lepton is one of the most useful ways to search
for the effects from New Physics. Of all strategies, measurement of Michel parameters allows
us to verify the Lorentz structure of weak interaction in model independent way. Observing the
ordinary leptonic decay, T~ — £~ vV, four Michel parameters 1, p, & and £ § are measured whereas
the radiative leptonic decay T~ — ¢~ vV tells us information of spin of daughter lepton, which
accordingly gives more two parameters 7 and & K.

Using electron-positron colliders, various experiments had measured the four Michel param-
eters within a precision of a few percent. It is desired to update these measurement using modern
B-factory apparatuses. On the other hand, the two parameters 7 and & k have not been measured.

Utilizing much abundant statistics of B-factory, Belle experiment tries to measure these six
Michel parameters. In these measurements, it is important to extract the efficiency corrections
precisely. Of all corrections, the factor of trigger efficiency turns out to have the largest system-
atic contribution. For 1, p, & and 8 measurement, we are investigating the scheme to achieve
precision better than 1%.

On the contrary, the uncertainty of ) and £ k¥ measurements are dominated by statistical fluc-
tuation. Based on 832644 and 72768 selected events for 771~ — (27 7°V)(e~vVy) and 77 —
(nt 7%)(u~ vvy) candidates, respectively, we obtained preliminary result to be (£ x)(¢) = —0.5+
0.8+1.1, 7% = —2.04+1.5+0.8 and (Ex)®) = 0.8-+0.540.2. These results are consistent with
the SM prediction within their uncertainties. This is the first trial to measure 7 and & K parameters.
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