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A measurement of the Michel parameters in 7 decays is presented [1] which involves a novel method to fit the
energy spectra and energy-energy correlations of the charged decay leptons from 7-pair events produced in ete”
collisions close to \/s = mgo. The parameters p¢, &, (£6)¢ (with £ = e, p) and 7, have been extracted from a
global likelihood fit of Monte Carlo generated events to the data set recorded with the OPAL detector in the
years 1990-1995. If e-u universality is assumed and inferring the T polarization from neutral current data, the
measured Michel parameters are p = 0.781 £ 0.028 +0.018, £ =0.98 +0.22 +0.10, £ = 0.65 £0.14 £ 0.07 and
7 = 0.027 £ 0.055 % 0.005, where the value of n has been constrained using the published OPAL measurements
of the leptonic branching ratios and the 7 lifetime. Limits on the masses of new intermediate bosons and on
non-standard couplings are obtained. It is explained how such limits can be derived from an investigation of the
Michel parameter space.

1. INTRODUCTION written as:
1.1. Lorentz structure Go Z -
=4—= T (LT T .
In the Standard Model (SM) the charged weak M V2 72; i 9w (Ll e) @r|Tafra). - (1)
interaction is described by the exchange of left- w=R,L

handed W bosons, i.e., by a pure vector coupling
to only left-handed fermions. Thus, in the low-
energy four-fermion ansatz, the Lorentz struc-
ture of the charged current is predicted to be
of the type V—A. Deviations from this behavior

Here v denotes the type of interaction (scalar,
vector or tensor) with I'" being defined in terms
of the Dirac matrices, IS = 1, IV = v, I'T =
% o#”. The indices w and € denote the chirali-

would indicate new physics and might be caused
by changes in the W-boson couplings or through
interactions mediated by new gauge bosons [2].
Many such extensions involving heavy new bosons
are likely to emerge first in the decay of the mas-
sive 7 lepton. Among all its decay modes, the
decays 7 — evev, and T — pv,v, are the only
ones in which the electroweak couplings can be
probed without disturbance from the strong in-
teraction. The purely leptonic 7 decays represent
therefore an ideal system to study the Lorentz
structure of the charged weak current.

The most general, derivative-free, four-lepton
interaction matrix element for the 7 — fvpv,
decay that is local and Lorentz invariant can be
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ties of the 7 lepton and its charged decay lepton,
¢, respectively. The matrix element involves 10
complex coupling constants, g7, for which the
SM predicts gY; =1 and all others being zero.
One usually normalizes the sum of their abso-
lute squares such that |¢5] < 2, |¢¥] < 1 and
l97| < J5- The total strength can be incorpo-
rated into Gy which then accounts for deviations
from the Fermi constant Gf.

1.2. Michel parameters

After integration over the unobserved neutrino
momenta and the spin of the charged decay lep-
ton, only four different combinations of these cou-
pling constants, denoted by p, &, £6 and 7, deter-
mine the shape of the decay spectra. Neglecting
radiative corrections, neutrino masses and terms
proportional to (%)2, the leptonic decay width
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can, after boosting into the Z° rest frame, be writ-
ten as:

dl'y Gim? 2 3
5 = 1058 (2 - 627 + 42°)
+3 0 (—% + 32 — x3>
+12m—% (1 - 2z + 2°) (2)
T
2 8
-P, [Et (—§ + 4z — 62% + 5:1:3)

+§ (£6), (% — 4z + 927 — 1—36x3)] } .

Here ¢ = E;/E}®* is the scaled energy of the
charged decay lepton with E}"** ~ E, being its
maximal energy. P, is the average v polariza-
tion. Each spectrum is described by four Michel
parameters [3,4] for which the SM predicts the
values p= 2, £ =1, €6 = § and n = 0 according
to a V—A structure of the charged weak current.
Because the n¢-term is suppressed by a factor %,
there is almost no sensitivity to 7., which is there-
fore set to zero. This leaves the 7 parameters pe,
&e, (£0)e, and py, &, (€6),, N, to be determined.

At LEP, T pairs are produced with almost per-
fect spin correlation.? For parallel T spins the
correlation function between two leptonic decays
in the event can be written as [5, 6):

I(zy,22) = f(z1)f(x2) + g(x1)9(z2) ®)
=P [ f(z1)g(z2) + f(z2)9(z1) ],

where f(z;p,n) and g(z;£,£0) include the above
third-order polynomials. In contrast to uncorre-
lated single decay spectra here the product of the
two spin-dependent parts, g(zi)g(z2), appears
without the suppression by the 7 polarization. It
thus provides high sensitivity to the parameters
& and &6.

1.3. Tau polarization

In principle, it is desirable to treat the neu-
tral current (Z° couplings) in the same gener-
ality as the charged current. This would, how-
ever, increase the number of free parameters to

2For V and A type couplings in the production, the 7+
and 7~ have opposite chiralities.

an amount that cannot be handled given the sta-
tistical significance of the available lepton spec-
tra. For this reason previous experiments have
already restricted to only V and A type cou-
plings in the 7 production when fitting the 7
polarization along with the Michel parameters.
For the present analysis this small gain in gen-
erality does not justify the loss in precision due
to additional correlations between the parame-
ters. Therefore, the r polarization has been in-
ferred from an independent fit to neutral cur-
rent data using the ZFITTER package.® As in-
put to the calculation of P, the following values
were used [7]: mgzo = (91.1884 % 0.0022) GeV,
my = (175 £ 6)GeV, mypo = 300GeV with
60 GeV < myo < 1TeV, as(mzo) = 0.118 +0.003
and a(mgze)™! = 128.90 £ 0.09. These values
yield the 7 polarization at the Z° peak as P, =
—0.1391 10998 where the dominant uncertainty
is due to the unknown Higgs boson mass.

In this analysis, data taken at /s = mgo are
used together with data below and above mgo.
Averaging accordingly over the energy depen-
dence of P. yields the same quoted value. This
leads to an uncertainty in P, of approximately
5% which is still smaller than the error of the
current direct measurements (e.g. [8]).

2. EVENT SELECTION

2.1. Tau pair selection

From the data set of 155pb™! integrated lu-
minosity collected with the OPAL detector [9],
T-pair events are selected following the strategy
described in earlier publications [8]. First, lep-
ton pairs are preselected by requiring exactly two
charged jet-cones of 35° half-opening angle with
low track and cluster multiplicity. Two-photon
events are rejected by requiring either a large vis-
ible energy or an unbalanced transverse momen-
tum sum, and a small acollinearity.

From this sample Bhabha events are removed
based on a large sum of cluster energies or a large
sum of track momenta in conjunction with large
cluster energies. After that, u-pair events are

3Note that since all direct measurements of P, have im-
plicitly assumed a V~A structure in the decay they would
introduce a bias if used as input for the fit.
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eliminated if consistent with high track momenta,
small energy deposit in the calorimeter or signals
in the muon chambers. The remaining 147042
events are almost entirely 7 pairs. The geometri-
cal acceptance of this selection covers the region
| cos 8| < 0.95.

2.2. Tau decay mode identification

A likelihood selection is used to identify the 7-
decay modes in the two cones. It distinguishes be-
tween the 1-prong decays 7 — evevy, T = pvy Vs
and 7 = hv, where h is either 7, p or a; —
727%.4 It makes use of a set of variables which
allow the discrimination of different channels.

These variables include: the ratio of the en-
ergy deposited in the electromagnetic calorime-
ter (ECAL) and the track momentum measured
in the central detector, E/p, the specific energy
loss in the jet chamber, dE/dx, the fraction of
ECAL energy in the cone that is not associated to
the track, the number of hits in the last 3 HCAL
layers and in the 4 layers of the muon chambers
and the matching probability between the extrap-
olated track and a muon chamber track segment.
The measured variables are compared to simu-
lated reference distributions for the considered
decay modes. To obtain high purity samples, the
cones involving the lepton are required to be iden-
tified with a relative likelihood of P > 90 %.

As observables for the fit, the track momentum
of the muon measured in the jet chamber, and the
energy deposited by the electron in the ECAL, are
used, both scaled to the beam energy.

2.3. Selection efficiency and Background

Based on the decays of both 7 leptons, the
events are divided into mutually exclusive sam-
ples of single-lepton decays (e-h, p~h) and lepton-
lepton correlations (e—u).

The e-e and u— samples are subject to a large
background contamination from Bhabha and pu-
pair events as well as from two-photon events,
vy = ete™ and vy — ptp~, which distort the
correlation spectra in the two most sensitive re-
gions, where both leptons have high energies or
both have low energies, respectively. To avoid a

4Kaons are not separated from pions and are counted
among the corresponding m-channels.

dominating systematic uncertainty in the estima-
tion of these backgrounds, the e-e and p—y event
classes are excluded from the fit.

After additional geometrical cuts on the indi-
vidual samples, that exclude insensitive or inad-
equately simulated regions of the detector, the
efficiencies quoted in table 1 are obtained.

Event class
e-h u-h el
Sample size 19369 21190 5834
Efficiency 83.1% 886% 858%

Table 1
Selection efficiencies for the three event classes.

Among various background sources the main
contribution comes from the misidentification of
hadronic 7 decays. In addition, Bhabha and u-
pair events. pass the selection, when, e.g., in an
eTe”™ — ete™ event one electron is misidentified
as 7 — puv, decay, or in an ete” — putpu” event
one muon fakes a 7 — 7wy, decay. Table 2 lists
all significant backgrounds in the three event sam-
ples.

3. FITTING METHOD

3.1. Basis spectra

Since the single decay amplitudes depend lin-
early on the Michel parameters, it is possible to
decompose any observed spectrum into different
basis spectra with each representing a specific set
of parameters. To describe the entire parame-
ter space, five spectra have to be mixed with co-
efficients that add up to unity. A basis has to
be chosen with Michel parameter sets that are
both physically meaningful and sufficiently un-
correlated. Among several equivalent choices, the
one used is:

Pn 3/4 1 0 3/4 0
&l 11 0 1 0 0
.1 [3/4p{o]’lol’l o |'{o )
T 0 0 0 1/2 0

Here, each vector on the right-hand side stands
for a spectrum generated with the quoted set of
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Background Event class

source e-h uh ey

leptonic

e—€ 0.73% - 0.00%

e, p—e 1.70% 0.99%

Jral} - 1.64% 012%

hadronic

h-h 0.72% 1.55% -

e~h - 1.73%

h—u - 0.78%

non-7

ee > ee 0.06 % - 0.00 %

ee — iy - 0.56% 0.06%

vy - ee 0.03 % - 0.00%

Ty = p - 021% 0.04%

Total 33% 50% 2.8%
Table 2

Background from misidentified v decays, Bhabha,
u-pair and two-photon events. For simplicity the
three hadronic channels have been summed up.

Michel parameters.

For a particular basis, the respective coeffi-
cients can be calculated by solving the equation
system q; = M; - ¢;, where q, is the vector
(1, pe, &, €84, me), c¢ is the vector of coefficients
(e1,¢2,¢3,¢4,¢5), and M, is a 5 x 5 matrix given
by:

1 1 1 1 1

pPe1 Pty Pz Pty Pts

My=| & & &3 &u &s |- (5)
§0p7 &0py EOp3 £0py Ebys
My Me2 Mg Mg Nes

Here pg; denotes the value of p; in the first ba-
sis spectrum, pg, its value in the second spectrum
and so forth. Hence, for given values of the Michel
parameters the coefficients with respect to the ba-
sis M, are ¢ = (Ml)_1 - q¢. This allows one to
fit the 4 Michel parameters to the data by adjust-
ing the corresponding coefficients, i.e. the relative
contributions of the basis spectra.

This method is also applicable to the correla-
tion spectra, which can be represented by a com-
position that is bilinear in the 2 x 4 Michel pa-
rameters of the two 7 decays (or of second order
in the 4 parameters if the decays are identical)® .
The correlation basis is the tensor product of two
single decay bases. Now, 25 coefficients appear in
the decomposition which are not all independent.
They can again be calculated by inversion of the
corresponding 25 X 25 matrix.

3.2. Monte Carlo sitnulated samples

The 7-pair Monte Carlo (MC) sample was gen-
erated using the KORALZ-3.8 generator and a
modified version of the TAUOLA-1.5 decay library
which was extended to include the full general-
ized matrix element [10]. Since finite MC sam-
ples are used to describe possibly small varia-
tions in the shape of the spectra, it is vital to
keep statistical fluctuations as small as possible.
To avoid gaussian smearing between correspond-
ing bins of different basis spectra, each event is
used for as many spectra as possible. An accep-
tance/rejection method is used where an event is
flagged as accepted for each spectrum for which
the generated random weight is below any of the
predicted values (and not just the standard V—A)
and it is rejected only if it belongs to none of the
considered spectra. As a side effect, this makes
the generation of the MC samples much more ef-
ficient.

3.3. Adjusted Likelihood

For every mixture of basis spectra, a likelihood
is computed, assuming Poisson errors in each bin.
Although the generated MC sample is about four
times larger than the data sample, there are still
bins with only few entries, typically in the correla-
tion spectra in regions of high z. Therefore, fluc-
tuations of both data and MC have been taken
into account. To accomplish this, an adjusted
likelihood is applied [11] by calculating in each
bin ¢ the most probable expectation with which
data and MC are consistent:

Nspecn'a

InL; = (dilnfi — f)+ Y (aziln Az — Ajs) .(6)

i=1

5This is the case when e-u universality is assumed.
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Here d; is the observed number of data events,
Nipectra is the number of MC basis spectra (5 or
25), aj; is the generated number of MC events
in spectrum j and Aj; is the best estimator for
the MC in the light of the data. The MC ex-
pectation f; = }2;p;Aj is the composition of
the best estimators using the mixing coefficients
p;. The first term accounts for the agreement
between the ideal composition and the data, the
second term for the agreement between the ideal
and the observed MC distribution. The likeli-
hood In£ = _,InL; is maximized with respect
to both p; and A;;.° The generalization to the
case of the double lepton spectra is straightfor-
ward as the two indices can formally be flattened
to only one.

Since for the prepared MC spectra the entries
a;; are statistically correlated, it is necessary to
rewrite the expectation by means of independent
numbers. To this end, the spectra are sorted by
increasing numbers of events in each individual
bin, and the coefficients are recalculated in terms
of the differences between the bins, which are by
construction independent.

3.4. Constraint on the eta parameter

The Michel parameter 7 corresponds to a
change in the partial decay width when it devi-
ates from zero. To eliminate any dependence on
the overall efficiency, MC predictions are normal-
ized to the data. Due to the large correlation of
with the p parameter, this makes configurations
possible where the spectral shape is changed only
slightly while the value of % is inconsistent with
the observed branching ratio.

Such a behavior is avoided by constraining
the branching ratios to their measured values
throughout the fit. In the general ansatz for the
Lorentz structure, the leptonic width is in lowest
order changed to:

m
Telne) =T (1 + dme ;f) : (7)
From the measurement of the 7 lifetime, 7., the
expected branching ratio, By = B(t — fyw,),
can, depending on the value of 7, be calculated

SFor each set of coefficients p; the estimators Aj; can be
calculated by solving an equation system.

as Be(ne) = Ty(ne) 7. This relation can be used
to calculate the most probable value of 7:

~ 1m, BZ
=- 2t 1.
Using the published OPAL results for the 7 —
p v, vy branching ratio, B, = 0.1736+0.0027 {12],
and the 7 lifetime, 7. = (289.2 + 2.1) fs [13], one
determines, 7, = 0.032 £ 0.073, which is consis-
tent with zero. The constraint on 7 is applied by
adding the following term to the log likelihood:

In £§onstraim — _% (Te(me) TTQ_ By) . (9)
(Te(ne) ATr)” + (ABy)

The use of this constraint makes the fit result
for 17, dominated by the branching ratio and life-
time measurements while the other parameters
are still sensitive to the allowed variation in the
nu-dependent part of the shape. It has to be
noted that the constrained value of 7, assumes
total strength of the decay coupling to be univer-
sal.

4. RESULTS

The result of the global fit to single-e, single-
¢ and e-p-correlations (figures 1, 2 and 3) with
seven free parameters is shown in table 3. The
covariance matrix can be found in [1].

4.1. Systematic errors

Various systematic uncertainties arising from
detector specific and method inherent sources
have been investigated. Uncertainties concern-
ing the MC at the generator level, i.e., radiation
effects, branching fractions, process kinematics
etc., have been found to be negligible. The un-
certainties in the absolute scale and the resolution
of the energy and momentum measurements have
been determined by comparing ete™ — ete™ and
ete™ = utp~ events from data control samples
with the corresponding MC events. The simu-
lated MC efficiency has been compared to tagged
Bhabha and p-pair events covering the high =z
region as well as tagged two-photon events at
low z. The ratio of the efficiencies in data and
MC has been found to be consistent with unity,
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T — €Velsr

pe  0.779 +0.047 £ 0.029
£ 1.13+0.39 £ 0.14

(&6)e 0.72+0.31£0.14
Te 0 (fixed)

T = pvuv;
pu 0.777£0.044 £ 0.016
Eu 0.79 + 0.41 + 0.05

(&),  0.63+0.23+0.09
Mu  0.010 £ 0.065 % 0.001

Table 3

Results of the global fit to the e-h, p-h and e-p
energy spectra. The first error reflects both data
and MC statistics, the second error is systematic.

T—>eww
g AR o o o A
3 + 4
» 2000 —— OPALData (19369 ev.) ]
g 3 ]
2 s 573 Fit Result (69437 ev.)
= 1750 -
E R Total Background (3.3 %) 3
1500 ME Non-t Background (0.1%)
1250 |
1000

750 |
500

250

Figure 1. The spectrum of the scaled electron en-
ergy, g, from e-h events. The quoted Michel
parameters are the subset from the global fit that
determines the adjusted MC spectrum. The dot-
ted line represents the SM expectation.

and has been varied within its error by weight-
ing the MC events accordingly. Studies of the
decay mode identification showed that the refer-
ence distributions of the likelihood variables agree

T vV

—— OPAL Data (21190 ev.)
%7 Fit Result (73629 ev.)
B Total Background (5.0 %)
Sl Non-t Background (0.8 %)

Events / 0.05

Figure 2. The spectrum of the scaled muon mo-
mentum, T,, from p-h events.

well with those of data samples that were tagged
using other than the considered variable. Varia-
tion of the backgrounds from 7 and non-r sources
had no significant impact on the fit result. Also,
reducing the fit range by omitting the outer bins
at low and high = shows no significant effect.

By using different sets of basis spectra is has
been verified that the particular choice of the ba-
sis does not impose a bias. Due to the finite
MC statistics some bases were less sensitive to
the Michel parameters than the preferred one,
however, all alternative fits were consistent within
their errors.

4.2. Lepton universality

With the assumption of universality between
electron and muon, i.e., with all couplings g7,
being the same for 7 — evev, and T = py,v;,
one set of Michel parameters can be used to de-
scribe both leptonic decays. The fit then yields
the results in table 4. The covariance matrix is
quoted in [1].

4.3. Mass of a charged Higgs boson

In models with two scalar field doublets, such
as the Minimal Supersymmetric Standard Model
(MSSM), a charged Higgs boson exists which con-
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Ty > €YV T, = UV

g

Events /0.1
-3
w

Events /0.1

o
< U

Events /0.1
Events /0.1

Events /0.1
Events /0.1

Events 0.1

~— OPAL Data {5834 ev.)
71 Fit Result (11361 ev))
8 Total Background (2.7 %)
il Non-t Background {0.1%)

Events /0.1

Figure 3. The correlated decay spectra from e-
p events together with the adjusted MC spectrum
from the global fit. The distribution of the scaled
energy, Tg, of the decay electron is shown in slices
for each bin of the scaled muon momentum, x,,.

T = Lvey,

p  0.781 % 0.028 + 0.018

¢ 0.98+0.22+0.10

€ 0.65+0.14+0.07
0.027 + 0.055 = 0.005

Table 4
Result of the e-p universality fit.

tributes to the 7 decay through a scalar coupling.
The value of the additional coupling is, assuming

vanishing neutrino masses [14]:
tan 6) 2

my=+

g5 = —mg m, ( (10)
where myz+ is the mass of the charged Higgs bo-
son and tan 8 is the ratio of the vacuum expec-
tation values of the two Higgs doublets. Under
the assumption that the neutrinos are still left-
handed, the couplings are of the type gSg. Af-
ter applying the normalization N, = |g)|* +
198R ¢|*, the Michel parameters can be written
as:

1 - (98R,/2)
1+ (9RR,e/2)?
Q}Sm,e/2

1+ (Ghne/2?

Using these relations, the value of mys: /tang
can be fitted directly to the data. The likelihood
function saturates for high Higgs boson masses or

small values of tan 3. From the log likelihood a
limit can be extracted as:

my+ > 0.97 x tanfB GeV (95% C.L.). (12)

4.4. Left-right symmetric model

In left-right symmetric models, parity violation
of the charged current is caused by spontaneous
symmetry breaking. In such models a second W
boson is assumed [15]. The mass eigenstates W1 »
are not necessarily identical to the weak eigen-
states Wi, r as mixing can occur. The model is
parameterized by the mass ratio of the physical
eigenstates, § = miy /m3y,, and by the mixing
angle ¢ which connects the physical masses to the
masses of the weak eigenstates:

2 9
:tT_V_V_&__T_W.R_) (13)

pe = %, & =
(11)

3 —_—
(£6)e = Z&’ ne =

m3 = l ma +mb
Wiz 7 9 W Wr cos 2¢
In this model the Michel parameters can be writ-

ten as:

_ 3 4 4 4 2
p = cos§(1+tan C+1+ﬁ2tanc ,

4
_ 2 _ 2 1—52 14
£ = cos®((1—tan C)_1+[32’ (14)
6 =26 =0
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A limit on 8 can be transformed into a limit on
mw, by using the direct measurement of the W
mass: mw, = (80.43+0.08) GeV [7]. Integration
of the two-dimensional likelihood over ( yields a
function from which a limit on mw,, valid for
arbitrary mixing, can be extracted as:

mw, > 137GeV  (95% C.L.). (15)

Similarly, integration over mw, allows one to set
bounds on the mixing angle independently of the
Wz mass:

Ic| <0.12 (95% C.L.). (16)

For ¢ = 0, W5 and Wg become identical, and
a limit on mwy can be given from a fit of the
Michel parameter £ alone. In this case there is no
mixing but an additional coupling to a pure right-
handed W that is proportional to its inverse mass,
9tLRR ~ 1/mwy 5. Under the assumption of no
mixing one obtains:

mwg > 146GeV  (95% C.L.). (17)

4.5. Limits on the couplings
From the measurement of the Michel parame-
ters, limits on the absolute values of the couplings
7, can be calculated. This is done by construct-

ing positive-semidefinite expressions and insert-

ing the measured parameters. A general approach
to find such expressions is to follow the bound-
aries of the physically allowed parameter space.

From the definition of the Michel parameters
it is obvious that they cannot vary independently
over their full definition range. To clarify their in-
terdependence it is very instructive to write them
in the notation [16]:”

p= (BB +(vT+7)
£ = 3@ —ah)+(B—8")+L(yt—7)(18)
€6 =3B -8 +0r—7)
where
at = |9}‘1’L|2 + i5loBL + GQIF{sz

- vV i2, 1,8 T 2 (19)
a” = |grrl” + 15l9tr + 69¢nl

7The parameter 7 is not regarded here because it is not
used for this kind of limits.

2 2 2
Bt =lggel” + HoRrl® 7T = HloRr — 298]
- 2 2 - 2
B~ =gl + %iyiLi YT = %lgfn - 297%!
The normalization is then given by:
at+a  +T+8 +4t+9 =1 (20)
This shows that the three Michel parameters p, £
and £6 depend only on the six positive real num-
bers 0 < a¥, 8%, v* < 1. With this simplification

one can directly read from equation 18 the phys-
ical ranges as:

By setting a*, % and v to their extreme values
one finds the six points:

At A~ B* B~ Ct C-

p 0 0 3/4 3/4 1 1
¢ -3 3 -1 1 7/3 =73
&g 0 0 -3/4 3/4 1 -1

One of them, B, corresponds to the SM. The
points B* lie on the segments between the other
two points: B = 2 (C¥ — A¥). Thus, only four
points span the entire parameter space with an
illustrative geometrical interpretation: the phys-
ically allowed region of the three Michel parame-
ters (p, £, £€8) forms a tetrahedron (figure 4).

The idea to get constraints for the parameter
sets (p,£,£8) is to formulate boundary conditions
which the points inside the tetrahedron fulfill.
The simplest expression comes from the require-
ment that the point lies in the cube surrounding
the tetrahedron: 8

1-p>0. (22)

More stringent conditions follow from the faces
of the tetrahedron itself. Apparently, one of the
edges, between A* and A~, falls on the £-axis.
This and the other two edges starting at the point
AT are represented by the vectors:

0 1 1
a= (6], b=[16/3}, c=| 2/3] (23)
0 1 -1

8Similar expressions for the other Michel parameters, 3—¢£
and 1 — &4, have much smaller sensitivity than the com-
bined ones derived in this section.



R. Bartoldus /Nuclear Physics B (Proc. Suppl.) 76 (1999) 147-157 155

Figure 4. The tetrahedron representing the physi-
cally allowed Michel parameter space for (p,£,£6).
The SM prediction lies on one of the edges as in-
dicated by the black dot.

Vectors that are perpendicular to the faces op-
posite to the points C~ and A~ and that point
inside the tetrahedron can be constructed from
the cross products of the edges, no- = axb and
n,s- = b x ¢, respectively:

6 —6
ne-=| 0|, nu = 2 |. (29
-6 -14/3

The distance of a point inside the tetrahedron
from the C~ face can be written as:

p 1
de-=|¢€)-| 0)=p-e5>0. (25)
&6 -1
The distance from the A~ face can be written as:
p 0 -1
da- = E1-1-3 . 1/3
&6 0 -7/9
=1 + ! 7 §>0 (26)

The edge between the two faces is the intersec-
tion of the above planes (do- = d4- ) from which

follows:

1 1 1

. ot Z£5=0. 27
5P Tttt éd=0 (27)

Inserting the SM values shows that the V—A pre-
diction lies on this edge. This is the reason why
the two faces lead to the strongest limits on the
couplings. The sum of the distances from the two
faces is another positive quantity:

1. 16
do-+dp- =1+ 36+ 5€52>0. (28)

It is remarkable that this expression, normalized
to its maximal value of 2, i.e. the average distance
from the two faces, can be interpreted as the prob-
ability that the 7 lepton decays as a right-handed
particle (see below).

Inserting the relations in equation 18 into the
above expressions yields:

l-p = at+a  + (8t +47),
p—f(s = %ﬂ++2’7_)

l—p +1& -1 = 20~ + 35,
T(1+36-28¢85) = o +87+97,

(29)

which verifies that all expressions are positive
quantities. Thus, upper limits on any of the ex-
pressions can be translated into upper limits on
some of the coupling constants g7,.

The correlation between either two of the
Michel parameters (p, £, £d) can be interpreted in
the two-dimensional projections of the tetrahe-
dron shown in figure 5. The three plots in figure
6 show the result of the e-u universality fit in
these projections of the Michel parameter space.

4.6. Limits on the couplings
The explicit dependence of the quoted expres-
sions on the couplings is:

2 2 2 2
1-p = glotil” +lotrl” + logel” + $lo8gl
2 2
+15198L]” + 75l98x (30)

2 2
+7519tR + 69lR|" + T5loRL + 6gnLl

2 2 2
p—& = 3lginl + $lgtr — 200l + EloRnl (31)
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Figure 5. Three projections of the (p, £, £0) tetra-
hedron representing the physically allowed Michel
parameter space.

L=p+ 36566 = lolal +Hlaial” o)

+ 75l9tR + ﬁggRlz + Tls‘f!lfsmfz
An upper bound on |gY; | as well as weak upper
bounds on [¢g§; | and |g}; | can be set from the
expression 1 — p. Limits on |gNg| and |gig| can
be retrieved from the expression p — £4. Limits
on the remaining couplings |gfg | and |gfg | follow
from the probability @r which is given below. An
even stronger limit on |gz | can be set from the 3-
dimensional expression 1 -p+% &— % £6. Only the
coupling |gf, | cannot be constrained since it can-
not be distinguished from the SM coupling |g;7 |
on basis of the four Michel parameters.

The probability that the 7 lepton decays as
a right-handed particle can be calculated as the
normalized sum of all couplings of the type g g:
Qn = lofnl’ + tlofnl’ + ok’ + lo¥al’
2 (33)
+3lotrl” = 3 (1+3¢- F &)

Using the correlations between the parameters
the e-u universality fit yields:

Qr =0.089 £ 0.131 < 0.304 (90% C.L.) . (34)

tolvv,

O N )

05

025 |-

Figure 6. 1 and 2 o ellipses of the e-u univer-
sality fit in the 2-dimensional projections of the
Michel parameter space. The solid line encloses
the physically allowed region, the dashed line con-
fines the area that remains when the third param-
eter is fired to its SM value. The closed circles
indicate the basis spectra used in the fit.

From the result of the global and the e-y univer-
sality fit, the bounds given in table 5 can be set at
the 90 % confidence level. Figure 7 shows the lim-
its on the universal coupling constants normalized
to their maximum values.

5. CONCLUSION

The measurement of the Michel parameters re-
mains an important task in order to probe the
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Tevely T pvy, T lyw,

ISkl < 1.36 <125 < 1.05
lgSal < 1.40 < 1.27 < 1.10
o8] < 2.00 < 2.00 < 2.00
|9t Ll <2 <2 <2
logr| < 0.68 < 0.62 < 053
lotr] < 0.43 < 0.39 < 0.35
lgnLl < 0.56 < 0.55 < 0.52
lgvL| <1 <1 <1
lgtnl <041 < 0.37 < 0.32
lgE.| <052 < 0.52 < 0.51

Table 3

90 % confidence limits on the coupling constants
with and without the assumption of e-p univer-
sality. No limits can be set on g7 and g which
are listed for completeness.

¥
gm)‘

RR

LR

RL

LL

Figure 7. 90 % confidence limits on the normal-
ized coupling constants, g5 /2, gV, and g, //3,
under the assumption of e-u universality.

Lorentz structure of the charged weak current.
Many extensions to the V—A theory would show
up as changes in the shape of the lepton decay
spectra. The investigation of the T decay spectra
provides an interesting window for non-standard
couplings and new intermediate bosons. Limits
on new effects can be obtained from the inter-
pretation of the Michel parameters with respect
to their physically allowed region. Although re-
cent measurements have drastically reduced the
available parameter space, current limits on the
couplings leave still room for new physics to hide.
It can be expected that high-luminosity experi-
ments at the B-factories and at a future 7-charm
factory will either further push down these limits
- or reveal a hint for new physics.
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