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Abstract. A measurement of the Michel parameters and the average v, helicity in 7 lepton decays is
described. The data was collected with the ALEPH detector at LEP during the years 1991 to 1995. A
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total integrated luminosity of 155 pb~! is analysed. The Michel parameters p;, &, (€6); (I = e, ), and 7,
are determined for the leptonic decays, and the chirality parameters &, £,, and &4, for the hadronic final
states. Under the assumptions of e-y universality and & = £, = £,,, the values p; = 0.742 £ 0.016,n; =
0.01240.026, (£6); = 0.776 = 0.051, & = 0.986 +0.074, and &, = 0.992 + 0.011 are obtained. No significant
deviation is observed from the Standard Model assumption of the V — A structure of the charged weak

interaction.

1 Introduction

The decay of the 7 lepton, mediated through the weak
charged current, is described in the Standard Model by
a pure V — A interaction. For the p decay, the V — A as-
sumption has already been confirmed with high precision
[1,2] by the determination of its Michel parameters and
complementary measurements. The aim of this analysis of
the 7 decays is to look for small deviations from the elec-
troweak prediction of the Standard Model which could
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arise from new physics. The measured parameters are the
Michel parameters for leptonic decays and chirality pa-
rameters &y, related to the v, helicity, for hadronic decays.

The 7 leptons are produced in the process eTe™ —
77~ and have correlated helicities. Their decays into
the final states e Dev., p Duv,, m (K7 )vy, 7 10u,,
7 m07% ., m~ntnv,, and the charge conjugate states
are analysed. This measurement uses the data sample col-
lected with the ALEPH detector from the LEP runs
around the Z resonance between 1991 and 1995, corre-
sponding to an integrated luminosity of 155pb~!. It su-
persedes earlier results from ALEPH [3] based on a smaller
data sample. The analysis takes advantage of the tools de-
veloped for the 7 polarisation measurement [4]. To achieve
the best sensitivity, the 7 rest frame is reconstructed when
possible, namely in the case of both 7’s decaying hadron-
ically.

2 Lorentz structure and definition
of the parameters

2.1 Leptonic decays

The matrix element of the most general four-fermion con-
tact interaction used to describe the purely leptonic decay
T~ — " v, [5-8] can be written in the helicity projection
formalism as [9,10]

M=45L S G I ),){(70) 0 D ),

\/5 y=S,V,T

i,j=R,L
(L = e p). (1)

The constant Gy is the absolute coupling strength and the
g;’j are ten (g = 0) complex coupling constants describ-

ing the relative contribution of scalar (I = 1), vector
(I'V = ~"), and tensor (I'T = %a‘“’) interactions re-
spectively, for given chiralities j, ¢ of the 7 and the charged
decay lepton. The neutrino chiralities n and m are then
uniquely defined for a given set v, 1, j. The V — A interac-
tion assumed in the Standard Model corresponds in this
formalism to gY; = 1 and g;’j = 0 for all other couplings.
The matrix element (1) can be used to compute the spec-
trum of the charged decay lepton. When the final state
polarisation is integrated out, the spectrum is described
by four real parameters' p, n, &, and &5, the Michel pa-
rameters.

! The original parameters [6] were o = £/3 — 4£6/9 and
B = &0/3. Employing ¢ and 0 [8] gives a more symmetrical
shape to the formulae but § is not bounded. Using £ and &6
as independent parameters retains the advantages of the two
formulations
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Table 1. Values of the coupling constants for left-handed 7’s
in the Standard Model compared to their absolute maximum
values and to the upper limits compatible with the Standard
Model prediction: £ =1, p=&06 = 3/4

|91§L| |9€L| \ggﬂ |9¥L\ |9£L|
SM 0 0 0 1 0
absolute maximum 2 2 1 1 1/ V3
maximum when 9 1/2 1 1/2

p=E&=3/4,¢=1

To express the relation between the Michel parameters
and the QZj coupling constants, it is helpful to introduce
the six positive parameters

o = |ggel® + |95z + 69%.]%/16
a” =gy pl* + 92 r + 691 rI%/16
8% = lgkrl* + 9rrl*/4 ,

B =lgrLl +lgiLl?/4,

= (3/16)|91€2L - 29£L‘2 )

v = (3/16)lg7r — 291 RI* (4)

where + denotes the final state charged lepton chirality.
The normalization condition reads

ot +a  +8T+8 +9T+4

1
= (gl + o> +31ef*) =1
1,J

(2)

3)

()
The p, &, and £6 parameters are given by
3 _ _
p=7B"+8)+("+77),

E=3(a" —a)+ (5"~ 0D+ 20" =7), ()
=205 )+ —v7).

The Standard Model prediction (|g};| = 1 and all the
other g/, = 0) implies 5~ =1, hence { = 1, p = §0 = 3/4
but the converse is not true, and ambiguities affect the
left-handed couplings. The upper limits of these couplings,
compatible with the Standard Model values of p, &, and
&0 [11], are given in Table 1.

Since the physically interesting region is the neighbour-
hood of the Standard Model prediction, no relevant infor-
mation on the non-standard 7 left-handed couplings can
be extracted from the measurement of p, &, and &§. The
right-handed couplings, on the contrary, are constrained
by two independent linear combinations of the parameters
whose vanishing implies that all the g/ are equal to zero,
for instance:

r_ 2
SR—?)[P 55]
4
gt Ea-

=p +37

1
=1 (|91%R\2 +195 R — 29%R|2) +lgrel?, (7
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oL, 8 16
'PR—2|:1+3 955:|
=pf"+a +97

1
1 (|91%R|2 + |91§R|2)

+lghrl* + 19Lrl” + 391 RI*

(®)

where the last combination P} is the fractional contribu-
tion of the 7 right-handed couplings to the leptonic partial
width. Therefore the Michel parameters are sensitive to
the existence of heavy W bosons with right-handed cou-
plings predicted by left-right symmetric models [12].

The last Michel parameter n, which vanishes in the
Standard Model, receives a contribution from the inter-
ference between the dominant gy, coupling and a scalar
coupling which could be due to a charged Higgs boson [13,
14]. It can be written

1 s
0~ SRe(gRro1L) » 9)
keeping only the the dominant term.
It is the sole Michel parameter which contributes to
the 7 leptonic partial widths [10]:

(10)

The energy spectrum of the charged lepton in the lab-
oratory system is:

1dlr’
<1 +4771:zl) Tde = I (xpr,m) + Prg (28, (£0)1)

= fo(z) +m fo(x) + pi fo(2)
+ Pr [§1g¢ () + (£6)1 ges ()],

where P; is the 7 polarisation and © = E;/FEpeam the nor-
malized lepton energy. The functions f and g describe the
“isotropic”, and the 7 helicity dependent parts of the spec-
trum, respectively. Neglecting radiative corrections and
higher order terms in m;/m, allows f and g to be ex-
pressed as polynomials in z,

(11)

f(@) = % [(5 — 92% +42%) — % {ﬂl - i] (1 — 922 + 8z%)

—5—36%771(1 - x)21 , (12)
1 ) 5 4 3

g(z) = 3 &(1—9z° + 827) — 3 {(55)1 - 451}
x (1 — 122 + 2722 — 163:3)] . (13)

Since the term involving 7; in (12) contains a factor m;/
m,, the contribution of 7; is largely suppressed, especially
for the electron, where the suppression factor is about
3 x 10~*. Therefore there is no sensitivity to 7. with the
statistics available today.
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2.2 Hadronic decays

e  For the simplest decay mode 7= — w~ v,, there is
only one observable, the 7 decay angle, related to the pion
energy in the laboratory by cosf ~ 2z, — 1, with =z, =
E./Epeam- The decay distribution reads

1 dI’

- - 1
fdcose(T — 7 vr) [1+4 &7 Prcosd)]

T2

(14)

where the chirality parameter &, is related to the average
v; helicity by (h,_) = —&;.

e  For the decay 7= — m~ 7 v, (p decay), the set of ob-
servables is 7 = (Q?,cos 0, a, 3), where Q? is the squared
invariant mass of the hadronic (7~ 7°) system, 6 the T
decay angle, o and 3 the azimuthal and polar angles of
the 7~ with respect to the 7 direction in the hadronic
centre-of-mass system. The decay distribution reads

0

1dr
—— (" =717

1
I di (15)

ve) = Fy(Z)+ &P G,(T) .
Using the reduced optimal variable [15] w, = G,/ F,, the
distribution becomes

ld—F(T_ — 71 ;) =fo(w,)(1 + &, Prw,)

1
I' dw, (16)

:fp(wp) + pr-rgp(Wp) .

If the 7 rest frame is not reconstructed, a is not measured
and ( is relative to the p line of flight in the laboratory.
If only V and A couplings are present, the functions F,
and G, are determined by Lorentz invariance only without
further hypothesis. The construction of the w, variable
used in the present study utilizes these functions.

The effect of possible other couplings is more simply
understood when the 7 rest frame is reconstructed. In this
case, transverse (A, = £1) and longitudinal (A, = 0) p’s
can be statistically separated through the cos(§ distribu-
tion which is proportional to sin® 3 for transverse and to
cos? 3 for longitudinal p’s. As in the case of the 7 decay
mode, the decay distributions are

1 dr/T

_ _ 1
i gaog (T 7 T ve) = G117/ TPy cost], (17)

2
with the same relation as for 7 — 7wv, between the & pa-
rameters and the average neutrino helicity. The nature of
the coupling affects only the proportions of transverse and
longitudinal p’s. Since scalar couplings cannot contribute
to p production, the two possibilities are vector and ten-
sor couplings. They give, irrespectively of the v, helicity,
amplitudes in the ratio AT /AL = V2m/m. for vector and
AT JAE = /2m, /m for tensor [16], if the neutrino mass
is negligible compared to the 7~ 7° effective mass m. The
cos (3 distribution when the 7 rest frame is reconstructed
depends only on |AT/A%|? and is the most sensitive ob-
servable to the presence of tensor couplings. The agree-
ment (Fig.1) between the cos 8 distribution observed in
the data and that predicted by the Standard Model Monte
Carlo supports the use of the chosen parametrization.
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ALEPH

Events

5000

1
|cos B, |

Fig. 1. Distribution of the p decay angle when the 7 rest
frame is reconstructed. The points are data, the full line is
the expectation from Monte Carlo, and the shaded area the
contribution of 7 background

e  For the decay 7= — 37w, ( a1 decay), the parameters
used to describe the final state are [17] Z = (Q?,cos 0, s1,
s2,, 3,7), where s; and ss are the squared invariant
masses of the unlike-sign two-pion systems and «, 3, and
~ three Euler angles which specify the direction of the
normal to the three-pion system decay plane and the ori-
entation of one of the pions in this plane. Here also, the
measurement of « requires the reconstruction of the 7 rest
frame. Since, in the case of three pions, it is possible to
construct pseudo-scalar quantities from the pion momenta
only, the decay distribution assumes a more complex form:

1dI’
=== (77 = 3mv,) =Fu, (&) + &0, Py G, (&)

18

I' dz (18)
+ &0, G2 (D) + P, G2 (%) .

If the decay is described by the reduced variable w,, =

Gl /Fa, [15], the functions G2 and G2 , which contain

the above mentioned pseudo-scalar quantities, are inte-

grated out and the decay distribution reads

1 dr
I' dw,,

(Tﬁ - 37“/7') :ful (wal)(l + galp'rwal) (19)

= fa, (Way ) + &ay Prga, (Wa,) -

Even with only V and A couplings, the complexity of the
final state introduces some hadronic model dependence
in the definition of the F,, and Gfll functions used to
compute w,, [17]. Accordingly, the determination of &,
presented here is affected by theoretical systematic un-
certainties. Other measurements of &,, [18-20] use only
the pseudo-scalar observable of the 37 final state [21].
They are also affected by theoretical systematic effects,
but these effects are not correlated to the theoretical un-
certainties on the present measurement since they rest on
the knowledge of the G% function which is not used here.
e  As previously mentioned, the computation of the w
variables used in this analysis assumes that only V and A
couplings intervene. The matrix element is written
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M = cos ac% ey — gans) T J") (20)

for a Cabibbo favoured decay. The nature of the hadronic

current J* is determined by the hadronic final state. The

chirality parameters &, (h = 7, p,a1) are then given by
&n = 2Re(gva)/(lgv[® + lgal®) - (21)

In the Standard Model &, = 1.

2.3 Correlated decays

With the reduced w variables, the decay distribution has
the same expression for all the hadronic decays:

1dr
I dwh

(77 = hvr) = fulwn) + EnPrgn(wn)  (22)

(h = ﬂ—vp?al) )

where w, = cosf ~ 2z, — 1. From (11) to (13) and (22),
it is clear that the measurement of the decay parame-
ters from single 7 decay spectra requires the knowledge
of the polarisation. Alternatively, the full correlation be-
tween the spins of the 77 and the 7~ in an event can be
exploited [22,23] to measure the parameters by the fit of
the 777~ two-dimensional correlated decay spectra. Since
P, = P,- = —P.+ and since CP invariance implies that
all the & and &, parameters have opposite values for 7+
and 77, while p, n, and § are the same, the correlated
spectra can be written in terms of the 7~ polarisation
and decay parameters as

1 d*r

f dwhldwh2

= fhl (whl )fhz (wh2) + §h1€h2 9hy (whl )ghz (th)
+P‘r{§h1 Ghy (Whl )fhz (whz) + ghz fh1 (whl )ghz (whz)} )

my 1 d2F
(1 +4’”W) T dwrdor,

= [fo(z1) + mfy ()] fr(wr)
+&i&h [9¢ (1) + diges(x1)]gn(wn) + Pr{& [g¢ (1)

+019¢s(21)] fr(wn) + & [fo(xi) + mfn(wz)]gh(wh)} ,

(23)

(24)

for hadron-hadron and lepton-hadron correlations respec-
tively.

All the parameters can be measured in this way with
only a global sign ambiguity on the ¢ parameters and P;.
This ambiguity is resolved by comparing, for instance, the
determinations of the parameter A. = 2¢%¢9/[(9%)* +
(¢4)?] from the 7 polarisation forward-backward asymme-
try [4], which measures basically £A,., and from the beam
polarisation left-right asymmetry [24].

The complete correlation of the 7 and 7~ helicities is
a consequence of the Standard Model. Nevertheless, if only
CP invariance is assumed and the helicity correlation coef-
ficient is written —x, the distributions (23) and (24) keep
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the same form with effective parameters fzf;l = X&n/i

and PT = P./,/x. Since? |¢,| < 1, the observation of
effective hadronic parameters equal to one implies both
& =1and x = 1.

3 Apparatus and data sample

The ALEPH detector is described in detail in [25] and its
performance in [26].

Charged particles are measured with a high resolution
silicon vertex detector (VDET), a cylindrical drift cham-
ber (ITC), and a large time projection chamber (TPC).
The momentum resolution in the axial magnetic field of
1.5 T provided by a superconducting solenoid is Ap/p? =
0.6 x 1073(GeV/e)~! for high momentum tracks. The im-
pact parameter resolutions for tracks with hits in all three
subdetectors are 0,4 = 23 pm and o, = 28 pm.

The tracking devices are surrounded by the electro-
magnetic calorimeter (ECAL), which is a highly seg-
mented lead/proportional-wire-chamber calorimeter. The
calorimeter is read out via cathode pads arranged in pro-
jective towers covering 0.9° x 0.9° in solid angle and sum-
ming the deposited energy in three sections of depth. A
second read-out is provided by the signals from the an-
ode wires. The energy resolution is o/F = 0.009 + 0.18/
VE (GeV).

Outside the ECAL lies the solenoid, which is followed
by the hadron calorimeter (HCAL). Hadronic showers are
sampled by 23 planes of streamer tubes giving a digital
hit pattern and an analog signal on pads, which are also
arranged in projective towers. This calorimeter is used
to discriminate between pions and muons. Outside the
HCAL there are two layers of muon chambers providing
additional information for p identification.

The analysis uses the data sample collected between
1991 and 1995. Monte Carlo simulated events are used
which have been processed through the complete detector
simulation and reconstruction chain. The events generator
used were: KORALZ [27] for eTe™ — 7t7~ and ete™ —
putu~ events and UNIBAB [28] for eTe™ — ete™ events.

4 Event selection

The selection of 77 events is based on the algorithm de-
sceribed in [29]and [30]. It starts by dividing the event in
two hemispheres by a plane perpendicular to the thrust
axis. Cuts are then applied on the characteristics of the
“jets” reconstructed in each hemisphere and the parti-
cle identification is used to improve the rejection of e-e
and p-p pairs. The overall efficiency of this selection is
(77.99 £+ 0.23)% with a remaining non-r background of
(0.840.1)%, composed mainly of Bhahba events (0.28%),
w pairs (0.08%), hadrons (0.25%), and events from v in-
teractions (0.17%).

2 Even if, in the case of the a1, &, is regarded as a mere
phenomenological parameter, the positivity of the probability
distribution (19) implies || < 1
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Table 2. Efficiencies, background from 7 decays and from non-
7 events for the final states (inclusive and correlated) used in
the analysis. All numbers are given in percent, the errors are
only statistical

Class Efficiency Background
T decays non-7
e 70.88+0.11 1.12+0.03 1.03+0.07
e-e 62.66 £0.40 2.23+£0.15 3.04 % 0.42
e-p 67.25+0.28 3.11+0.12 0.02+0.02
e-T 55.26 £0.36  9.11+0.27 0.1440.08
e-p 57.88+0.24 12.47+0.20 0.19+0.06
e-m27° 39.81+0.40 24.35+0.48 0.07+0.07
e-3r*t 55.35+0.41 9.70+0.32  0.00 £ 0.00
u 75.88 £0.11 1.80+0.04 0.54+0.05
[y 71.08+£0.39 390+0.19 2.92+0.42
- 58.78 £0.36 9.40+0.27 0.1440.08
U-p 61.97+£0.24 13.434+0.20 0.04 +0.03
p-m2m° 42.89 +£0.41 24.30+0.47 0.00 = 0.00
-3t 58.43 +£0.41 10.61£0.32 0.00 & 0.00
P 60.41 £0.15 7.82+0.10 0.08 +0.03
P 42.47+0.62 16.69+0.66 0.00 =+ 0.00
p 49.124+0.30 18.254+0.30 0.05 4 0.04
- 27° 33.28+£0.47 30.18+0.67 0.00 =+ 0.00
m-3nt 46.40 £0.51 16.40+0.51 0.00 = 0.00
P) 63.26 £0.10 11.724+0.08 0.07 & 0.02
p-p 50.94+0.29 22.26+0.30 0.03 =+ 0.02
p-m27° 34.844+0.33  32.69+0.45 0.05=+0.05
p-3rt 46.66 £0.34 19.80+0.36 0.03 +0.03
w270 4266 +£0.17 23.74+0.20 0.03+0.02
m2rl-m270 2350 +£0.68 42.53+0.24 0.00 £ 0.00
m2r%-37F  30.94+0.53 31.58+0.79 0.01+0.01
3r* 57.79£0.17 899+0.13 0.02+0.01
3rt-3nT 39.55+0.81 17.79+0.91 0.00 =+ 0.00

The next step in the selection procedure is the iden-
tification of the various 7 decays (Tables 2 and 3). It re-
lies mainly on the particle identification algorithm and
the fake photon estimator developed for the 7 polarisa-
tion measurement, which are described in detail in [4] and
summarized below. A good photon is defined either as
an electromagnetic cluster found by the photon clustering
algorithm [31] and not rejected by the fake photon esti-
mator, or as a conversion consisting of two tracks with a
reconstructed vertex, very low invariant mass, and at least
one identified electron. For the reconstruction of a 7°, an
invariant mass between 0.08 GeV/c? and 0.22 GeV/c? is
required. To improve the energy resolution, the accepted
79 candidates are kinematically fitted to their nominal
mass, if the two photons are electromagnetic clusters [31].

7~ — l7v;y;. A hemisphere is called e or p if it has
exactly one good track [4] identified as an electron or a
muon. In addition no v pair with an invariant mass com-
patible with a 7° should be found.

T~ — w v,. For this final state, the hemisphere must
have exactly one good track with a momentum greater

Table 3. The 27 decay combinations and the number of re-
constructed events (Unidentified hemispheres are labelled X)

Class Events Class Events Class Events
e-e 4106 u-p 12311 p-p 8059
e-1t 8379  p-m2n® 3228 p-m2m® 4305
e-m 4897  p-3rT 3715 p-3rT 4868
e-p 11686  pu-X 8435 p-X 11386
e-m27° 3051 - 1293 m2n%-m2x0 588
e-3rt 3627  wp 6689 w2r’-37xT 1208
e-X 8431 m-m2r® 1785 w2r®-X 2972
T 4543  w-3rT 2046 37%-3xF 680
s 5056  m-X 4771 3nt-X 3305
Total number of events used: 135510

than 2GeV/c, identified as a pion [4], and there should
be no good photon. Cuts on the ratios of the calorimetric
energies to the momentum of the track measured in the
TPC are also applied to reduce the remaining background
from electrons.

T~ = p vy = 7 wv,.. Two cases are distinguished.

Firstly, if there is one 7° and no additional good photon,
one good track is required and a cut 0.3 GeV/c? < m 0 <
1.6 GeV /c? is applied. Secondly, since for a high energy 7°
it is probable that the two photons are merged into one
cluster, it might happen that only one good photon is
found. Then the hemisphere should have one good track
identified as a pion and fulfil the same mass cut as above.

T~ = aj vy = 7w w07 ,. As for the two-pion final

state several cases are considered. Besides the requirement
of one good track in the hemisphere there should be either
two 7%’s, or one 7% and one good photon, or two good
photons. In the last case the track must be identified as
a pion. In addition the following mass cuts are applied:
0.6GeV/c? < mypo < 1.2GeV/c? and myrom0 < M.

T= — ajv; — w wTw"v,. The hemisphere must
have three good tracks with at least one track identified
as pion, no good photon, one 77~ invariant mass greater
than 0.56 GeV/c?, and an invariant mass of the 37 system
smaller than the 7 mass.

Besides events with both hemispheres classified, events
with only one identified hemisphere are also retained if
the unknown hemisphere (X) has exactly one or three
good charged tracks. The results of the selection and the
number of events used in the analysis can be found in
Tables 2 and 3.

5 Reconstruction of the T direction of flight

As already mentioned in Sect. 1, the full sensitivity of the
decay distributions with two and three pions in the final
state can only be exploited if the 7 lepton rest frame is
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Fig. 2. Definition of the vectors used for the 7 direction re-
construction

known. This requires the reconstruction of the 7 direction
of flight in the laboratory.

In events with both 7 leptons decaying hadronically,
under the assumption that no photon is radiated in the 7
production process, the reconstruction of the directions
of the 7 momenta E+ and K_ from the four-momenta
(E4,py+) and (E_,p_) of the two hadronic systems
(Fig.2) is possible by means of the following equations
[32]:

- - . . PL X P
k, =-k_ :ap++bp,+c(|gi xg_|)’
_ costi + (P -P_)cosb_
1—(pt-p-)° ’
0_+ (P4 -P_)cosb
h— COS ,\+ D +7 25
1—(ps-p-)? (2)
c==+y/1—a2—b2—2ab(Ps - p-),

_ QETEi — m72_ — Qi
2/ /EZ —m?2

where 64 are the angles between the directions of the 7
leptons ki and the hadrons pu, Q3 =FE3 -p3, E, is
given by the beam energy Epeam, and p is the unit vector
along p.

Equation (25) above reveals an ambiguity in the sign
of the coefficient c¢. Taking into account the fact that the
decay vertices of the two 7 leptons are separated allows
this ambiguity to be resolved. The additional information
used to decide between the two solutions is provided by
the sign of the scalar product of the normal to the plane
defined by the two hadronic systems (P4 x p_) and the

minimal distance &mm of the charged tracks of the two 7
decays [4,33].
Figure 3 shows that the reconstruction of the vector

—

dpin is well modelled by the detector simulation. The cor-
rect solution for the sign of ¢ is chosen in 65% of the
events. In about 22% of the events the coefficient ¢ can-
not be computed due to effects like initial state radiation
or detector resolution. Taking in these cases for the 7 di-
rection its projection onto the plane spanned by the two
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hadronic systems (by setting ¢ = 0) still gives a good
approximation of the true direction of flight. The resolu-
tion estimated from the Monte Carlo and averaged over
all events with a reconstructed 7 direction is 13.0 mrad. If
only a single solution can be computed the resolution is
15.9 mrad, compared to a resolution of 12.3 mrad for the
chosen direction when the coefficient ¢ can be computed.

6 Analysis method

As discussed in Sect. 2, the variables which are sensitive
to the polarisation are also suitable for the measurement
of the Michel parameters.

For the decay modes e, p, and m, the reduced en-
ergy @ = E/FEpeam is used. For p and 7 the energy is
computed from the curvature of the track measured in
the tracking devices, whereas for the electron the energy
is measured with the wires in the ECAL including also
the bremsstrahlung photons. For events with unidentified
hemispheres, only the identified hemisphere information
contributes to the measurement.

In the case of the final states with two or three pions,
the optimal observables w, = G,/F, and w,, = G¢ /Fy,,
defined in Sect. 2.2, are used. In events with both 7 leptons
decaying hadronically, the 7 direction is reconstructed and
w is determined in each hemisphere from the full set of
kinematic variables. For events with a leptonic or uniden-
tified decay in the opposite hemisphere the 7 direction is
not known and hence the dependence of the functions F
and G on the angle « is integrated out with a correspond-
ing loss of sensitivity to &, of the resulting w distribution.
The spectra for the various decay modes are shown in
Fig.4 with the Standard Model Monte Carlo [27] predic-
tion.

6.1 Fitting procedure

In order to exploit the spin-spin correlation of the two 7
leptons, the parameters are extracted by a binned max-
imum likelihood fit to two-dimensional distributions ob-
tained from the 27 decay combinations (Table 3) which
can be constructed from the six decay modes ev.v,, uv/, vy,
7(K)vy, v, 770, mnta v, and unidentified de-
cays.

The fit relies on simulated reference distributions
which are constructed by reweighting the standard r
Monte Carlo [34]. For example, in the case of a hadron-
hadron correlation, where the correlated spectrum is given
by (23), they are the two-dimensional distributions fp, fi.,,
GhyGhas friGhy, and fr,gn,. This method ensures that all
effects such as radiative corrections, resolution and selec-
tion are automatically taken into account in the reference
distributions. The fit of a normalized linear combination
of these reference distributions to the data, by varying the
coefficients, yields the values of the unknown parameters.

Assuming a Poisson distribution in the individual bins,
the likelihood function is given by the following expression:
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Table 4. Results of the fit with statistical errors only. The right
column gives the values expected for a pure V — A interaction

Parameter Fit result SM
Pe 0.7474+0.019 0.75
(&6)e 0.788+0.066 0.75
& 1.0114+0.094 1.00
Ny 0.160£0.150 0.00
Pu 0.776+£0.045 0.75
(&) 0.786+0.066 0.75
& 1.0304+0.120 1.00
&n 0.994+0.020 1.00
& 0.987+0.012 1.00
Ear 1.0004+0.016  1.00

11

-1
S=1

)

ﬁ H exp (—Es,c,5)(P)Es,c,5(P)\ %"
C=1B=1 Ns.c.5!

> Escp(P)=N§& . (26)
B=1

The SymbOI P = (Pe, gea (66)67 Ny Pus é-/u (66)u> ; 671'7 fpa
Ears PT) denotes the set of parameters to be measured. The

parameter 7, is set to zero and the polarisation parameter?
P, is let free to avoid biases on the Michel parameters,
mainly p,, and p..

N is the number of events observed in the data. S runs
over the 11 data samples which correspond to the five
years of data taking, and running at the Z peak and at
off-peak energies. The letter C' designates one of the 27
decay combinations and B a data bin.

The distributions of the Z peak data are divided into
15 x 15 bins and, due to the lower statistics, the off-peak
histograms are split into 10 x 10 bins only.

3 With the present notations, the polarisation measured in
the standard analysis [4] is &, P- for a hadronic channel and
approximately & Pr — (4/3)[p1 — 3/4] for a leptonic one

tion and b cosine of the angle between
dmin and k‘r

The expectation Eg ¢ p(P) in each bin is obtained by the
following sequence of operations.

— The reference distributions for the considered data
sample and decay combination are linearly combined.
The coefficients are computed from the values of the
parameters which are varied during the fit.

The distributions for 7 background due to wrong decay
combinations are added. The background distributions
are computed for the two 77 helicities assuming the
Standard Model values of the decay parameters and
their respective contributions are determined by the
value of the P, parameter.

The non-7 background (Bhabha events, u pairs,
hadronic events, and v events) is added.

The Eg ¢ g(P) expectation is normalized to the num-
ber of events in the data distribution.

6.2 Results of the fit

The values of the parameters given by the maximum like-
lihood fit are presented in Table 4 and their correlation
matrix in Table 5.

The value of P, given by the fit is in agreement with
the results of the measurement in the framework of the
Standard Model [4] but with a larger error. The errors
on the parameters 7, and p, have a correlation of 91%
which is due to the underlying decay distribution. As a
consequence the error on p, is rather large. This is in
contrast to the electron channel where the error on p, is
smaller because the decay distribution is insensitive to 7.
In the fit n. has been fixed to 0; fixing also 7, results in
an error on p, comparable to that on pe.

Since the constants G defined in (1) are related to the
7 leptonic partial widths by (10), under the hypothesis of
e-p universality G, = G, the ) parameter is constrained
by the measurement of the 7 leptonic branching ratios. To
impose this constraint on the fit, a term

1 (77l - nbr)Q

In P =
2 (Any)?

(27)
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Table 5. The correlation matrix for the fit
(€9)e &e Y Pu (€9)n §u n &p a1
Pe 0.00 -0.23 -0.02 0.02 0.00 —0.02 0.10 0.00 0.00
(&6)e 0.05 0.01 0.00 0.00 -—-0.02 -0.12 0.01 0.01
e 0.01 0.01 -0.02 -0.01 -0.06 -—-0.02 -0.01
m 0.91 0.29 0.58 0.03 —-0.02 -0.01
Pu 0.25 0.45 0.06 —0.02 —-0.01
(&0)n 0.14 —-0.07 -0.02 —-0.01
& —-0.01 -0.04 —-0.02
&n —0.28 —0.20
€p —0.08
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Table 6. Results of the fit and correlation matrix, under the
assumptions of e-p universality and & = €, = &a,

Parameter Fit result SM
7 0.012£0.026  0.00

1 0.742+0.014 0.75
(£0); 0.776+0.045 0.75

& 0.986+0.068 1.00

én 0.992+0.007 1.00

2 (£) & &n

m 026  0.05 008  0.00
pu 0.03 —0.19  0.10
(€6), 0.05 —0.11
& —0.09

Table 7. Systematic uncertainties in units of 1072 from the
following sources: momentum measurement from tracking in
the magnetic field (TPC), energy measurement in the ECAL
(ECAL), 7 pair selection (SEL), normalization of the non-r
background (BKG), charged particle identification (PID), pho-
ton and 7° detection efficiency (y/7°), Monte Carlo statis-
tics (MC), and the 7 branching fractions assumed in the
Monte Carlo (7BF). The lower part of the table shows the
uncertainties under the assumptions of e-y universality and

& =&p =&a,

TPC ECAL SEL BKG PID 4/7° MC 7BF
pe — 07 05 02 04 — 07 04
(). — 03 04 01 03 — 22 1.0
& — 04 15 02 14 — 34 06
e 15 — 08 05 25 — 49 17
pp 09 — 02 03 05 — 14 05
(), 05 — 06 10 09 — 22 12
& 04 — 07 05 08 — 48 08

&x 0.3 04 06 00 06 02 07 06
& 0.1 04 04 00 02 08 05 0.1
&y 03 03 06 00 02 06 07 06

TPC ECAL SEL BKG PID ~/x° MC 7BF
m 01 01 01 01 04 — 03 02
p 01 01 02 01 03 — 05 02
(&), 06 02 05 01 15 — 16 05
& 04 05 10 02 14 — 25 07

&n 0.1 03 01 00 01 03 02 0.2

where 7y, is the value of 7; deduced from the branch-
ing ratio measurements [35], is added to the log-likelihood
function. The precise sensitivity of the branching ratios
to 1, needed to determine Amny,, is computed from the
exact decay distribution [36], taking into account the ac-
ceptance cut on the low energy muons. The value obtained
is Mpy = 0.001 £ 0.027.

The values of the parameters given by the fit performed
under the assumptions of universality and {; = &, = &q,
are given in Table 6 with their errors and correlations.
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7 Systematic uncertainties

All systematic errors arising from the uncertainties in the
Monte Carlo simulation are discussed in the following and
summarized in Table 7. Illustrations of the procedures
used for their determination are presented in Figs.5 to
7. Most of the tools used in the present analysis were also
employed for the measurement of the 7 polarisation de-
scribed in [4], where a more detailed discussion can be
found.

Good calibration of the TPC and the electromagnetic
calorimeter are crucial for a reliable measurement of the
parameters. This analysis also profits from the thorough
refinement of the TPC and ECAL calibrations using Bha-
bha and p-pair events, which was done for the 7 polari-
sation analysis [4] to reduce the related uncertainties. To
estimate the uncertainties due to the TPC calibration,
twice the errors on the sagitta measurement and the ab-
solute momentum normalization are taken. The results are
given in Table 7 in column “TPC”.

The errors arising from the ECAL are independently
estimated for the wires used to measure the electron en-
ergy and the pads necessary for the identification of pho-
tons; the barrel and endcaps are also treated separately.
An uncertainty due to saturated signals in the ECAL is de-
termined by varying the measured value of the saturation
constant within its error (1o); the uncertainties on the cal-
ibration are assessed by evaluating the differences between
data and Monte Carlo using Bhabha events. Finally, the
uncertainty in the measurement of the photon energy in
the ECAL due to the photon clustering algorithm, which
affects the hadronic final states [4], is estimated. All uncer-
tainties due to the calibration of the ECAL are combined
in Table 7, column “ECAL”.

The effects of the selection procedure are estimated by
defining suitable test samples in data and Monte Carlo in
the same way. The dependence on the relevant variables
used in the measurement of the ratio data/MC of the effi-
ciencies relative to the tests samples is studied. Whenever
possible a linear fit to the ratio is performed, the error
on the slope, or the slope itself if larger than the error, is
then used to reweight the Monte Carlo distributions. The
systematic uncertainties are estimated by redoing the fit
with the new distributions. Deviations from linearity, if
present, are taken into account.

For the test of the 77 selection a sample of lepton-
lepton events is defined by loosening the cuts, especially
the energy cuts. This results in a much larger fraction of
background events in the critical regions around z = 1
and small z, which is also used to check the normalization
of the non-7 background in the Monte Carlo. The statis-
tical error from the comparison of data and Monte Carlo
is taken as the systematic uncertainty of the background
normalization. It depends on the year of data taking and
ranges between 20% and 30%. The uncertainties resulting
from these studies are given in Table 7, columns “SEL”
and “BKG”.

The identification of electrons and muons can be tested
using tracks from Bhabha events, u pairs, and vy events
with ee and pp final states. Two-track events are selected
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using one track identified as an electron or muon to tag
the track in the opposite hemisphere. In order to obtain
clean test samples, cuts on the momenta of the tracks, the
missing mass in the event, or the acollinearity angle are
applied. In addition, muon candidates should not be ac-
companied by a substantial energy deposit in the ECAL.
The test sample for pion identification (Fig.5) is selected
directly from 7 decay. The test sample consists of tracks
accompanied by clean 7%’s and tracks from three-prong
hemispheres, the other two tracks being identified as pi-
ons. The remaining background in the test samples is sub-
tracted. These test samples are used to estimate the sys-
tematic errors given in Table 7, column “PID”, by means
of the procedure described above. The uncertainty due to

ratio is superimposed

particle identification also contains effects from misidenti-
fication.

The likelihood estimator used to reject fake photons
might have an identification efficiency for photons which
differs in data and Monte Carlo. To assess this possible
effect a sample of good photons from well defined 7°’s is
selected by using one of the photons for tagging and the
other for testing. The ratio data/MC of the efficiencies
on this test sample as a function of the photon energy
(Fig.6) is used to determine the systematic uncertainty.
Since there are small differences in the energy spectra of
the 7°’s between data and Monte Carlo, a systematic er-
ror on the 7° reconstruction is estimated from the ratio
of these spectra. Finally the uncertainties related to the
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additional cuts of the hemisphere identification, such as
the calorimetric selection for pions, the mass cuts in two-
and three-pion final states, and the cut on the number of
photons for 7%v, and 37F v, are evaluated from the ratios
of “pseudo-efficiencies”. These pseudo-efficiencies (Fig.7)
are the ratios of the numbers of events before and after
the cut is applied. The errors resulting from these uncer-
tainties are summarized in Table 7 in column “y/7%”.

Differences in the reconstruction of the 7 direction of
flight between data and Monte Carlo should show up in
the first Euler angle « (Sect. 2.2), which can only be com-
puted when the 7 direction is known. Therefore the distri-
butions of this angle for data and Monte Carlo are used to
assess these systematic uncertainties. The resulting errors
are A, = £0.001 and AE,, = £0.002. The effects on &,
are negligible.

An important source of uncertainty is the finite Monte
Carlo statistics used to generate the reference distribu-
tions. This error is determined by allowing the number of
events in all bins to fluctuate assuming a Poisson distri-
bution and refitting. With this procedure repeated several
hundred times, the statistical error due to the Monte Carlo
is given by the width of the Gaussian distributions of the
individual fitted parameters. The same procedure is ap-
plied for the distributions from 7 background and non-7
background. The combined errors are listed in Table 7 in
column “MC”.

The uncertainty coming from the branching ratios im-
plemented in the Monte Carlo, which affects the shape
of the background, is assessed by varying the branching
ratios within their errors (1o). It appears in the column
“TBF” of Table 7.

The model dependence of the hadronic current for the
three-pion final states has also a systematic effect on the
results. This uncertainty is evaluated, as in the 7 polarisa-
tion measurement [4], by trying different models [37-39]
and changing their parameters in the limits allowed by
the data. Nevertheless, instead of the three G, functions
used to construct w,, in the 7 polarisation analysis, only
one function (G} ) is employed here. Variations in &, be-
tween +0.005 and —0.020 are found, showing that at the
level of precision reached now the model dependence is
the dominant uncertainty on &,,. Since no model can be
claimed to be definitely established, care must be taken
in interpreting the result for £,, and the larger of the two
values is put as theoretical systematic uncertainty in the
final result.

8 Results and conclusion

A precision measurement of the Michel parameters of the
7 lepton and the v, helicity has been presented, exploiting
the sample of 777~ pairs collected with the ALEPH de-
tector at LEP. The sensitivity to the chirality parameters
§p and &,, has been increased by about a factor of two
by using the information from the reconstruction of the
7 direction of flight. The results of this analysis, for the
Michel parameters and the hadronic chirality parameters
(v, helicity), are
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pe = 0.747 £ 0.019 £+ 0.014,
(£6)e = 0.788 £ 0.066 = 0.024,
€ = 1.011 £ 0.094 =+ 0.038,
My = 0.160 % 0.150 + 0.060,
pu = 0.776 + 0.045 + 0.019,
(£6),, = 0.786 + 0.066 + 0.028,
¢, = 1.030 £ 0.120 =+ 0.050,
€, = 0.994 + 0.020 + 0.014,
¢, = 0.987 £ 0.012 + 0.011,
€4, = 1.000 £ 0.016 & 0.013 + 0.020;

and, under the assumptions of e-p universality and &, =

gp = fala

m = 0.012 + 0.026 £ 0.004,
pr = 0.742 + 0.014 =+ 0.006,
(£6), = 0.776 + 0.045 + 0.024,
& = 0.986 + 0.068 + 0.031,
—(hy.) = & = 0.992 £ 0.007 £ 0.006 + 0.005.

The errors are the statistical and the experimental sys-
tematic errors, the third error is due to the uncertainties
in the model for the three-pion final state. The values of
the parameters defined by (7) and (8) are

S; = —0.023 £0.031 £ 0.016 ,
Pr = —0.025 £ 0.041 £ 0.022

with a correlation coefficient C'(Sf, PR) = 0.90.

The values obtained for the Michel parameters and the
v; helicity are in good agreement with measurements from
other experiments [18-20, 40-46]. No significant deviation
from the pure V — A interaction assumed in the Standard
Model is observed.
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