ALEPH 94-018
PHYSIC 94-014

J. Raab & B. Wolf
17.02.1994

Correlation Measurements in Z — 777~

and the Leptonic Michel Parameters

Abstract

Using 40.3pb~! of data collected with the ALEPH detector at LEP correlations between
the decay products of the 7+ and 7~ produced in the decay of the Z have been
measured. The measurements performed in the decays v — evy, pvv, mv, and pv
place limits on deviations from the Standard Model. These are given for the leptonic
7 decays by the parameter set P = (p, 6, &, n). The measured values are P =
(0.77 & 0.04 £ 0.04, 0.64 £ 0.15 £ 0.07, 1.07 £ 0.19 £ 0.20, 0.03 £ 0.08 & 0.07). For
models without e~y universality in the charged current interaction the measurements
are P, = (0.86 £+ 0.07 £ 0.04, 0.61 £ 0.40 + 0.15, 0.84 & 0.30 £ 0.13, —) and P
(0.73 £ 005i007 0.74 + 0.27 £ 0.15, 1.03 £ 0.30 £ 0.27, ——004£c009j:007)
The updated value of the hadronic ¢ parameter and the average T—neutrino helicity
is £ = (h(vy)) = —0.94 + 0.05 £+ 0.03.

Johannes Raab and Barbara Wolf
Mainz
15. Feb. 1994

1 Introduction

This note describes an extension of the correlation measurements [1] to the leptonic sector. In the
Standard Model description of ete™ — Z — 77~ the 7+ and 7~ are produced with opposite helicities.
The Standard Model V-A structure of the charged current leads to a maximal preservation of the original
information on the 7 polarisation in the kinematics of the decay. Thus, deviations from the Standard
Model can manifest themselves in the neutral sector by a decrease of the nearly perfect helicity correlation
between the 7+ and 7~ and/or in the charged sector by a different decay distribution in the polarisation
sensitive variable.

In the following the results of the investigation of the leptonic 7 decay spectra are presented. The
analysis leads to measurements of the Michel parameters p and £, and of the previously unmeasured
parameters § and 7. In addition, the enlarged data set relative to [1] is used to update the measurements
on the chiral polarisation parameters &,, £,, and the average 7—neutrino helicity.



2 Method

In this section the method is briefly reviewed and the extensions to [1] are described. The fundamental
equation which describes the decay spectrum in the polarisation sensitive variable, z, of the 7% in the
pure helicity state h(7*) is

dl(7%)

— = F()xh(r*) £ G(a). (1)

In the hadronic analysis[1l] F' and G are purely kinematic functions. For the leptonic spectra F and G
depend on the Michel parameters p, § and n which reflect the Lorentz structure of the charged current
interaction [2][3][4]:

4
F(z;p,m) = 2-62"+42°+ -gp(—-l +92° — 82%) + 127]%(1 - z)? (2)
G(z;6) = —g +4z - 62° + -g-z? + %5(1 — 12z + 272% — 162°%), (3)

where the polarisation sensistive variable z is defined as 2z = E—f‘;, for £ = (e,pu). A priori the Michel

parameters P = (p, 6,&,m) are not identical for the different leptons.

In the Standard Model the values of the Michel parameters are p = % =6,n=0,¢& = 1independent of
the lepton family (lepton universality of the charged current). Figure 1 shows the functions F and G for
several possible parameter combinations. The maximum contribution to F from the n term — assuming
a mixture of V-A and a Higgs-like coupling — is indicated.
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Figure 1: Left: the function F for three values of p (7 = 0). The maximum contribution to F from 7 is
also shown. Right: the function ¢ - G for three possible sets of (¢, 6¢).

The parameter p is called the shape parameter since it has the most influence on the shape of spectrum
for unpolarised 7 . Deviations from lepton universality in the charged current couplings are reflected by
6 # 2[5]. The parameter £ is the chiral polarisation parameter but unlike [1] is not directly related to the
neutrino helicity. The spectrum parameter 7 is non-zero only when non-standard couplings are present.
It is relevant to the prediction of the decay rate or the extraction of the Fermi coupling constant G, [4][6]
since
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In 7 — evv decay 7, is essentially inaccessible but for 7 — uvv the sensitivity to 7, is comparable to
that for p, .

The Michel parameters are bilinear combinations of ten (complex) coupling constants. Their explicit
form can be found in [3][4][5][7]. Attention must be paid to differences in notation. From the normalisation
condition and the fact that the partial decay widths are always positive, it is possible to derive constraining
relationships between the parameters[8][9]:

0<p<1 (5)
16-€<p (6)
|76 - € — 3¢] < 9(1 - p) | (7)

The a priori allowed region in the (£, A = §¢)-plane is shown in figure 2.
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Figure 2: Allowed region in the (¢, 6¢)-plane (left) and in the (¢, §)-plane for p = 2(right).

The correlated spectra for V and A couplings® in the neutral current are given by [4][11][12]

d’T
de' dZJ‘

o« T(zi,2) = F(2)F(z) + &§,G(2:)G(2;) — p - [§G(2:)F(2) + &G () F(2)) (8)

where p is the mean 7~ polarisation. The polarisation asymmetry measurement|[13] and the App
measurement[14] determine the sign of p unambiguously, so that the eight parameters p, p., éc, &, Pu, 64, My
and £, can be completely determined?. The uncorrelated spectra (1) provide additional information on
the parameters but show a reduced sensitivity and do not determine the relative signs of the £. The
sensitivities of the parameters for the leptonic modes are illustrated in figure 3[15].

3 Data Analyis

The analysis uses 40.3pb~! of data recorded with the ALEPH detector in the years 1990 to 1992. A detailed
description of the detector can be found in [16]. The event selection, the charged particle identification,
the decay mode classification, and background rejection are identical to the neural network anlysis detailed
in [13].

!see [10] for a more general case
2Ten parameters if £ and ¢, are included.
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Figure 3: The theoretical sensitivity § = (%) for Il. From top left clockwise S(&), S(p) and S(6).



Only 7 pair candidate events in which at least one of the 7 decays is classified as e, u, 7 or p
are retained. The events are divided into thirteen exclusive groups consisting of all candidate lepton-
lepton, lepton-hadron, hadron-hadron, lepton-X, and hadron-X2. The ee group is excluded due to the
large background of radiative Bhabha events. Different from [13] is that the electron momenta are those
measured in the TPC — reconstructed soft photons are not added.

The background fractions and the absolute acceptance are extracted from Monte Carlo generated
events. The number of reconstructed events, the average acceptance, and the average expected
background fraction from 7 and non-7 sources are given in table 1.

The data are binned in steps of Az = 0.066 for e, u, p and Az = 0.133 for 7. The bin size is smaller
than in (1] for better sensitivity (see figure 3). Each year of data gives a set of thirteen histograms. The
reason for separating the data sets is twofold: firstly, the different groups show variations in efficiency
and background levels from year to year, and secondly, each data set is fit to a different convolution
to account for initial and final state radiation (see below). For the years 90 and 91 the efficiencies and
background levels are identical within errors so that they are listed in total in table 1.

Since the main thrust of this note concerns the leptonic modes the purely hadronic modes will be
neglected unless explicitly stated.

4 Measurement of P

The spectra of the expected number of events, E, are fit to the observed distributions N - the two
one-dimensional distributions, and the six two-dimensional distributions — by minimising the negative
logarithm of the likelihood function

e_E(P:ﬁ;iajtm)E R 13; .1.m N(,j,m)
c =1 N((f , m)’f’ ) 9)
i'j’m )J, M
with respect to p and the set of Michel parameters P. The indices i,j run over all the bins in the fit range
except for the symmetric groups, for which the spectra are folded across the diagonal, so that ¢ > 7.

The expected spectra are the sum of the predicted signal events, S, and the 7 and non-7 background,
B:

E(p,P;i,5,m) = S(p,P;i,5,m)+ B(i,5,m). (10)

The formulae include semi-analytic corrections for initial and final state QED radiation as suggested
in [17]* . The spectra T from (1) and (5) are corrected to form T and subsequently folded with resolution
and efficiency matrices, R and ¢, determined from simulation. The expected signal distribution is then

S(p,Bii,j,m) = Y T(p,P;d, 5", m)R(i,i, m)R(j, ', me(i, j, m). (11)

i1 gt
V)

From equations (1) and (3) it is evident that § and £ will be highly correlated through the product
¢ - 6. In addition, the constraint equations (6) and (7) show that A = £ - § should be considered as an
independent variable. For these reasons the fit treats (A, ¢) as independent variables rather than (4, ).

3The two groups 7X and pX are not identical with those used in {1]. In [1] (e, p)7— and (e, u)p—candidates fall into the
categories X and pX.
*The radiative corrections for the 5-term are given by

n(l-z)’ =n (1—::)2+(1—z)zln(l——z)—(—;——:c+z2)ln:c—%(1—:z:) .



data | group || # of events (€) estimated background [%)]
set reconstructed (%] T non-T

ep 924 69.1+£04| 3.3+£02 0.8+0.3

em 434 40.3+05| 9.3+05 0.6+04

ep 638 341+04) 74+£03 0.3+0.2

m 481 60.8+06| 26+02 | 22407

ur 545 54.1+£ 06| 7.6+0.4 0.5+0.3

(o 852 415404 | 71403 | 01401

90491 ™ 168 46.4+09 | 11.7+0.9 0.6+ 1.0
TP 499 36.8+0.5 | 12.44+0.5 0.1+0.2

PP 438 29.1+05| 123+0.6 0.5+ 0.6

eX 1784 73.3+04| 2.140.1 22+0.3

uX 2209 98.21+ 0.1 14+£0.1 1.9+0.3

X 1642 97.44+0.1| 7.8+0.1 3.1+04

pX 2367 69.1+04| 65+£0.2 1.0+£0.2

el 1400 67.1+04| 34+£0.2 0.1£0.1

em 590 38.1+0.5| 10.24+0.5 0.1+0.1

ep 1080 3294+04 | 92404 0.1£0.1

pp 696 578406 | 1.8+402 | 7.2+1.1

um 763 51.84+0.6 | 9.1+0.4 0.1+0.1

1o 1219 403404 | 79403 | 0.140.1

92 ™ 248 4444+10 | 166+ 1.1 0.1+0.1
TP 731 35,56+ 05| 156+0.6 0.1+0.1

pp 623 20.1+04 | 141406 | 0.140.1

eX 2650 76.5+03 | 2.74+0.1 0.1+0.1

X 3532 99.14+0.1| 1.3+£0.1 29+03

X 2460 98.8+0.1| 86+0.2 1.8+0.3

pX 3923 75.0+£ 03| 73+0.2 0.14+0.1

Table 1: Number of reconstructed events, the average efficiency (¢), and the expected background from
7 and non-7 sources for each event group and data set.



The constraints are realised through a redefinition of the fit parameters, for example A — p - tanh(z).
After convergence, the parameters and their errors are transformed back into the standard basis.

On account of the complexity of the fit it is natural to inquire how well the method reproduces the
Standard Model input values of the Monte Carlo simulations. To this end, the resolution and efficiency
matrices from one set of simulations are used as input to fit to another set of simulations. Table 2 gives
a comparison between the input and fitted parameters. No significant short commings of the method
are observed. Nevertheless, these deviations are included as systematic uncertainties due to the method
itself in table 5.

parameter || input fit result

P —0.130 | —0.145 4 0.009
Pe 0.75 0.71 £+ 0.06
b, 0.75 0.74 £ 0.02
& 1.0 1.14 £ 0.11
Pu 0.75 0.72 £ 0.01
6, 0.75 0.71 £ 0.06
P 1.0 1.12 £+ 0.10
Nu 0.0 —0.01+0.03

Table 2: Michel Parameters obtained from a fit to 7 pair Monte Carlo events at generator level.

The fit results for various constraints are given in table 3 and shown in figure 4. The numbers in
column (a) are obtained by assuming universality of the charged current. For column (b) the constraints
are added. Column (c) contains results without the universality assumption and no constraints. Table 4
list the correlation coeflicients for fits (a) and (c).

fit type
parameter (a) (b) (c)

P —0.198 £ 0.033 | —0.198 + 0.033 | —0.199 £+ 0.035
Pe 0.77+0.04 0.77+ 0.04 0.86 + 0.07
b, 0.64+0.16 0.64£0.14 0.61 £ 0.42
€. 1.07£0.19 1.07+0.19 0.84 £ 0.31
pu - - 0.73 £ 0.05
5, - - 0.74 £ 0.33
£, - - 1.03 4 0.38
P 0.03 £ 0.08 0.03 + 0.08 —0.04 £ 0.09
v 3541 3541 3538

N,y 3796 3796 3793

Table 3: Fit results for the following constraints: (a) universality, no bounds, (b) universality, with
bounds, (c) no universality, no bounds.

The influence of the boundary conditions on the absolute values of the errors are minor. Insofar as the
best fit parameter set is at the boundary curve, only the one-sided errors are relevant. This is illustrated
in figures 4 which are contour level diagrams of In £ in the A¢ and 6¢ plane with and without constraints.

5 Systematic Uncertainties

The primary sources of systematic errors have been discussed previously in [1][13]. The various

contributions are summarised in table 5.



correlation coefficents
fit | parameter | p A ) ¢ n
(a) P 1 -07 034 0.14 0.04
A 1 035 0.06 -0.12
p 1 -0.21 0.35
¢ 1 0.22
n 1
(C) parameter | p A, Pe £ Au Pu f,u ym
P 1 -0.12 0.35 -0.04 -0.08 0.56 042 0.29
A, 1 -064 048 0.05 -0.03 0.00 0.02
Pe 1 -064 0.06 0.15 0.12 0.05
£ 1 -0.10 0.04 -0.04 0.02
AW 1 -039 -0.05 -0.18
Pu 1 0.21 0.55
& 1 0.59
M 1
Table 4: Correlation coefficients for fit type (a) and (c).
source Ap | Ap| As| AE| An
Monte Carlo statistics 0.011 | 0.01 | 0.05 | 0.06 | 0.03
background (+ 30%) 0.017 | 0.01 | 0.01 | 0.02 | 0.04
correlated background cuts || 0.025 | 0.03 | 0.03 | 0.16 | 0.03
efficiency 0.021 | 0.02 | 0.01 | 0.01 | 0.01
correlated efficiency 0.024 | 0.02 | 0.04 | 0.09 | 0.03
uncertainties in method 0.006 | 0.01 { 0.01 { 0.05 | 0.01
sum in quadrature 0.045 | 0.04 | 0.07 | 0.20 | 0.07
Ap | Ap. | Ab, | AL | Ap, | A6, | AE, | A,
Monte Carlo statistics 0.012 | 0.02 | 0.14 | 0.10 | 0.02 | 0.11 | 0.13 | 0.03
background (+ 30%) 0.014 | 0.01 | 0.01 | 0.01 | 0.01 |{ 0.01 | 0.01 | 0.02
correlated background cuts || 0.031 | 0.01 | 0.01 | 0.06 | 0.03 | 0.01 | 0.23 | 0.04
efficiency 0.013 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 { 0.01 | 0.02
correlated efficiency 0.024 | 0.03 | 0.04 | 0.04 | 0.05 | 0.10 | 0.04 | 0.03
uncertainties in method 0.006 | 0.01 | 0.01 | 0.03 | 0.02 | 0.01 | 0.02 | 0.01
sum in quadrature 0.045 | 0.04 | 0.15 | 0.13 | 0.07 | 0.15 | 0.27 | 0.07

Table 5: Systematic uncertainties in the Michel parameters.
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Figure 4: Contour levels in steps of 1o in (¢, A)-plane (left) and in (¢, 6)-plane (right) for fit (a) (top).
Contour levels for fit (b) (bottom).



Since the spectra are non-linear in the kinematic variable 2 the slope corrections include non-linear
terms to examine possible deviations from linearity between Monte Carlo and data [18][19]. The slope
parameters and their statistical uncertainties are given in table 6. The influence of these uncertainties
are included in table 5 under the heading correlated efficiency.

a b c d
e || 1.007 &+ 0.002 0.001 4+ 0.005
1.012 4+ 0.004 | —0.001 4+ 0.005 0.060 + 0.045
1.000 + 0.008 | —0.026 4+ 0.020 0.040+ 0.043 | 0.13+0.11
4 || 0.995 4 0.002 0.009 4 0.004
1.005 £+ 0.004 0.020 + 0.008 | —0.051 + 0.031
1.003 £+ 0.003 0.042 + 0.010 | —0.033 + 0.032 | 0.16 + 0.08

Table 6: Parametrisation of 5::& = a+ bz + cz? + dz3 for the 1991 data set.

Following the method and selection given in [1], the values for the hadronic chiral polarisation
parameters are {, = —0.95 + 0.08 £ 0.04, £{, = —0.93 £ 0.08 + 0.04, and £ = —0.94 + 0.05 £+ 0.03.
These measurements are completely independent of the leptonic analysis.

6 Conclusions

Within the framework of V and A type couplings in the production of 7 pairs at the Z resonance the
Michel parameters in the decays 7 — e(u)vP have been measured. For the first time the parameters §
and n have been measured directly in 7 decays.

= 0.77+£0.04+0.04
= 0.64+0.15+0.07

1.07+0.19 £ 0.20
= 0.03 £ 0.08+0.07

S MmOy D

Assuming that the charged current interaction does not obey the universality condition, then the
following measurements hold:

pe = 0.86+0.07+0.04 p.= 0.73%£0.056+0.07
6= 0.61+0.40%£0.15 6,= 0.74+£0.27+0.15
.= 084+£030+0.13 £, = 1.03+0.30£0.27

n, = —0.0440.09 %+ 0.07.
Finally, the updated value of the average 7 neutrino helicity is
(h(v,)) = € = —0.94 £ 0.05 £ 0.03. (12)

The measurement of 7 compares very well to the value extracted from the ratio of leptonic widths[22]:

_ m, (T(1 — evp) ) _
1= (r(r sy~ 1) = 008009,

The measurements of p and |£| are in good agreement with those obtained by ARGUS p =
0.742 £ 0.035 £ 0.020, |¢| = 0.90 + 0.15 + 0.10, p, = 0.747 £+ 0.045 £ 0.028, p, = 0.734 + 0.055 + 0.027,
p = 0.742 £ 0.035 + 0.020 [21], and &,, = —1.25 £ 0.237%.15 [20].



None of these measurements shows disagreement with Standard Model expectation at the current
level of precision. With additional data from 1993-1995 and an improved understanding of the systematic
uncertainties, especially in the background rejection and the efficiency correlation, ALEPH can make a
significant contribution to measurements of the charged current.

Note added: The quoted systematic errors are very conservative due to a disagreement between
the EP and UW analysis in the electron channel. These disagreements are now resolved and work is in
progress to adjust the errors correspondingly.
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