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A Test of CP-Invariance in Z° — 777~

Using Optimal Observables

The OPAL Collaboration

Abstract

Using 27490 Z° — 77~ decays, accumulated in 1991, 1992 and 1993 with the
OPAL detector at LEP, a direct test of CP-invariance in the neutral current reaction
ete”™ — 7777 is performed by measuring CP-odd observables which are proportional
to the weak dipole moment of the 7-lepton. A new method based on optimal CP-odd
observables constructed from the 7 flight and spin directions is employed. More sensitive
measurements of the real and - for the first time - the imaginary part of the weak dipole
moment with highest possible signal to noise ratio are obtained. No evidence for a
non-zero expectation value of the considered observables and hence for CP-violation is
observed. An upper limit on the weak dipole moment of |Re(d¥)| < 7.9 x 1078 ¢ - cm
and |Im(d¥)| < 4.5 x 10717 ¢ - cm with 95% confidence level is obtained.

Disclaimer:
The results presented in this note are preliminary.
This note is only for the use of the OPAL Collaboration and others who have been given
explicit consent by OPAL.



1 Introduction

In the Standard Model, CP-violation has its origin in the charged current couplings among
quarks and is described by a phase in the CKM-matrix [1]. Violation of CP-symmetry has so
far not been observed in neutral current reactions, and the Standard Model does not predict
any measurable effects there [2].

In neutral current processes CP-violation can be introduced if the participating particles pos-
sess electric or weak dipole moments. For two reasons it is advantageous to use the Z2° — 7+7-
decay for the search of CP-violation. First, the CP-violating dipole moment is related to the
spin of the outgoing fermion. Due to its short lifetime the 7-lepton decays inside the detector
and indirectly transfers information about its spin to the energies and momenta of its decay
products. Second, CP-violating models exist [2] in which the magnitude of the lepton dipole
moment depends on the mass of the fermion to the third power, thus favoring processes with
heavy fermions.

CP-violation in Z° — 777~ decays can be studied by measuring CP-odd observables. If
C’P-invariance holds, the mean value of these observables must be zero. Any observation
of a non-zero expectation value of CP-odd observables would indicate physics beyond the

Standard Model.

Taking into account operators with mass dimension d < 6, the CP-violating effective Lagran-
gian of the 777~ production vertex is given by [2]

)
Lop = =270" 35 (A" B + d2(6°)Z,0) (1)

where F),, and Z,, are the electromagnetic and weak field tensors. The electric and weak
dipole form factors are denoted by d¢(¢*) and d“(¢?), respectively. They determine the
strength of the CP-violating amplitude and may have a real as well as an imaginary part.
At LEP the momentum transfer ¢ is given by ¢*> = m3 ; d¥(m3), which dominates at this
q°, is now called the weak dipole moment. The CP-violating transition amplitude Tep, with
coupling strength d¥, occurs in addition to the Standard Model amplitude Tgy;. For large d¥
the interaction Lcp gives rise to a non-negligible CP-even contribution, |T¢»|?, to the cross
section do o |Tsy + Tep|? and the partial width T(Z° — 7+77). In principle a measurement
of the partial width for Z° — 777~ does not constitute a test of CP-invariance. However, it
can be used to determine d¥ under the assumption that no interaction outside the Standard
Model other than Lep contributes to the width. With this method an upper limit on d¥ from
[(Z° — 7777) was derived in [15][16]. The CP-odd interference term, in contrast, gives rise
to CP-violating effects.

2 (CP-odd Observables

C’P-odd observables O have various transformation properties under time reversal. CP-odd
and 7-odd observables @7 transform CP7-even. Their mean values are proportional to
Re(d¥). CP-odd and T-even observables O7 " transform CP7-odd. Given CP7-invariance,

which is assumed throughout this paper, a non-zero mean value would be proportional to



Im(d¥). This requires absorptive parts in a CP-non-conserving interaction.

Let us consider the reaction

tem s (k) T (kD) — A*(pa) B~ (ps) v, (2)

€

where A and B are hadronic or leptonic final states emerging from 7+ and 7~ decays, respec-
tively. In the presence of a weak dipole moment the following relations hold:

(0T )ap = %CABRe(dITU)
(O™ )ap = “ZfapTm(dr) (3)

i.e., the mean values of the observables OT* are directly proportional to the weak dipole
moment. The dimensionless proportionality constants c4p and fsp are called sensitivities
and depend on the respective 7 decay modes A, B. (See Section 5.) Many observables can be
constructed which transform odd under CP, such as T;; = (pa — ps)i(Pa X Pr);j, which was
used in previous analyses [15][16]. The optimal choice is obviously the one which maximizes
the ’signal-to-noise’ ratio

. _ [0y
R W

This condition is met by observables of the form [3]
dofp

dUSM '

o7t =

(5)

Here dag; are the terms in the differential cross section for ete~ — 77~ which are CP-odd
and 7-odd (77) or CP-odd and T-even (7 1), respectively, and dosy is the differential cross
section of the Standard Model. Using the ’shorthand notation’ de = doy Mgy + dalﬂlgﬁ +
do, M2 + ..., and neglecting all terms of the 7 pair spin density matrix [4], which are
proportional to the small neutral vector coupling constants gv (gv/ga = 0.074 £+ 0.006 [5]),
the leading terms of the differential cross sections in (5) are given by

dofy o M = (ko) (kx(8*~57)a. (6)
doZp o M = (kq.)|(ks*)(@S7) - (kS7)(q.5%) (7)

dogy o« Mgy =1+ (fi q.)> + S+S_(1_(f< a.)”) — 2(4.5")(a.S7) (8)
+2(k ) [(ks*)(@.87) + (ks7)(a.8")] .

Here q. is the direction of the electron beam, k is the flight direction of the positive 7 and
the S* are the spin vectors of the 7% leptons in their respective rest systems. The observable
used in this analysis then becomes

Re/Im
Mep'

,.T:t -
o = Mgy, ()



Neither the 7 spin nor the 7 flight direction can be measured directly. However, in reac-

tion (2) the 7 momentum k can be reconstructed up to a twofold ambiguity assuming two-
body kinematics and assuming that the Z° rest frame corresponds to the laboratory frame
which means that initial state radiation is neglected. The ambiguity can be resolved in
principle by means of the information obtained from a precise vertex detector measuring the
track positions close to the interaction point in three dimensions as proposed in [6]. This
would increase our sensitivity to CP-violation by approximately 10%. Up to the year 1992
OPAL’s Si microvertex detector provided only track measurements in r — ¢, so that the
ambiguity could only be resolved with a probability of about 65% using 7 — 7v decays. It
was therefore not considered any further in this analysis. We currently reconstruct only the
component of the 7+ momentum in the decay plane of the final state particles. It is given by

k = upa + vPs (10)
_ aa + pabmas _ ap + pappaa
A ~ 2 9 — ~ ~ 9 ) (11)
1 — (Pabsr) L — (Ppabsn)

where hats denote unit momenta in the laboratory frame, and

Voo mi—mi

where /s is the c.m. energy.

As pointed out in [7][8], the differential partial width for any decay of a polarized 7 is
dT' = |M|?/2m, - (1 + Sh)dLips, where |M|? is the squared matrix element and S is the
three-dimensional polarization vector in the 7 rest frame. If the 7 momentum k is known,
the ’polarimeter vector’ h can be computed from the momentum of the daughter particles in
the laboratory frame [9]. modes into e vy, uvv, nv, a7’ v, 37 v are selected exclusively. The
condition of maximum emission probability means that we use for the spin orientation the
direction of the polarimeter vector, which leads us to the expressions [3]:

+ (2(kFper —mi)(h — g%) + 505 (J* + mI —m])) -k — [*pe

S:t T—=lvy — —Mmy
[$%r— s, m (FEpee) (3m2 1 3m2 — Akt pgz) — 2mymy
FE,+ kipi—
where J*=m2+3m] — 4k*pes , gF = Trjr ~ m, (kO -|l— m;)
02 _ 02
po e (B —my
m, mr(k0+mr)
9 m?2 + m? + 2m, E.=x
S:t — TV = 5 [ T T . = 4 - k
hen = g (Fepe + SRS

5] - THEk + m,H* + k- (kH*)/(ko + m.)
T (ktHy) — m2 - (prz — pro)’
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Figure 1: Mcp/Msy in the 7t77 — 7ta~pvp decay for zero d¥ (left side) and

Re(d¥)=Im(d¥) = 8 x 10~!7 e-cm (right side).

and

(Hi)l/ = 2(p7l'i - pﬂ'o)y(pwi - pwu)u(kzl:),u -I' (pwi -I' pwu)y(p‘fri - p:'ro)2

The expression for the 37 decay channel follows the notation
(k) — (av — prv) — 75 (p*) 7°(p1) 7°(p2) ,

which is equivalent to a decay into three charged pions by rotation of isospin assuming isospin
invariance!. One obtains

[Si]T—*aly—’Pﬂ'V—*3ﬂ'V = Fm, (Zi/*Ni) (13)
where
VA [ (17} 2(khy) + ReFLF2(khy)) & + (|F2[*(hy) + ReF) F2(khy)) €,
1 +
- p(uhaRe(F} + F2)'m + I} 7 |
£ Whha) + F2 (kb)) = Sk(k = Q)(hih 'y ) ey
N* = | Re(F}(khi)+ F2(khs)) - Sk(k = Q)(hiha)Re(F, + F})’ + ImF, F(kH)
defining

'In this case the denotation follows 7+ — =¥ (p¥F) 7ri(p1) ri(pg).



£ = YE(RT,), = YR -Q*), (* = YHHY),
where

bok—b— kb

Y = Y¥() = ——k
®) =+ (B, f )

b=0b(b"b).

The four-vector H* arises from permutation terms in the 7 — 37 decay matrix and is given

by

(k—Q)oAis + (k—Q)1rsa + (k—Q)sAn .
gt — (k—Q)3ros + (k—Q)oras + (K — Q)2As0

(k= Q)oAs1 + (k= Q)sro + (k= Q)1 o3
(k—Q)ids0 + (E— Q@)A1 + (F—Q)oAis

where

)\i/ (hihz — h}/hi)i
and
Wi = |P=pr2— @762(1’((5)?”) ;o QF =t pitp.

Fplf = F, ((p* 4 p1/2)?) is the Breit-Wigner propagator describing the p resonance

Fplw) = m? —u — :\/ﬂf(u)

with the momentum dependent, p-wave corrected width

m? (u —4m2)3/?
— P x
[(u) = T, (m2 — 4m2)3/2 u
0 T

In these expressions the vector k describes the real 7 flight direction, but in the following
measurement it is replaced by the approximation (10).

Figure 1 shows the distributions of such CP-odd observables (9) generated by Monte Carlo
simulation. For non-zero dipole moments the expectation values of the respective observables
are no longer zero.

3 7-Pair Selection

This analysis uses 7 decay modes with one and three charged tracks. The data were recorded
at LEP during 1991, 1992 and 1993. The integrated luminosity represents 69.1 pb=! distri-
buted in energy around the Z° peak and corresponds to 88 600 produced 77~ events.



The topology of ete™ — 717~ events is characterized by a pair of back-to-back, narrow jets
with low particle multiplicity. These characteristics are exploited by dividing the event into
jets whose tracks and clusters are assigned to cones of half-angle 35°. For the selection of
T-pairs we follow our standard selection criteria.

Three main background sources have to be considered. Z° — ¢q events are removed by requi-
ring between one and six tracks which passed standard quality cuts and not more than ten
clusters in the electromagnetic calorimeter. Background from two photon events is removed
by cuts on the visible energy. In addition the minimal total transverse momentum has to be
2 GeV when the visible energy is below 18 GeV. We also require an angle of acollinearity
smaller than 15° between the jet axes. A less important type of background arises from cos-
mic rays. This is suppressed by time-of-flight-requirements and by the location of the event
vertex and the event topology. Details can be found in [10].

The remaining events are almost entirely lepton pairs; ete™ — ete™ and ete” — ptpu~
events are removed by cuts on the energy deposited in the electromagnetic calorimeter, the
momenta and/or signals in the muon chambers.

In the data of the years 1991-1993 71147 7-pairs have been found. This corresponds to an
efficiency of about 80%.

4 Selection of 7 Decay Channels

To select the one-prong 7 decay channels and the three-prong modes a maximum likeli-
hood method is employed, combining different informations measured for an individual event.
The measured values of several variables are compared to properly normalized reference dis-
tributions taken from Monte Carlo calculations for all decay channels under consideration.
An event is assigned to the particular decay channel for which it has the maximum likeli-

Monte Carlo reconstruction efficiency (%)
7-decay channel barrel overlap endcaps
1 prong € I T p € I T p € I T p
€ 947 0.0 09 241957 00 05 04905 00 0.6 1.5
I 0.0 97.0 1.8 07] 0.0 928 5.2 14| 00 90.1 88 04
T 0.4 38 792 105 | 04 48 60.8 20.2 1.5 6.8 68.2 15.3
p 0.1 00 74 575| 09 05 63 423)| 14 07 89 374
ay — w 2a° 0.0 00 05 103 0.3 0 03 11.0| 03 00 1.8 11.3
3 prong ay — 37 Jrml ay — 37 3rm’ ay — 37 3rml
a1 — 3w 65.1 15.4 69.1 13.3 59.4 10.9
a; — 3wm’ 24.3 48.1 22.5 56.9 27.8 38.6

Table 1: Efficiencies and mixing probabilities for various 7 decay channels after employing
a maximum likelihood selection of exclusive one-prong and three-prong decays. The detec-
tor has been subdivided into three different geometrical regions named barrel, overlap, and
endcaps.



decay channel purity (%)

T — U+ barrel overlap endcaps
e, 99.6+024+00|979+1.2+32|956+1.1+1.3
Wy, 96.9+044+22|96.1+1.3+3.2|94.1+1.1+£5.3
T (K) 7844+124+7.0|732+£3.7+£75]63.4+22+7.1
p (K*) 80.3+0.9+1.7 | 67.8+3.2+0.1 | 69.5+2.2+2.0
a1 — 3T3prong | (1.5F1.6E£5.0 | 73.6+4.8+£5.0]80.3+£3.0£5.0

Table 2: Purity of the maximum likelihood selection. The errors are due to Monte Carlo
statistics (first number) and systematics (second number).

hood. A detailed description of the 7 decay channels considered and the variables used is
given in the appendix. Assuming N, variables and N,,. decay channels, each variable ¢
for 7 decay channel j is distributed according to the (normalized) probability density func-

tion f/(z;) given by a reference distribution taken from the Monte Carlo simulation [11][12]
(KORALZ 38[13]/TAUOLA 1.5[14]). The probability for a particular configuration then is

Pi() = SN fiay)

(14)

The p{(mz) are multiplied and normalized to obtain the likelihood function

Li(z) = - .
= T (Mm% i ()

(15)

In Tables 1 and 2 the efficiencies and the purities of the maximum likelihood selection for the
respective 7 decay modes are listed. They are calculated in three different geometrical regions:
barrel (| cosf| < 0.68), overlap (0.68 < |cosé| < 0.76), and endcap (0.76 < |cosf| < 0.95),
where 6 is the polar angle between track and beam axis. The entries in table 1 are the proba-
bilities for classifying the original decay channels in the left column as the final states given
in the header lines. One notes that around 35% (barrel) of the p events are not identified
as one of the considered 7 decay products. The missing events are mostly detected in the
a; P8 channel.

It is important to study the uncertainties of the background in the various 7 decay chan-
nels because they dominate the systematic errors of the sensitivities (See Section 5). These
uncertainties are derived by smearing the Monte Carlo reference distributions within ranges
extracted from test samples in the data. The test samples of the variables from each detec-
tor component are obtained by excluding this detector component from the selection. Two
independent likelihood selections were performed using information from

1. the p-chambers, hadronic calorimeter, presampler, and d £ /dx data from the jet cham-

ber.

2. the electromagnetic calorimeter only.



type of puritiy (%)

selection barrel overlap endcaps
(see text) | e ] T p € ] T p € ] T p
1. 96.2 95.8 51.2 51.6|93.3 94.3 47.3 509 | 8.5 92.6 39.8 56.7

96.9 87.1 663 74.3|86.2 84.6 59.7 67.3 | 833 86.6 49.4 65.3

Table 3: Purities of the independent test samples.

Note that these selections of course have smaller efficiencies and purities than those in which
all variables are used. The purities of the latter test samples can be found in Table 3.

In Figure 2 some examples of the comparison between data and Monte Carlo simulation
are shown. The numbers on the top of each plot indicate the type of test sample used. The
Monte Carlo distributions of most variables, for example XELS?, AMRO, and NM71, compare
quite well with the data. However, the electron peak in EOVP looks narrower in the Monte
Carlo distribution® , which indicates that the momentum resolution is overestimated here.
Additionally the u peak in RSTL is too large in the Monte Carlo distribution®. To quantify
the systematic uncertainties due to these disagreements between the Monte Carlo simulation
and the data, we smeared the Monte Carlo reference distributions. The differences in the
purities of the selected 7 decay channels between the smeared and the non-smeared reference
distributions are taken as the systematic uncertainties (Table 2). The effects of this process
are largely dominated by the smearing of EOVP, which degrades the electron efficiency up to
11 %. Generally, the systematic uncertainties can be estimated quite conservatively, because
the final measurement of d¥ is statistics dominated.

After all 27490 events have been selected from the 1991, 1992 and 1993 data samples for the
measurement of Re(d?) and 12834 for Im(d¥). Fewer events are used for the measurement
of Im(d?) because fewer 7 decay modes are used. (See Table 4.)

5 The Sensitivities

The sensitivities c4p and fap in (3) are the proportionality constants between the expectation
values of the CP-odd observables and the weak dipole moment. Table 4 shows that the
hadronic decay channels which are the most powerful spin analyzers in the measurement of
the 7-polarization also have the highest sensitivities. The sensitivities can be computed as
weighted averages of the the CP observables O for each decay channel over the appropriate
phase space with the differential cross section as weight factor. In this phase space integration,
the particle momenta are restricted by the geometrical acceptance of the OPAL detector and
the minimal energies are set to the energy cuts used in the data analysis. The sensitivities
are functions of cos(f). Generally they have a maximum absolute value in the overlap region
and are lower in the endcaps. The sensitivities of table 4 do not include the influence of
detector resolution, background effects or radiative corrections.

2This and the following variables are defined and briefly explained in the appendix.
Sof the year 1992 compared to the 1992 data
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Figure 2: Comparison between data and Monte Carlo simulation using variables of indepen-

dent test samples of type 1 and 2.

Systematic errors of and corrections to the sensitivities of the various 7 decay channels arise
from other 7 decays as well as from non-7 background and from the experimental resolutions
of the detector. The influence of radiative corrections, in particular initial state radiation, on



‘ observable ‘ decay channel 7¥7- — H CAB ‘ faB
Oy, Uy, D.v,0, —0.056 £ 0.002 | -0.0046 £ 0.0006
Oy (T v, 0.1, 0.048 £ 0.002 -
O, lp v, v, v 0.044 £ 0.002 -
Oiax {37 v, 0,1, 0.041 £ 0.004 -
O atn~ v, v, 0.201 £ 0.003 | -0.0450 £ 0.0050
Oz, TPV, Uy 0.204 £+ 0.004 | -0.0265 £ 0.0050
O.ax 73T U, U, 0.188 £ 0.008 -
O,, PPV Vs 0.211 £ 0.005 | -0.0490 £+ 0.0050
O,3r pP3T VU, 0.195 £ 0.008 -

Table 4: Sensitivities of various 7 decay channels on the real part (c4p5) and the imaginary

part (fap, some decays only) of the weak dipole moment before detector cuts.
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and 7t7~ — ptp~ v decays (a), (b). The mean values of the difference distributions (c), (d)
determine the loss of sensitivity caused by the energy and momentum resolution of the de-

tector.

the sensitivities is within the bounds of the numerical errors on the sensitivities (about 5%)
and is thus neglected. In order to quantify the effects of the finite energy and momentum
resolution on the sensitivities, we compare the CP observables obtained from generated and
reconstructed momenta (see Figure 3), the latter taken from the detector simulation package
GOPAL without any CP-violation in the Z° — 77~ production. It was therefore additionally
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introduced by weighting the observables with reference distributions generated by a CP-
violating Monte Carlo simulation (TAUMC?). The largest reduction (up to 15%) is observed
for the sensitivities of decay channels including one or more 7% in the final state, e.g. 7 —
pv — v, The 7 decay modes without neutral hadrons are reduced by less than 5%. The
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Figure 4: Sensitivities cap (top) and fap (bottom) of the 77~ decay modes with respect to
the three geometrical regions.

non-7 background is assumed to be insensitive to CP-violation effects at the level of the
uncertainty discussed here. For the 7-background, however, the influence on the sensitivities

*by P. Overmann, Phys. Inst. Dortmund
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is taken into account for each individual channel. Since the CP-odd observables are not
optimized for the background decay modes the sensitivities of the 7 decay channels are
reduced proportional to their contamination by background sources. This is most evident for
the 7t7= — 7t7~ vv events in the overlap region, where the degradation is about 30% due
to the low purity. As mentioned in the previous section, the uncertainties in the quantitative
determination of the background sources in the Monte Carlo simulation give rise to systematic
errors on the sensitivities. The resulting systematic errors on the sensitivities are below 15% .
Figure 4 shows the shifts of the sensitivities due to the mentioned systematic effects. The pure
cap and fup are the original sensitivities calculated by numerical integration. The corrected
sensitivities take into account the influence of the energy and momentum resolution of the
detector. The effective sensitivities include background effects as well.

6 CP-Symmetry of the Detector

In order to test the validity of our measurements, we have investigated the possibility that
detector effects could fake CP-violation and hence the existence of a weak dipole moment of
the 7. In polar coordinates, the following proportionalities hold

MZs o sin(¢t — ¢7) (16)
MZp o« cos(8t —67) (17)

where ¢ is the azimuthal angle of a track in the z — y plane and © its polar angle. These
relations indicate how CP-violation could be faked. If a systematic rotation of one side of the
detector with respect to the opposite side exists, e.g. a systematic rotation of the two drift
chamber flanges or the endcaps of the electromagnetic calorimeter, the distorted azimuth
could lead to a non-zero mean value (sin(¢* — ¢~)). Similarly, a systematic mismeasurement
of one or both polar angles could give rise to a non-zero (cos(6* — 67)) and hence to a non-
zero imaginary part of the dipole moment. In order to study this possibility we calculated
the CP-odd observables using events for which CP-violation originating from the reaction
itself can be excluded. The CP-symmetry of the tracking chambers can be studied using
ete™ — ptu~ events. For about 38 700 of these events we typically find no deviation from
zero within the statistical errors, for all observables considered and in the three geometrical
regions of the detector. The precisions with which zero means could be reproduced were
taken as upper limits on the systematic errors of the observables and are given in table 5

(A=(07*)).

CP-violation arising from experimental defects of the electromagnetic calorimeter or its ali-
gnment with the tracking chamber has also been studied; in the reconstruction of the p
channel the electromagnetic calorimeter is used to measure the 7°. Artificially constructed
7 — 77’7 7% v, events from different Z° decays are used (event mixing). These
events are uncorrelated and can therefore not give rise to any CP-violation by a physical
interaction. The CP measurement applied to these mixed events show no deviation from

zero. (See Table 5)

In summary, using intrinsically CP-symmetric events all observables are consistent with
zero. The errors on the mean values were always much smaller than the ones obtained
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for the 77~ events. We therefore conclude that the detector is CP-symmetric to a level of
Re(ddetector) < 4 x 1071 e-cm and Im(dd¢*c*r) < 3 x 107!8 e-cm, respectively, i.e. 19 and 14
times better than the limits reported here.

7 Results
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Figure 5: The real part (top) and the imaginary part (bottom) of the weak dipole moment
in the considered 777~ decay channels with respect to the three geometrical regions.

Using equation (3) the real and imaginary parts of the weak dipole moment of the 7 can
be determined by measuring the mean values of the CP-observables. Table 5 shows the
effective sensitivities and both parts of the weak dipole moment obtained for the 7 decay
channels considered. The final values are obtained by calculating the weighted mean of the
real and the imaginary parts of the weak dipole moment using Gaussian error propagation
for the statistical and the non-correlated part of the systematic errors. The systematic
errors of the sensitivities arising from detector resolution effects and Asys<(’)7i> are treated
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as correlated errors. The resulting errors are finally summed up quadratically with the non-
correlated errors. The measured dipole moments are plotted in Figure 5. Figure 6 shows
the distributions of the CP observables with respect to the three geometrical regions of the
detector.

In total, we obtain for the real part of the weak dipole moment
Re(d¥) = (=02 & 3.64. + 1.4, ) x 107" e-cm . (18)
This value is consistent with zero, resulting in an upper limit of
Re(d¥) < 7.9x 107*® e¢-cm (19)
at 95% confidence level.
For the imaginary part of the weak dipole moment we obtain
Im(d¥) = (0.95 £ 1.55,, + 0.91,,, ) x 1077 e-cm (20)
again consistent with zero, resulting in an upper limit of
Im(d¥) < 4.5%x 1077 e -cm (21)

at 95% confidence level. Since the sensitivities f4p have not been calculated for all selected
77~ decay modes (see Table 4), a factor of about 2.1 higher statistics was used in the
determination of Re(d¥) compared to Im(dY). Generally, the signal-to-noise ratio of the
CP-odd and 7-even observables is about 1.4 times lower compared to the CP-odd and 7-
odd observables. Therefore one expects a larger statistical error in the measurement of the
imaginary part of the weak dipole moment. In both cases Agys/Aga; is below 59%.

8 Conclusions

Using 27 490 identified and reconstructed 77~ events to measure CP-odd and 7-odd obser-
vables sensitive to Re(d¥) and 12834 717~ events to measure CP-odd and 7 -even observables
sensitive to Im(d¥), no evidence for CP-violation in the decay Z° — 77~ has been found.
The introduction of new, more sensitive CP-odd observables resulted in a reduction of the sta-
tistical errors of up to a factor 2.4 compared to observables used in former analyses [15][16].
This analysis sets a precise upper limit on the real part of the CP-violating weak dipole
moment and, for the first time, on the imaginary part of the weak dipole moment:

Re(d¥) < 79x107"®e-cm (95% cl.) (22)

T

Im(d¥) < 45x107""e-cm (95%c.l.) . (23)
As pointed out in the introduction, some models [17][18] predict that the electric and weak

dipole moments of leptons scale with mj, ... On this basis our limit compares favorably with
those determined for the electron (23 times better) or the muon (3 times better) [19].
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decay | 4 T+ A | (OT7) £ A (OT 7Yy £ AV(OT ) | Re(d?) £ ARe(d?) | Astatdw | Asysqw
channel
B -0.0550 £+ 0.0067 0.0018 + 0.0043 + 0.0002 -0.71 £ 1.70 1.69 0.12
e—e O -0.0794 + 0.0148 -0.0007 £+ 0.0113 + 0.0004 0.19 +£ 3.09 3.09 0.11
E -0.0330 + 0.0039 -0.0078 + 0.0064 + 0.0004 5.12 + 4.26 4.20 0.66
B | -0.0572 £+ 0.0056 0.0027 £+ 0.0033 + 0.0002 -1.02 £ 1.25 1.24 0.13
e— [ O -0.0774 £ 0.0125 -0.0064 £+ 0.0088 + 0.0004 1.79 £ 2.48 2.46 0.31
E -0.0340 + 0.0070 -0.0118 £+ 0.0059 + 0.0004 7.53 £ 4.08 3.76 1.57
B 0.0387 + 0.0047 0.0077 £+ 0.0060 + 0.0002 431 + 3.41 3.36 0.53
e— 1T O 0.0626 + 0.0132 0.0071 £+ 0.0171 £+ 0.0005 2.46 £ 595 5.92 0.54
E 0.0194 + 0.0036 -0.0012 £+ 0.0106 + 0.0003 -1.34 £ 11.86 11.84 0.42
B 0.0518 + 0.0127 -0.0082 £+ 0.0061 + 0.0003 -3.43 + 2.69 2.55 0.85
e—p O - -0.0039 + 0.0181 + 0.0005 - - -
E - 0.0091 £+ 0.0115 + 0.0004 - - -
B 0.0139 + 0.0054 -0.0013 £+ 0.0143 + 0.0002 -2.02 £ 22.34 24.96 0.85
e—aj O 0.0079 + 0.0061 0.0176 + 0.0384 + 0.0005 48.34 + 111.89 105.49 37.32
E - -0.0082 + 0.0194 + 0.0003 - - -
B -0.0499 + 0.0054 0.0018 + 0.0044 + 0.0002 -0.78 + 1.91 1.91 0.12
n— O -0.0756 £+ 0.0115 0.0036 + 0.0108 + 0.0004 -1.03 £ 3.10 3.09 0.19
E -0.0329 + 0.0050 -0.0078 £+ 0.0065 + 0.0004 5.14 + 4.37 4.29 0.83
B 0.0435 + 0.0049 -0.0059 + 0.0060 £+ 0.0002 -2.94 £ 3.01 2.99 0.34
w— O 0.0616 + 0.0107 0.0084 + 0.0152 + 0.0005 2.95 + 5.38 5.45 0.54
E 0.0172 + 0.0034 0.0004 £+ 0.0098 + 0.0003 0.50 + 12.37 12.33 0.39
B 0.0486 + 0.0103 -0.0018 £+ 0.0060 + 0.0003 -0.80 + 2.68 2.67 0.22
uw—p O - 0.0166 + 0.0168 + 0.0005 - - -
E - 0.0060 £+ 0.0117 £+ 0.0004 - - -
B 0.0138 + 0.0054 -0.0038 + 0.0153 + 0.0002 -5.97 £ 2417 18.64 2.35
n—al O 0.0104 + 0.0064 -0.0148 + 0.0263 + 0.0005 -30.88 + 58.08 54.87 19.03
E - -0.0226 + 0.0264 + 0.0003 - - -
B 0.1699 + 0.0231 0.0023 £+ 0.0082 + 0.0002 0.29 + 1.04 0.92 0.47
T = O 0.2238 + 0.0327 0.0137 £+ 0.0223 £+ 0.0007 1.32 £ 2.17 2.16 0.20
E 0.0801 + 0.0136 -0.0001 4+ 0.0104 %+ 0.0002 -0.03 + 2.81 2.81 0.05
B 0.1713 + 0.0181 -0.0052 + 0.0056 + 0.0003 -0.66 + 0.71 0.70 0.08
T™—=0p O 0.1288 + 0.0153 0.0086 + 0.0222 + 0.0008 1.45 + 3.74 3.73 0.22
E 0.0621 + 0.0078 -0.0186 + 0.0106 + 0.0003 -6.49 + 3.79 3.70 0.82
B 0.1110 + 0.0155 -0.0047 4+ 0.0169 + 0.0002 -0.92 + 3.53 3.53 0.14
™ —ay O 0.1321 + 0.0185 -0.0084 + 0.0620 + 0.0007 -1.37 £ 10.19 10.19 0.22
E 0.0714 + 0.0121 0.0052 £+ 0.0313 £+ 0.0002 1.58 £ 9.51 9.51 0.27
B 0.2036 + 0.0162 0.0065 £+ 0.0074 + 0.0004 0.69 + 0.79 0.78 0.07
p—p O 0.0673 + 0.0056 0.0039 + 0.0216 + 0.0009 1.25 £ 6.97 6.96 0.31
E 0.0289 + 0.0027 0.0085 + 0.0155 + 0.0004 6.38 + 11.65 11.63 0.67
B 0.1110 + 0.0211 -0.0003 £+ 0.0151 + 0.0003 -0.06 £ 2.95 2.95 0.06
p—a O 0.0591 + 0.0065 0.0168 + 0.0533 £ 0.0008 6.16 + 19.58 19.57 0.74
E 0.0438 + 0.0062 0.0008 + 0.0335 + 0.0003 0.39 + 16.59 16.58 0.16
cﬁZilan};l 0 FT ok AL | (OTT) £ A(OTT) £ AY(OTT) | Im(d¥) £ Alm(d¥) | A%ty | Asysqy
B -0.0051 + 0.0006 0.0002 + 0.0022 £+ 0 .0010 -0.85 + 10.28 9.36 4.25
e—e O -0.0049 + 0.0006 -0.0089 + 0.0059 + 0 .0023 39.41 + 28.45 26.12 11.27
E -0.0031 + 0.0004 0.0014 + 0.0033 + 0 .0011 -9.80 + 24.38 23.09 7.80
B -0.0052 + 0.0006 0.0003 + 0.0016 £+ 0 .0010 -1.25 + 7.87 6.67 4.18
e— [ O -0.0050 £ 0.0008 0.0001 + 0.0045 + 0 .0023 -0.43 £+ 21.93 19.53 9.98
E -0.0031 + 0.0006 -0.0016 £+ 0.0029 + 0 .0011 11.2 £ 21.81 20.29 8.00
B -0.0044 + 0.0009 -0.0028 + 0.0023 + 0 .0010 13.81 £+ 10.91 9.32 5.68
n— O -0.0048 + 0.0010 -0.0055 £+ 0.0056 + 0 .0023 24.86 + 27.85 32.31 11.61
E -0.0028 + 0.0008 -0.0024 £+ 0.0033 + 0 .0011 18.6 + 27.48 25.57 10.05
B -0.0239 + 0.0035 -0.0003 £+ 0.0037 + 0 .0002 0.27 + 3.36 3.36 0.19
™= O -0.0228 + 0.0045 -0.0076 £+ 0.0095 + 0 .0004 7.23 £ 9.16 9.04 1.48
E -0.0112 £ 0.0027 -0.0027 £+ 0.0049 + 0 .0002 5.23 £ 9.58 9.49 1.32
B -0.0180 + 0.0019 0.0025 + 0.0044 £+ 0 .0003 -3.01 £ 5.31 5.30 0.38
™—=0p O -0.0097 + 0.0013 0.0077 £ 0.0159 £+ 0 .0005 -17.23 + 35.66 35.57 2.56
E -0.0041 + 0.0005 0.0059 + 0.0090 + 0 .0003 -31.22 + 47.81 40.62 4.13
B -0.0356 £ 0.0033 -0.0015 £+ 0.0043 + 0 .0004 0.91 + 2.63 2.62 0.26
p—p O -0.0085 + 0.0005 0.0095 + 0.0137 £+ 0 .0006 -24.25 + 35.04 34.97 2.09
E -0.0040 + 0.0004 -0.0034 £+ 0.0109 + 0 .0004 18.44 £+ 59.20 59.13 2.84

Table 5: Measurements of the real part and the imaginary part of the weak dipole moment
for the respective 7 decay channels in the three geometrical regions of the OPAL detector. In
addition, the effective sensitivities are given, including detector and background corrections.
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A Application of a Likelihood Method to 7 Decays

The classification of 7 decays into the various 7 decay modes is done using a maximum
likelihood method. Good tracks and clusters are selected, the event is divided into two
cones and the detector variables are calculated. The likelihood algorithm was applied to an
individual cone using the following classification for 1-prong and 3-prong decay modes.
1-prong:

AT—evuy,
B 71— pvv,
Cr1—r7ruv,
D 71— py,

E r— av,
3-prong:
A 3rt
T — 1 Vy, Q1 — OT

B r— K*v.

Cr7—3rt>17%,

Due to a conversion of a (radiated) photon into two charged particles, the following 1-prong
decay modes are reconstructed as 3-prong events

D7 —evur,
E r— pvv,
Fr— v,
G 17— pv,

H 71— av,,a — 7t27°,

From KORALZ 38/ TAUOLA 15 Monte Carlo events for these decay channels, a reference
distribution f] for each variable i (see below) is generated.

The Detector Variables

The variables used to identify 1-prongs are: (See Figures 7 and 8)

EOVP Electromagnetic energy over charged momentum.

XELS Electromagnetic energy not assigned to the charged track.
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Figure 7: The normalized reference distributions of the 1-prong variables.

NB90 The minimum number of lead glass blocks containing at least 90 % of the cluster energy.
The average value expected for electrons is subtracted. In the barrel this is simply a
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shift by 2.19 blocks. But above 0.65 in | cos | NB90 changes rapidly with cos# due to
the material in front of the blocks and the non-projective geometry. This variation is
taken into account by the subtraction.

The maximum angle between a presampler cluster and the charged track in the cone.
(There is no coverage in the range 0.80 < cosf < 0.82.)

The deviation of the measured energy loss in CJ from the energy loss expected from
the charged particle of each decay channel. The difference is measured in units of the
error of the measurement.

The number of hits within the three last planes of the hadron calorimeter and the muon
chambers.

The number of hits per layer in the hadron calorimeter.

Weight for the matching of the track segment in the muon chambers with the charged
track.

The following 1-prong variables are based on a cluster algorithm developed in Tel Aviv for
dedicated 7 — pv, — wr°rv, analyses. It tries to decompose the supposed p energy pat-
tern in the electromagnetic calorimeter into its three ingredient showers, using characteristic
hadronic and electromagnetic shower patterns. Due to the non-projective geometry of the
electromagnetic calorimeter in the endcaps, this cluster algorithm is only used in the barrel
region. A detailed description is given in [20].

AMRO

AMPI

MRES

ERES

The invariant mass of the charged track with the reconstructed #°, if any.
The invariant mass of the two reconstructed photons, if any.
The residual mass in EB after subtraction of the p.

The residual energy in EB after subtraction of the p.
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CSPS The cosine of the angle of the pions in the p rest frame with respect to the p direction
of flight.

The variables use to identify 3-prongs are:

PPIP The probability for each track to be an electron or a pion calculated from the dE/dx
information is used to calculate the likelihood that all 3 tracks are pions compared to
the likelihood they are 1 pion plus 2 electrons from a conversion.

VTXF The 3 tracks are fitted to a common vertex. The quality of the fit is used.

ESPS The ratio of electromagnetic energy over charged momentum, each summed over the
cone.

PBMN The neutral presampler multiplicity (no track in a cone of 20 mrad around a PB cluster
centroid).

The first two variables reduce the background from 1-prongs plus conversion. The last two
variables distinguish between different 3—prong channels.
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