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Abstract 

We have tested T JCP invariance using the CP-odd momen
tum correlations n, A a.nd 1'33 in the purely leptonic r reaction, 
e+e- ~ ,.+,.--? e±JJLT +(neutrinos), using the first recorded 4.1 fb- 1 of 
data at KEKB/Belle. Preliminary results indicate that T and CP invariance 
are valid to within 1% accuracy. 
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1. Introduction 

It is natural to expect that leptons and quarks have analogous properties in forming the 
structure of the weak left-handed doublets and right-handed singlets, three generations, and 
among others, mass hierarchy. There could also be mixing as well as a CP phase between the 
lepton flavours in the same way as in the quark sector. Even if a leptonic CKM phase exists, 
the Standard Model (SM) has not shown any detectable amount of CP violation {CPV), 
compared to that exhibited by K and B mesons, because of a tree diagram predominance 
in lepton decay. On the other hand, new physics such as multi-Higgs, lepto-quarks and 
SUSY models are expected to produce appreciable CPV through quantum loop effects and 
introduce a mass dependence, especially in reactions involving the heaviest lepton, the r [1]. 

In this work CP-odd momentum correlation observables 0 have been examined in the 
reaction e+e- ~ r+r- -t e*p,T + (411). CPV could appear at either/both vertices of the r
pair production or f and r-decay so that, without a specific model, the resultant asymmetries 
of the correlation observables 0 cannot be translated into physical quantities. Although LEP 
[2] and recently ARGUS [3] reported upper limits on the r's electric dipole moment assuming 
that CPV occurs at the production vertex as I Re{d,)/Im(d,) I< 4.6/1.8 x 10-16 e em and 
\ dr \< 1.1 x 10-16 e em, respectively, from the measurements of the correlation observables 
0 in the same reaction, we intend first to measure the observables as precisely as possible 
and then extract an upper limit on dr. 

The CP-odd observables 0 are formed as indicated below in terms of unit momentum
vector correlations between the initial electron q_ and final leptons P+ and p_, where the 
lower subscript indicates the lepton charge. The beam axis is taken as the z-axis. 

<A>"'< ii- . {ii+ X P-) >, 

< 7'33 >= 2 < {ii+- p_), , {ii+ X f)_), > 
lfi+xfi-1' 

These quantities are equal to zero when CP /T invariance holds. 
equivalent to <A>, is also formed (4] as 

n = np.+e- • 'Re+p.-' 

_ N(!i+e-; >) x N(e+ p.-; >) 
- N(!i+e ; <) N(e+p. ; <)' 
= {1 + 26,+,-) X (1 + 25,+,- ), 

{1) 

(2) 

A double ratio ft, 

(3) 

where, for example, N(J.L+e-; >) denotes the detected number of J.L+e- events with A> 0. 
In Eq.(3), Oe+p.- and Op.+e- are the T violating portion of the individual samples and they are 
equivalent to the CP violating portion under CPT invariance, 0 = Oe+p.- = Op.+e-. Therefore, 
a non-zero value of the 0 indicates the existence of CP /T violation and the experimental 
observable 'k can be expressed as 

:R. = {I + 45). {4) 
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Furthermore, CPT violation appears as O~+p- #: Op+~-. 

2. The Belle Detector and Event Selection 

The Belle detector has been described elsewhere [5J. Among the detector elements, 
the Central Drift Chamber (CDC) is essential for obtaining unit momentum vectors and 
the combined information from the Silica Aerogel Cherenkov Counter (ACC), the Time
Of-Flight Counter (TOF), the tt/KL detection system (KLM) and the Csl Electromagnetic 
Calorimeter (ECL) is used for e and 1J. identification (ID). For Monte Carlo event generation, 
KORALB/TAUOLA {6] are used for r-pair production and decays, and AAFHB {7] program 
is used for two photon samples. Detector simulation is done with a GEANT based program, 
GSIM, with reconstruction codes written by the Belle collaboration. 

Data used in this analysis have been accumulated at theY( 4S) energy with an integrated 
luminosity of 4.05 fb-1, corresponding to 3.7 x 106 T-pairs. 

For event selection, each charged track is required to have Pt > 0.1 Ge V / c with a primary 
event vertex of I dr I< 1cm in the transverse direction and I dz !< 5cm along the beam, and 
to point to the dete<::tor's barrel region of -0.60 < cos(81ab) < 0.83. A photon is a cluster 
in the ECL with E..,.> 0.1 GeV. Using these definitions, two charged tracks with zero net 
charge and no photons are required. To ensure that the missing momentum flow is due to 
escaping neutrinos, the polar angle Bmiss of the missing momentum vector is required to be 
in the -0.950 < cos(Bmiss) < 0.985, The two photon eeJ.L!J. events are mostly removed by 
requiring either a sum of track momenta and photon energies to be > 3 Ge V in the c.m. 
system or one of two tracks have aPt > 1.0 GeV Jc. Radiative Bhabha and J.L·pairs are 
further rejected by demanding the sum of track momenta in the c.m. system be <9 GeV Jc 
and the sum of the ECL energies be <9 GeV. 

While the electron ID is essentially based on the E13b jplab ratio and the muon ID uses the 
particle range in KLM, ef tJ./1f probabilities comprising information from ACC, TOF, KLM, 
ECL and dE/dx in the CDC are calculated for each track. An electron should satisfy the 
requirements: E13bjr}ab >0.8, the combined e-probability (eid-prob) >0.6, and momentum 
p1ab >0.5 GeV jc; a muon should satisfy a certain class of KLM range requirements and 
plab >1.2 GeV/c; a pion has eid-prob <0.10 with plab >1.2 GeVJc and must not have a 
range in the KLM that is characteristic of a 11-· Particle identification {PID) efficiencies for 
e and J.L are evaluated as 86.4% and 91.5%, respectively, with fake rates of 0.08% and 1.5%. 

The event selection rate is evaluated by MC: The main background arises from the two 
photon processes and 1r misidentification as J.t of r--)> nv, which amount to 3.0% and 1.6%, 
respectively. Other contributions can be neglected. The expected signal rate is 7.5 x 103 

events per 1 fb-1. 
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3. Analysis 

The resulting data sample contains 31.8 x 103 events, and is summarized in Table 1. 
The distributions of cos(813b), ¢-angle and momentum p1ab fore and 11- are shown in Fig.1 
together with their ratios between respective leptons of the negative and positive charge. 

Stable constant ratios of 1.0 are found for all distributions, except for cos(81ab) of e±. 
The deviation from unity in both large electron cos(813b) regions is due to the asymmetric 
two-photon eeJ.LJ.t contribution mentioned below. All of the observed ratios, including that 

for the electron cos(813b) distribution, agree with MC predictions and no charge dependent 
detection efficiency is seen. While the distributions generally agree well with MC, some dis
agreement is found, particularly in the momentum distribution for electrons, which indicates 
that our simulation program is not yet completed. Therefore, we would now like to rely on 
data to demonstrate our understanding of the system rather than on MC simulation. 

Distributions of the observables A and 733 are shown in Fig.2 and their corresponding 
means together with 'R are listed in Table 2. In order to examine possible local detector 

defects, the detector system is segmented into octants in the ¢-angle and the stability of n 
distributions is analyzed by fixing either e or J.L in each octant. No appreciable peculiarity 
is detected, as shown in Fig.3. Run-dependent data quality is also tested by examining the 
ii stability over 19 segments of the full data. The run dependence of the R distribution is 
found to be consistent within the statistical errors. 

Contributions to the observables from particle misidentification and eeJ.I.Jl. contamination 
are estimated using the method discussed in Ref.[4]. As long as 'R ~1 or < A(733 ) > <t:l, 
the trUe ValUes otrue Can be expressed in the follOWing form: otrue = (?Obs(J - (o/tJ0bs); 
( 0 = a8a' (08G- oobs), where a is the contamination fraction in the signal samples, oobs 
is the observed value for the relevant quantity and (o is a correction term. 

The 1r contamination rate due to wrong PID as 11- predominates apm as (2±1) %, since 
wrong e-PID rate can be disregarded. tJBG due to the wrong PID is obtained using the 
remaining tracks as non-J.L particles which passed all kinematical criteria with an e+ ;e
partner as listed in Table 2. 

For the effect of the eeJ.LJ.L contamination the same sign combination of e± J.t± is analyzed 
by applying the same selection criteria except for the charges and their resulting rates are 
multiplied by the MC deduced ratio between the opposite and same sign samples to estimate 
e± J.L::;. rates, as found in Table 2. The obtained a..,...,. is (2.8±0.3)%. 

Because of the small contamination rates, (s do not produce significant contributions 

as shown in Table 1. Using these numbers we extract the background subtracted 0 values 
separately for e+ J.L- and J.L+ e-. 

KEKB is an energy-asymmetric collider with a beam crossing angle of 22 mrad, so that 
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the system is not symmetric with respect to the forward/backward (F /B) directions and az
imuthal (¢)rotation. Furthermore, although the Z-boson also contributes only weakly, the 
system is intrinsically asymmetric with respect to negative/positive charges (-/+ ). For two
photon processes such as eeJ.4J.4 and ee'll"'ll", the kinematical criteria do not function equally well 
fore+ ore- modes due to the asymmetric boost of the system. For this reason, e+p.-(e+x-) 
has a somewhat larger rate than p+e-(X+e-), see the second and third columns of Table 1. 

However, our obsenrables 0 are in principle CP symmetric. They depend on the z
component of the vector product between a positive and negative charged particle, (p+ xp_)z, 
which means that their relative x and y components are essential but not their z compo
nents. Thus, F/B and-/+ asymmetries do not matter. Furthermore, the integration over 
the ¢-angle diminishes the effects of any ¢ rotation asymmetry. 

In order to examine a possible systematic offset of the observables, we form our observ
ables 0 using high multiplicity samples such as from BB and continuum events which do 
not have any angular correlations. The obtained Omu!S are listed in Table 2 and taken as 
the offset of the detector system on the background-subtracted oobss. It is also possible to 
detect the above systematic offset behavior in deviations of the CP conserving oobs values 
in Table 2. 

The resulting final asymmetries are obtained by adding the two background-subtracted 
(:)Obss of opposite charge combination modes and subtracting the offset Omu!S for the indi
vidual observables as, 

/j = -0.010 ± 0.006 ± 0.002, 

<A> = (3.2 ± 1.8 ± 0.5) x 10-3, 

and 
< r, > = (-6.8±5.3±0.9) x 10-', 

(5) 
(6) 

(7) 

where the first errors are statistical and the second errors are systematic ambiguities arising 
from the background subtraction and the offset estimate for the detector system. 

4. Results 

We have measured CP violation observables 0 in the reaction e+e- -;. r+r- where 
r ~ ef J1.V'i7, using the first 4.1 fb-1 data recorded at KEKB/Belle. The resulting values of 
0 are consistent with CP invariance within experimental errors, and their 90% CL upper 
limits are set as 

I li I < o.o18, 
I< A >I < 0.0055, 

I< r,, >I < o.014. 

(8) 
(9) 

(10) 

Without assuming CPT invariance, we obtain O'e+~- = -0.006 ± 0.008 ± 0.004 and 
ojJ+e- = -0.014 ± 0.008 ± 0.003 from the individual n.-ratios in e+p- and p+e- modes 
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respectively. T invariance is then verified to be valid within the experimental errors of 
about 1% accuracy in the purely leptonic reactions. The agreement between two O'e:~=~:;s 

indicates that CP invariance holds also at the same accuracy. 

We are working on the translation of these results into physical quantities such as the r 
electric dipole moment by introducing such effects into KORALB. 
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Table 1: The correction factor ( arising from the wrong PID and two-photon eeJLJL contamina

tion is listed for three observables. See the text for the definition of(. 

mode observed ev. '" (<A> <<733> 

signal e+p 15,781 
p+e- 16,079 

wrong e+x 22,222 (0.14±0.08}xi0-2 -(0.56±0.66)x10 4 (0.57±I.84)xiO 4 

PID x+e- 23,530 (0.19±0.10)x10-2 (0.86±1.69}x10-4 (2.51±3.46) x w-4 
n e+p 446±59 ~ (o. 77±0.41) x w-2 (0.82±51.55)x10 4 (4.96±13.80)><:10 4 

Jl+e- 462±51 ~ (0.09±0.46)x w-2 -(5.74±8.00)x10-4 (0.21±7.95)x w-4 
multi- x+y 2.3M 

hadrons 

~ The observed numbers of the same sign e± 1i'f samples are normalized using a MC based ratio between 

the wrong and same sign samples for the eef..tp reaction. The recorded 4.05 fb- 1 of data are used in this 

analysis. 

Table 2: Three different CP-odd observables are listed in the large second column for e+ p.- and 

p.+e- mode, respectively. Asymmetries for background and normalization processes are given in 

the 2nd, 3rd, and 4th columns, respectively; see the text for details. The indicated errors are 

statistical only. 

I I__'Uodef-- 'R.'"'- I <A >,.----1 < 73, >01" I 
signal e+p.- 1.028 ± 0.016 0.0078 ± 0.0025 0.0064 ± 0.0074 

p.+e- 1.006 ± 0.016 0.0028 ± 0.0025 -0.0059 ± 0.0074 
wrong e+x 1.105 ± 0.013 0.0058 ± 0.0012 -0.0043 ± 0.0034 

PID x+e- 1.109 ± 0.013 0.0058 ± 0.0012 0.0029 ± 0.0032 

77 e+p 1.40 ± 0.26 0.0049 ± 0.0184 0.0112 ± 0.0423 
J.t+e- 1.04 ± 0.17 -0.0171 ± 0.0155 -0.0066 ± 0.0264 

multi- x+y 1.031 ± 0.001 0.0024 ± 0.0004 0.0003 ± 0.0005 J 
hadrons 
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f, (o) 

j,, I 
'"''f-mtt-Bfrr 

i •. sl---1"-;o"'"""~~--l .. ,t:~~~~~~~rs=~ dr- ,-
0 2 4 6 

Gf.VIc p..., ri 11• GfN/c 

FIG. 1. Distributions of (a) cos(81&b) (b) tP-angle and (c) plab fore± (left) and p± (right). Data for 

positive and negative charged particles are plotted by closed and open circles respectively; MC distributions 

for either charged particle are shown by the shaded (yellow) histogram; and the contamination from wrong 

PID and two--photon eepp. are ·by the darker (red and blue) histograms. The number of generated MC 

events is normalized to the recorded total integrated luminosity. The ratios between the distributions for 

the opposite charged samples are also plotted for the data (closed circles) and MC simulation (shaded 

(yellow) histograms). 
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FIG. 2. The observed A and Tss distributions are plotted in (a) and (b) for e+p- (each upper Figure) 

and ~+e- (each lower Figure) modes, respectively. Data are indicated by closed circles, the MC simulation 

result by the shaded (yellow) histogram, and the contamination from wrong PID and two-photon eeJLp. by 

darker (red and blue) histograms. 
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FIG. 3. The ¢distributions for the obserV8.ble i?.. 
and~± in (h). 
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n is segmented by referring .p..angle of e± in (a) 


