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Abstract 

We report results on the first search for direct CP violation in the r 
semi-leptonic decay ..,± --)o 1T::I:1T0v.T' A difference of r+ and ..,- decay angular 
distribution is examined using a. data. sample of 2.3fb-l recorded with the 
Belle detector at the KEKB e+e- collider. No CP violation is observed. An 
upper limit at the 1% level is set on the CP asymmetry. 
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1. Introduction 

In the Kobayashi~Maskawa model CP violation is restricted to the quark sector and can 
not occur in lepton decays [lJ. It can, however, occur in extensions of the standard model 
(SM) such as the multi-Riggs-doublet model (MHD) [5]. It has been argued that there is 
insufficient CP violation in the SM to generate the apparent matter~antimatter asymmetry 
of the universe [2J. This motivates an experimental search for new CP violating interactions, 
for instance CP violation effects in semi-leptonic r decays. 

Observation of CP violation in r decays requires not only the existence of a CP~odd 
phase(&cp) but the interference of processes with CP-odd and CP~even amplitudes as well 
[3,4]. The CP~odd phase(Ocp) can appear in the charged-scalar-exchange diagram in models 
beyond the SM such as MHD. On the other hand, the CP-even phase comes from the 
amplitude of the SM W~exchange diagrams, where CP-even strong phases exist in the 
hadron form factors if there are at least two mesons in the final state. For the r lepton 
decay into two mesons r(l, s) -4 v(l', s) + ht(Ql. m 1) + ~(q2 , m 2), there are two form factors 
of the vector {Fv) and scalar (Fs) type, in general. The effect of the CP violating charged­
scalar-exchange contribution can be taken into account by replacing the SM scalar form 
factor Fs by 

- ~. 
Fs---* Fs = Fs + -FH, (1) 

m, 

where FH is a form factor of exotic scalar~exchange and the complex parameter 1Js = l11sleiBcP 
parameterizes a possible CP violation effect [3J • . By taking the CP conjugate (i.e. r- --7 

r+), the sign ofOcp changes: Ocp-+ -8cp, while the strong phases keep the same sign. The 
interference between the vector and scalar parts can thus exhibit a characteristic difference 
in the decay angle distribution of r+ and ~- leptons which is forbidden if C P is conserved. 

In order to investigate this effect, one can define an experimentally measurable asymme~ 
try Acp(cos/3cos'M') in terms of the number of events from the T± decay, N±(cos/3cos 'I!'), 
in a particular interval of cos /3 cos 1¥: 

A ( a ''') :._N'"+:7( c:::os::-'{37,-c:::o:'cs Wii;)(--,-';;-N;::-f( c:::os'-';{3;-:c:::os'-:W~) 
CP COSJJCOS '.i' = l\ 

N+(cosf3cosW)+N (cos{3cosw) (2) 

<X J..Im(F,Fif)l~.l sin(Bcp)- cos{3 ·cos w, 
m, (3) 

where the decay angles {3, 'M' are defined in the hadron (hi+ h2) rest-frame. The angle j3 
denotes the angle between the direction of ht and the direction (it) of the e+e- c.m.s system 
in the hadron rest-frame. The angle \¥ is the angle of the T lepton direction with respect to 
ft (see Fig.l). The cosine of the angle "ill' (cos 1¥) can be reconstructed kinematically from the 
energy of the observed mesons without knowing the r direction itself. The explicit formulae 
for the evaluation of cos lJr are given in Ref. (3J. 

One can deduce two important features from Eq.(3): 

•The parameter TJ.s is the coupling constant of the exotic charged~scalar to quarks measured in 
the unit of GF/v'2. The form factor FH has a. dimension of mass while other forrn~factors Fv,Fs 
a.re dimensionless. 
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FIG. 1. Definition of the angles (3 and 'lr in two meson decay 7'± -+ h 1h211,. 

1. The asymmetry is linear in cos(Jcos Wand we do not expect an overall rate asymmetry. 
This feature will be quite important to discriminate the 'true' CP-asymmetry and 
'fake' asymmetry which might be caused by the possible difference of the reconstruction 
efficiency in the detector for positive and negative charged tracks. 

2. Only the exotic scalar-exchange term F H contributes to the asymmetry whereas the 
F8 term does not contribute to Acp since its contribution is common to T- and 7+. 

The first search for a CP asymmetry in the T-decay was carried out by the CLEO 
collaboration using the decay mode T± -t Ks1r±v [6J and it is the only measurement so far. 

In this paper we report on the first search for CP violation in the decay 7± -t 7r±1r0v.,. 
This mode has a merit of high statistics since the 1r1r0 decay has the largest branching 
fraction among the various T decay modes t . 

2. Data and Event selection 

The data sample used in this analysis has been collected from e+e- collisions at a center 
of mass energy (yS) of 10.6 GeV with the Belle detector at the KEK asymmetric energy 
e+c collider (KEKB). In KEKB, 8 GeV electrons collide with 3.5 GeV positrons with a 
finite crossing angle of 22 mrad. In this analysis, we use the data taken from October 1999 to 
May 2000, which is the first data sample taken by the Belle experiment. The total integrated 
luminosity accumulated during this period is 2.3 fb-I, corresponding to 2.1 x 106 produced 
T+T- events. 

tThis is a merit of the 1r1r0 mode compared to the K 1r decay, although the expected asymmetry 
of the latter is bigger than the former in the charged Higgs exchange model since the quark masses 
(tt./d or s quarks) might enter the Higgs coupling. The latter decay mode will be analyzed in near 
future. 
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The Belle detector consists of Silicon Vertex Detector, Central Drift Chamber( CDC), 
Electromagnetic Calorimeter, Silica Aerogel Cerenkov Counter, Time of Flight Counter, 
J.L/KL detector and Extreme Forward Calorimeter. The full description of the detector 
is given in Refs. [7,8]. Here we briefly describe relevant apparatus used in this analysis. 
The charged tracks are measured in 1.5 Tesla magnetic field by the CDC, which consists 
of 52 cylindrical layers of the drift cells organized into 11 super-layers for z coordinate 
measurement. He- C6H6(50/50%) gas is used to minimize the multiple-Coulomb scattering 
and nuclear interactions. It covers the 17° < () < 150° angular region. Tracks are fit using an 
incremental Kalman filtering technique, where individual measurements found by the CDC 
pattern recognition algorithm are added successively to update the track's parameters at 
each measurement surface. This approach minimizes the multiple Coulomb scattering on the 
determination of the track parameters. The momentum resolution is measured to be<Tp1/Pt = 
(0.36 ~ 0.28pt)%, where Pt is the transverse momentum in GeV. The energy of the photons 
are measured by the Electromagnetic Calorimeter which uses 8736 Cesium Iodide(Csi(Tn) 
crystals. All of crystals are 30 em (16.1 X0) long. The calorimeter covers the polar angle(()) 
from 12° to 155° in laboratory frame. The energy resolution for electromagnetic shower is 
us(E = [(0.07/E) E1> (0.8/E'i') E1> 1.3]%, ( E in GeV). 

Events are selected with two charged tracks and zero net charge. Each track is required 
to have a momentum transverse to the beam axis PT ~ 0.1 Ge V, extrapolate well to the 
interaction point to within ±1 em transversely and ±5 em along the beam. The maximum 
PT among the tracks is required to be ~ 0.5 GeV in order to satisfy the trigger conditions. 
The beam induced background is rejected by requiring the position of the reconstructed 
event vertex be less than 0.5 em in the transverse direction and ± 3 em along the beam. 
Background from two-photon interactions is rejected by requiring two following conditions: 
(i) the polar angle (()miss) of the missing momentum must be 5o < Omiss < 175°. (ii) the sum 
of the absolute value of the momentum of charged tracks and the energy of 1 clusters in the 
c.m.s system (E,ec) must be greater than 3.0 GeV or pr;pa.x greater than 1.0 GeV. Clusters 
in the Csl calorimeter to which no tracks are associated are regarded as 1 (or unmatched) 
clusters. 

Bhabha events (e+e- -t e+e-1) must be treated with care because of the large cross 
section for the process and its steep angular distribution. Clean Bhabha events are rejected 
by requiring the sum of the cluster energy (Esum) in c.m.s be less than 9 GeV. To reject 
the remaining radiative Bhabha events, the sum Ercc + fPimiss is required to be less than 9 
GeV. Here IPimiss is the absolute value of the missing momentum vector in c.m.s. This cut 
takes into account the energy carried away by a radiative photon which is emitted along the 
beam line or the boundary between the barrel and endcap calorimeter. In addition, if both 
the electrons are scattered to the endcap region, the sum of the c.m.s energy of the matched 
clusters is required to be less than 5.3 GeV. Finally, events of the process e+e- -t p+J.L-(r) 
are rejected by requiring the sum of the momenta of two leading tracks be less than 9 Ge V. 

The event is divided into two hemispheres in the e+e- c.m.s. with respect to the leading 
particle. The opening angle of two particles is required to be larger than 90°. The polar 
angle (()a.xis) of the leading particle is limited to the fiducial region 35o < ()axis < 145° in 
c.m.s. In one hemisphere (tag-side hemisphere) we require only one charged track and no 
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photons with the energy greater than 100 MeV provided such a cluster is well isolated from 
the nearest track projection (by at least 20 em). 

The n±r.0 decay is reconstructed in the other hemisphere by requiring that the charged 
track not be identified either as an electron or a muon, and there is only one 1r0 with a 
momentum greater than 100 MeV. 

... 
, .. c•' •.. .- I .,. 

5 sooo . 
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FIG. 2. Left: A typical E/p distribution for the selected r-pair sample. The hatclled area around 
Efp ...... 1 corresponds to particles identified as electrons, while the hatched one at E/p""' 0.1 contains muons 
identified using the information from the muoil/ KL detector. Right: A typical "1"1 invariant mass distribution 
for the tagged r-pair sample. Data (points) are compared to the Monte-Carlo simulation (histogram). 
Combinatorial background comes mainly from the multi-1r0 d~ys o{ the T lepton. 

The left part of Fig. 2 shows the E/p distribution for all charged tracks in the selected 
r+r- sample; thus demonstrates how well the electron signal is separated from charged 
hadrons. A charged track is identified as an electron if either E/p is greater than 0.8 or the 
electron probability determined from the shower shape and dEJdX in the central chamber 
is greater than 0.7 for E/p > 0.4. A muon is identified by using the information from the 
muonfKL detector located outside the calorimeter. 

The right part of Fig. 2 shows the 11 invariant mass distribution for the tagged r+r­
sample, where clusters are considered as candidates for photons from the 1r0 decay if they 
have the energy greater than 50 MeV (100 MeV in the endcaps) and are not matched to any 
charged track. The rms resolution of the 1r0 signal varies from 4.8 MeV to 7 MeV, depending 
on the 1r0 momentum. Pairs of photons in the mass region between 110 and 150 MeV are 
considered as 1r0 candidates. 

In this analysis the kaon tracks are not identified. Thus, the 1r1r0 sample contains a small 
admixture of K '1r decays. 

3. Analysis 

The final sample of r± -t 1r±1r0v,. contains 8.3 x 104 events as shown in Table-I. The 
sample is dominated by the r -t pv.,. signal as can be seen from the 1r±1ro invariant mass 
distribution shown in Fig. 3. 
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FIG. 3. The 1i±1r0 invariant mass distribution for data (closed circles) and Monte Carlo (histogram) 
after all selection criteria. The hatched histogram is the 'feed across' from other T decays among which the 
T± -+ 1i±'lro'lro!l de<:.a.y mode dominates. 

The remaining backgrounds from non-r+r- processes are estimated from Monte Carlo. 
The backgrounds arising from the e+e- -t qlj continuum and two photon processes (10] are 
0.7% and 0.5% respectively while others are negligible. The KORALB/TAUOLA [9] Monte 
Carlo code is used for the generation of events of the e+e- -t r+r-('y) processes. After 
passing the Belle detector simulation, Monte Carlo distributions are compared with data in 
Fig.3. The data and Monte Carlo agree well for the p meson signal shape. The hatched area 
is the expected feed across from the decays of r into multi-1r0 modes. Since no tight cuts on 
additional photons in the signal hemisphere is applied, the final sample includes a 10% feed 
across from multi-n° modes, such as 1r1r01r0 . 

The momentum spectra of charged pions (1r±) and their polar angle distribution measured 
in the laboratory system are compared with the Monte Carlo simulation in Fig. 4. Good 
agreement is observed. 

Using this sample, the asymmetry from r+ and r- decays has been measured in two 
intervals of cos,8cosllt, Acp(cos,8cos¢ > 0) and Acp(cos,8cos¢ <-0), and the results are 
given in Table. I. The asymmetry is consistent with zero within the statistical error of 0.5%. 
No systematic difference between the r+ and r- is observed in the cos ,8 cos llt distribution 
shown in Fig. 5. The asymmetry in finer. intervals of cos /3 cos llt is shown in Fig. 6. 
Since an actual CP-asymmetry should be proportional to cos /3 cos llt, we fit the asymmetry 
A(cos ,8 cos llt) distribution with a straight line-function(a · cos /3 cos llt +b) and a function 
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FIG. 4. 1r± momentum (left) and polar angle (right} distribution in laboratory system for 1r:l: in the 
T -+ 11":1:11"0 11 decay. Closed circles show T+ and open circles· T- decays. The Monte-Carlo expectation is 

shown by the histogram. The bottom figure$ present the ratio (N~+JN~-) of the number of events between 
T+ and T-. 

without a slope to check the goodness of the fit. The fit results are summarized in Table II 
and are shown by the dotted lines in Fig. 6. As can be seen from Table II, the asymmetry 
distribution can be fitted equally well by the straight line with and without slope, and is 
consistent with no CP asymmetry within statistical errors. 

TABLE I. The number of selected events and observM asymmetry in the positive and negative 

cos /3 cos 1jJ regions. 

cos/3 cos¢ 

cos{Jcos,P > 0 
cos/3cos,P < 0 
Total 

N(1r+1ro) 
19,455 
22,148 

41,603 

N(w-w') 
19,610 
21,714 
41,324 

A"( cos fJ cos ,P) 
0.004±0.005 

+0.010±0.005 
+0.003±0.003 

TABLE II. Results of the fit of the asymmetry A(cos/3cos'lj;) distribution by a straight line with and 
without slope. 

Curve 0 

straight line 0.015 ± 0.010 
line without slope 

b 
+0.0027 ± 0.0035 
+0.0033 ± 0.0033 

x'fn.d.f. 
12.1/8 = 1.5 
15.2/9 = 1.7 

A study of the possible sources of systematic uncertainties and bias in the Acp measure­
ment is in progress. The principal source of the detector asymmetry could come from the 
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circles - T- decays. The Monte Carlo expectation is shown by the histogram. The bottom figures present 

the ratio (N7 +/N7 .) of the number of events. 

difference of the cross sections for the nuclear interactions of positive and negative charged 
hadrons. In principle, this could change the tracking efficiency of the charged tracks as well 
as the calorimeter response, such as the number of fake clusters in a hadronic shower. In 
this respect a "! veto used in the event selection is a potential source of producing the fake 

_asymmetry. 
So far we have checked the charge asymmetry as a function of various observab1es in the 

signal and 7-? (11'/J.L)v events. The latter process has the merit of making an independent 
check of the detector systematics since it has similar topology to the signal but should has no 
C P asymmetry since there are no strong phases in the final state. Among the distributions 
we checked, only the momentum distribution shows a visible charge asymmetry for pions 
with momenta less than about 0.2 GeV( see Fig. 4). Since the reason for this is not yet 
understood and the statistical significance is not high, we did not apply any correction to 
the observed AcP at this time. 

In summary, we report preliminary results on a search for CP violation in the r± -? 

'11'±'11'0v decay using first data recorded by the Belle experiment at KEKB. N"o CP violation 
has been observed. From the larger value of the asymmetry in the cos ,8 cos 'lj; < 0 region, 
the upper limit on IAcp(cos,Bcos¢)1 is set to be 

[Acp(cos{Jcos,P)l < 0.016 

at the 90% confidence leveL This limit will be improved with better understanding of the 
systematics and an increase of the data sample. 
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