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We present preliminary inclusive branching fraction measurements of 7= — h~h h*v (h = m or K) and
77 — K~ 7% decay modes using a sample of 7-pair events collected by the BABAR detector at the SLAC
PEP-II asymmetric eTe™ storage ring. The branching fractions of 7= — 7 7 7" v and
77 — K~ 7~ K'v are measured with higher precision than previously published results and the inclusive branching
fraction 7~ — K~ K~ K'v is measured for the first time. In addition, the first measurement of the branching
fraction 7= — 7~ ¢r and the measurement of the branching fraction 7= — K~ ¢v are determined by means
of a binned maximum likelihood fit to the KTK ™~ invariant mass distribution. These branching fractions are
extracted by means of a migration matrix that accounts for the cross contamination between the 7 — h~h~htv
modes. The preliminary 7~ — K~ 7°v branching fraction and invariant mass distributions are also presented in

v, 7 — K nmm

this paper.

1. Introduction

Hadronic decays of the 7 lepton provide a
unique opportunity to probe the coupling of the
weak current to the first and second generations
of quarks with unprecedented precision[1]. For
decays with unity strangeness (in other words,
there is an odd number of kaons in the final
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state), the CKM matrix element |V,s| and the
strange quark mass mg can be extracted with the
spectral density function via Finite Energy Sum
Rules [2-6]. The measurement of the strange
spectral density function is currently the limit-
ing factor in the extraction of the two funda-
mental parameters of the Standard Model (SM)
from 7 decays, especially in the high invariant
mass region where the theoretical uncertainties
can be mitigated. 7= — K 7% is one of the
dominant channels in the strange spectral den-
sity function and, therefore, the minimization of
its uncertainty is required. Currently, one of
the dominant experimental uncertainties in the
strange spectral density function arises from the
uncertainty on B(7~ — K~n~w"v). The decay
77 — K~ K~ KTv contributes to the high in-
variant mass region where precise information is
lacking. The B(7~ — 7~ ¢v) is useful in under-
standing the mixing of the w— ¢ and the violation
of the OZI Rule [7]. There has also been some
theoretical interest in 7= — K7~ K v because
of the Wess-Zumino anomaly [8,9].
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2. The BABAR Detector, Dataset, and
Monte Carlo Samples

The data sets employed in this analysis were
collected with the BABAR detector at the PEP-
IT storage ring at a centre-of-mass (CM) energy
near /s = 10.58GeV where the cross section is
o(tT77) = 0.89 £ 0.02[12]. The 1 — h~h~htv
analysis uses a data set with a luminosity of £ =
344fb—1, while the 7= — K~ 7'v analysis uses
a slightly smaller data set with a luminosity of
L = 230fb~. The ete” — 77T events are
simulated with the KK2F [13] Monte Carlo (MC)
generator, which include higher order corrections,
and the 7 decays are simulated with the measured
rates [11] using Tauola [14]. GEANT4 [15] is used
to simulate the detector response. The simulated
MC and data events are then reconstructed in the
same manner [12-14,16,17].

The BABAR detector is described in detail else-
where [10]. Charged-particle (track) momenta
are measured with a 5-layer double-sided silicon
vertex tracker and a 40-layer drift chamber in-
side a 1.5-T superconducting solenoidal magnet.
An electromagnetic calorimeter consisting of 6580
CsI(T1) crystals is used to identify electrons and
photons, a ring-imaging Cherenkov detector is
used to identify charged hadrons, and the in-
strumented magnetic flux return (IFR) is used
to identify muons. Particle attributes are recon-
structed in the laboratory frame and then boosted
to the ete™ CM frame using the measured asym-
metric beam energies.

3. Analysis Strategy

The 7= — h~h~h*v (charge conjugation is im-
plied throughout this paper) analysis selected a
pure sample of eTe™ — 777~ pairs, where the
signal side contains 3 hadrons and the partner 7+
decays leptonically (7 — lvv where | = e or pu).
The h* are then identified as either kaon or pions
and the decay is classified as: 77 — 7 7 7Ty,
T - K natv, 7 - K n K"y, or 77 —
K~ K~ K™Tv. An efficiency migration matrix that
takes into account m < K cross contaminations is
determined from the MC and utilized to extract
the number of signal events.
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where Nflg is the number of signal events, NPata

is the number of selected data events, Nf " is the
number of MC background events selected, €;; is
the efficiency matrix determined from MC, i is the
selected 3 prong mode index, and j is the true 3
prong mode index. The MC-data differences in
the simulation of the MC particle identification
are corrected by using data control samples for pi-
ons and kaons from D*t — 7t D% DO — ntK—.
The branching fraction is then determined from

1 NJ¥
BI‘j = 0 J (2)

2£UT+T* €Pre,j

where £ is the luminosity, o,+,- is the ete™ —
7t77 cross section, and €pre,j is the efficiency
for the preselection, including the trigger, not in-
cluded in the efficiency migration matrix.

The branching fraction of the 7= — 7~ ¢v and
7~ — K~ ¢v are measured by fitting the back-
ground subtracted K+ K~ invariant mass distri-
butions for these decays, and then using the effi-
ciency migration matrix to account for cross feed
between the two channels.

As with the 7 — h~h~hTv analysis, the 7 —
K~ 7% analysis selects a pure sample of ete™ —
77~ pairs, where the partner 7+ decays lepton-
ically. The signal side is, however, required to
contain a kaon and a 7°. Once the 7~ — K ~n%v
are selected, the branching fraction is determined
from

NSel _ NBkg

ZEO'T*T*ET—J(*WOV

(3)

BrT—>K* mov
where N5 is the number of selected data events,
NBkg is the number of MC background events

selected, and €,_, -0, is the total selection effi-
ciency for the 7 — K ~7'v determined from MC.
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Table 1

The particle identification component of the efficiency migration matrix represented in percentages.

Candidates Decay Modes (Truth)

Tt Knnt K n~K™* K K K™t
Tt 97.68% 22.81% 4.79% 1.02%
K-n=nt 1.42% 74.72% 16.29% 6.50%
K n K" 0.01% 0.52% 60.08% 25.78%
K K K™* 0.27% 50.72%

4. Event Selection and Analysis

4.1. 7~ - h h h™v

The event selection of 7 — h~h~hTv begins
with the identification of events with four well re-
constructed tracks, which do not originate from
conversions in the material of the detectors, and
have a net charge of zero. The tracks in the event
are required to be within the geometric accep-
tance of the DIRC and the EMC. Furthermore,
the track must have a minimum transverse mo-
mentum of 250MeV, enabling them to reach the
DIRC for particle identification. Because 7 pairs
are produced back-to-back, it is convenient to se-
lect them by splitting the event into two hemi-
spheres in the CM frame, with the plane orthog-
onal to the thrust axis where the thrust has been
determined from all of the reconstructed tracks
and neutrals in the event. The “tag hemisphere”
is required to have one isolated track that is iden-
tified as either an electron or a muon. To reduce
the non-7 background, the neutral energy in the
tag hemisphere measured by the EMC, which is
not associated with the electron (muon) track,
must be below 1.0(0.5)GeV. The event shape is
also used to discriminate against the ¢ back-
ground and two photon events. The event is re-
quired to have a high thrust to reject qg events;
and the scaled CM transverse momentum of the
event, the momentum orthogonal to the beam
axis, is required to be greater than 0.9% of the
centre of mass energy. This missing momentum
implies that there is one or more undetected par-
ticles. This reduces the ete™ — ¢g background to
~ 0.1%. To remove contamination from Bhabha
and eTe” — ptp~, in which an undetected pho-
ton converts into an eTe™ pair, the decay side

tracks must fail the electron identification algo-
rithm and the tag track is required to have a
maximum momentum of less than 80% of /s/2.
The remaining backgrounds are primarily from
7 decays with 7° and K9. Identified pairs of op-
positely charged tracks which have a mass con-
sistent with being that of the K2 are removed,
if the vertex of the track pair is more than six
standard deviations from the interaction point.
7 background with 70 are removed by vetoing
events with one or more reconstructed 7%’s and
by requiring that energy in the decay hemisphere,
which is deposited in the EMC and is not associ-
ated with a charge particle, is less than 200MeV.
Once the events have been selected, the sig-
nal tracks are then identified as either a kaon
or a pion using a likelihood approach with the
Cherenkov angle from the DIRC and the dE/dx
from the DCH and SVT. An event is classified
as 7~ — m 7w 7ty if all three hadron tracks
are identified as pions. If there are two oppo-
sitely charged pions and one kaon, the event is
classified as K ~n~ 7 if there are two oppositely
charged kaons and one pion, the event is classified
as K—m~ K. Lastly, if all the hadrons are classi-
fied as kaons, the event is selected as K~ K~ KT.
The characteristic efficiency (excluding the par-
ticle identification and cross feed), the branching
fraction determined from equation 1 and 2, and,
for comparison, the PDG branching fractions are
presented in table 2. The efficiency variation be-
tween the four decay channels is primarily due to
transverse momentum cut and the K2 veto.
The systematic uncertainties for this analysis
include: the luminosity and cross section deter-
mined with KK2F; the migration matrix statis-
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The characteristic selection, efficiencies excluding particle identification, and the branching fraction de-
termined using equations 1 and 2 where, the uncertainties are statistical and systematic respectively. For
comparison, the world averages from the PDG are shown in the bottom row.

Tt K-rmrnt
€ 2.8% 3.2%
BR (9.11 £ 0.01 £ 0.26) x 1072 (2.88£0.02+£0.11) x 1073
Brppa (9.02 4 0.08) x 1072 (3.3340.35) x 1073

K- K+t K-K KTt
€ 3.5% 3.9%
Br (1.371 £0.011 4 0.040) x 1073 (1.5940.14 £0.11) x 107°
Brppg (1.53 £ 0.10) x 1073 (3.7) x 107°@90%CL

The PDG branching fractions are given in ref. [11].

Table 3

The major components of the systematic uncertainties for 7 — h~h~hTv expressed in percentages.
Systematic Y S K-rn—nt K—n=K™* K-K-K™*
LOet e —rtr— 2.4% 2.4% 2.4% 2.4%

MC stat & PID 0.4% 2.5% 0.8% 4.4%
Kinematics 1.2% 1.1% 0.9% 4.0%

EMC & DCH 0.8% 0.8% 0.8% 1.2%
Trigger 0.1% 0.1% 0.1% 0.1%
Backgrounds 0.4% 1.4% 0.4% 2.5%

Total 2.9% 3.8% 2.8% 6.9%

The significance of 77 — K=K~ K*v is 8.90.

tics uncertainty contributing to the efficiency,
combined with the particle identification uncer-
tainty determined from the wrong sign combi-
nations and data control samples; the kinematic
modelling of the decay; the uncertainty due to
the EMC tracking scale and resolution, com-
bined with the sensitivity of the measurements
to hadronic and electromagnetic modelling in the
EMC; the modelling uncertainty of the trigger;
and the uncertainty of the background modelling
for the subtraction of 7 and non-7 backgrounds.
These uncertainties are summarized in table 3
with the total uncertainty.

4.2. The fitting of 77 ¢ and K~ ¢.

In figures 1 and 2, a ¢(1020) resonance is ev-
ident in both the 7= — K~ 7~ KTv and 7= —
K~ K~K™"v decay modes. To increase the signal-
to-background, both of these samples are en-
hanced by loosening the kaon selection criteria.
The contributions from 7 and non-7 backgrounds
are subtracted from the K~ K™ invariant mass
distribution for K=7~ K+ and K=K~ K™ chan-
nels. The ¢(1020) peak in the K~ K invariant
mass distribution for the K ~7~ K channel is fit-
ted with a binned maximum likelihood to extract
the number of measured data events, where the
¢ peak is modelled by a Breit-Wigner convoluted
with a Gaussian and the K~7~ KT background
is modelled with a polynomial of 3rd order. The



Studies of 7~ — h~h~htv and 7~ — K~ Decays at BABAR 5

<& 500~ “E 400
> - S
N @)
% C ano
© 400 =
= B @ 200
g C ‘g BﬁBAR. .
g B |.|>.|1°°7 344fb™ (Preliminary)
o 300
N T 10z 104 106 108
200~
100—

=
M- (Gevic?)
Figure 1. The invariant mass distribution for
the K™K~ pair in the 7= — K 7~ KTv de-
cay. The dots represent the data; the open his-
togram represents the 7= — K~-n~K*tv MC;
the light-shaded histogram represents MC cross
feed; and the dark-shaded histogram represents
the MC background. The insert presents the re-
sults of the fit to the data set with the loosened
kaon selector as discussed in the text. In the fit,
the cross feed and background have been sub-
tracted. The solid line represents the total fit and
the dashed line represents the background com-
ponent of the fit. The MC in both the distribu-
tion and the fit are luminosity normalized to the
measured 7~ — K ~7~ K Tv branching fraction.

shape of the K~n~ KT background is varied
within the uncertainty to yield < 1% systematic
uncertainty. Similarly, the number of measured
data events for the K~ K~ K+ decay mode is ex-
tracted with a binned maximum likelihood, from
the K~ K™ invariant mass distribution with both
combinations of K~ K7 included. The signal is
modelled with a Breit-Wigner convoluted with a
Gaussian, while the combinatoric background is
modelled with an “Argus-like” function [18]. For
both the K~7~ K+ and the K~ K~ K™ fits, the
o for the Gaussian, which describes the detector
resolution, is fixed to a value determined from fit-
ting the MC signal, 1.28MeV. Using equations 1
and 2, with the efficiency matrix corresponding
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Figure 2. The invariant mass distribution for the
KtK~ pairin the 7= — K~ K~ K*v decay with
both pairs from each event. The dots represent
the data; the open histogram represents the 7= —
K~ K~ K*v MC; the light-shaded histogram rep-
resents MC cross feed; and the dark-shaded his-
togram represents the MC background. The in-
sert presents the results of the fit to the data set
with the loosened kaon selector as discussed in the
text. In the fit, the cross feed and background
have been subtracted. The solid line represents
the total fit and the dashed line represents the
background component of the fit. The MC in
both the distribution and the fit are luminosity
normalized to the measured 7= — K- K- KTv
branching fraction.

to the looser kaon selector the 7= — 7~ ¢v and
7~ — K~ ¢v branching fractions are determined
to be (3.4940.55+0.32) x 10~° with a significance
5.50 and (3.48+0.20 £0.26) x 1075 with a signif-
icance of 10.60. Furthermore, the 7= — K~ ¢v
fit indicates that the 7= — K~ K~ KTv decay is
saturated by the 7= — K~ ¢v channel.

4.3. 77 - K 7%

In the 7= — K 7% analysis, the events are
divided into two hemispheres by the plane per-
pendicular thrust axis. Each hemisphere is re-
quired to have one well reconstructed track and
the total charge of the event must be zero. The



track which is identified as either an electron or
a muon is the tag track. The remaining track is
required to be within the acceptance of the DIRC
for particle identification and to be identified as
a kaon. Furthermore, the signal track must be
within 1.0 radians of a well reconstructed 7° in
the CM frame. The 7% must be reconstructed
from two separate EMC deposits that both sat-
isfy quality cuts designed to remove noisy chan-
nels and have a x? probability from a constrained
mass fit of the two photons which is consistent
with being a 7. To reject non-7 backgrounds,
the event shape is used. The events are required
to have a thrust greater than 0.9 and the ratio
of the 27! to 0" Fox-Wolfman moment is re-
quired to be greater than 0.5. Moreover, the event
must have a total missing momentum of 0.5GeV
or more to reduce contamination from Bhabhas
and eTe” — ¢g backgrounds. Contamination
from Bhabha events is further reduced by reject-
ing events if both of the charged tracks satisfy an
electron identification algorithm. The final selec-
tion efficiency is 2.250 £ 0.008% with 78112 + 280
data events selected and 37,610£159 background
MC events selected. Using equation 3, the pre-
liminary branching fraction is determined to be
(4.39 £0.03 £+ 0.21) x 1073 where the uncertain-
ties are statistical and systematic respectively.

The invariant mass distribution of the selected
K*7° can be seen in figure 3.

A summary of the systematic uncertainties is
shown in table 4. These systematic uncertainties
include: the luminosity and cross section deter-
mined with KK2F; the particle identification un-
certainty; the tracking efficiency; the 7° efficiency
and MC-data correction determined from control
samples; the MC statistical uncertainty for signal
and background; and the uncertainty of 7 back-
ground determined from the PDG branching frac-
tion uncertainties.

5. Results

The preliminary branching fractions of the
77 — h™h~hTv are measured by means of an
efficiency matrix to extract the branching frac-
tions. The B(r~ — n n 7ntv ex.K2) is mea-
sured to be (9.11 £ 0.01 4 0.26) x 1072 a value
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Figure 3. The 7 — K7'v invariant mass dis-
tribution. The dots are the data; the solid line
histogram is the signal MC; the dashed line his-
togram is the 7 backgrounds; the dash-dotted
line histogram is the ¢qg MC; and the dotted line
histogram is the pup MC. The MC samples have
been normalized to the luminosity and measured
branching fraction of 7= — K*70v.

which is more precise than the previous exclusive
measurement directly identifying pions [19]. The
B(t— - K n ntv) and B(r~ — K 7" K'v)
are measured more precisely than the world av-
erage; (2.88 4 0.02 £ 0.11) x 1073 and (1.371 +
0.01140.040) x 1073, respectively. The first mea-
surement of the inclusive branching fraction of
77 — K~ K~ K'v is determined to be (1.59 +
0.14 4 0.11) x 107>, a value consistent with the
former upper limit [19].

The branching fraction for 7= — 7~ ¢v and
77 — K ¢v are determined by fitting the
KT K~ invariant mass distribution and then us-
ing the corresponding efficiency matrix to ac-
count for the cross feed. The first measure-
ment of B(t— — 7 ¢v) is determined to be
(3.49+0.5540.32) x 1075, while B(t~ — K~ ¢v)
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Table 4

The preliminary systematic uncertainties for 7 — K~ 7.

Systematic e-tag u-tag Combined
LOot o —ortr— 2.3% 2.3% 2.3%
PID 2.1% 2.3% 2.2%
Tracking Efficiency 0.6% 0.6% 0.6%
79 efficiency 3.3% 3.3% 3.3%
Signal MC Statistical 0.5% 0.6% 0.4%
Background MC Statistical 0.6% 0.6% 0.4%
7 Backgrounds 1.4% 1.4% 1.4%
Total 4.8% 5.0% 4.8%

is measured to be (3.48 & 0.20 & 0.26) x 1077,
a value consistent with the result by Belle [20].
In addition, the 7= — K~ ¢v is consistent with
saturating the 7= — K~ K~ K*v decay.

The branching fraction of 7= — K ~7%v is mea-
sured by means of equation 3 to be (4.39+0.03+
0.21) x 1073, This branching fraction is the most
precise to date and is consistent with the world
average (Bppa (1~ — K nv) = (4.52 £ 0.27) x
1073 [11]).

Further studies are being conducted inorder to
reduce the systematic uncertainty in both the
7= — h~h~htv and 7~ — K 7% preliminary
results before they are finalized.
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