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Recent results from 7 physics studies at BABAR are presented with an emphasis on hadronic decays and lepton

flavor violation studies.

1. 7 physics studies at BABAR

The BABAR and Belle B-meson Factories also
produce copious numbers of 7 decays. The
BABAR detector (described in detail in Ref. [1])
operates at the Stanford Linear Accelerator Cen-
ter the PEP-II asymmetric-energy et e~ storage
ring. The luminosity is recorded at center-of-mass
(CM) energies (y/s) of 10.58 GeV and 10.54 GeV.
The luminosity-averaged a cross section for 7
pairs for these CM energies is o, = (0.89+0.02)
nb which is of the same order as the the bb cross
section o,z ~ 1.05 nb.

The analyses follow a similar strategy. Each
analysis looks for the production of 7 pairs
where one of the 7 decays to either a 1-prong
(0 — Uveyy,m vy, pvy) or 3-prong (77 —
2h~h*(nm%)v,) final state which covers roughly
99% of the 7 branching fraction. The event is
divided into two hemispheres in the CM frame
based on the plane perpendicular to the thrust
axis from the tracks in the event. Each hemi-
sphere is assumed to contain the decay products
of a single 7 lepton. The analysis procedure se-
lects events with 1-prong or 3-prong in one hemi-
sphere (tag hemisphere) and tracks from the other
7 in the other hemisphere (signal hemisphere). A
cut on the event thrust is applied to reject light
quark production ete™ — ¢q (¢ = {u,d,s,c,b})
and bb backgrounds. Particle identification is ap-
plied to the tracks and the total event charge is

required to be zero.

The 7 is reconstructed from tracks and neutral
deposits not in the the tag hemisphere accord-
ing to the analysis under consideration. Charged
particles are required to have a minimum momen-
tum and come from the beam spot. Tracks com-
ing from photon conversions are rejected. Neutral
energy deposits must be consistent with the pion
and criteria are applied to reject photons where
necessary.

The backgrounds come from a number of
sources. Other 7 decays where a particle is missed
or added can be eliminated by careful construc-
tion of the signal mode. Bhabhas and di-muon
events can be removed through criteria based on
the event thrust, colinearity of the tracks in the
CM frame, the momentum of the two leptons
in the CM frame and the reconstructed 7 mass.
Hadronic events from ¢g production can be sup-
pressed through the event thrust, the topology
of the decay and an excess of neutral energy.
Two photon events have large missing energy and
small transverse momentum that can be used to
reject them.

Monte Carlo (MC) simulation is used to evalu-
ate the background contamination and selection
efficiency. The methods for extracting the sig-
nal yield vary depending on the analysis. Some
analyses use a cut-based approach while others
use a Maximum Likelihood (ML) technique. The
systematic errors on the signal efficiencies in-
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clude contributions from uncertainties in the re-
construction efficiency of charged tracks and neu-
tral deposits; the uncertainty associated with the
particle identification on the signal and tag side;
the luminosity measurement and the 7 pair cross-
section determination; and the uncertainty on de-
cay branching ratios.

Unless otherwise stated, the data sample con-
sists of an integrated luminosity of £ = 210.6 fb™*
recorded at a /s = 10.58GeV, and 21.6fb*
recorded at /s = 10.54 GeV.

2. Hadronic decays of the 7

Tau decays to one and three charged hadrons
have been used to test the Standard Model, mea-
sure the masses of the 7~ and v, study the prop-
erties of low-mass resonances, test CP violation in
the lepton sector, and search for new physics. The
high-statistics sample of 7 pair events collected by
the BABAR Collaboration allows detailed studies
of rare decays of the 7 lepton to states with mul-
tiple charged and neutral hadrons

2.1. 77 — 3h™2hT v, decays [2]

The analysis procedure selects events with one
electron or muon track in the tag hemisphere and
five tracks in the signal hemisphere. Events are
retained if they pass selection criteria based on
the magnitude of the event thrust (7") and the
ratio pT/Emissing~

A total of 20920 and 13929 events are se-
lected when an electron or muon, respectively,
are identified in the tag hemisphere. The effi-
ciencies are (4.71 &+ 0.05)% and (3.03 + 0.04)%
in the electron and muon samples, respectively.
The branching fraction of the 7 leptonic decay
mode is incorporated into the selection efficiency.
The background percentages in the electron and
the muon tag samples estimated from the Monte
Carlo (MC) simulation are (20.6 + 2.0)% and
(21.7 + 2.1)%, respectively. The branching frac-
tion of the 7= — 37 27Ty, decay is found to
be (8.53 £0.06 4 0.42) x 10~% and (8.73 £0.07 &
0.48) x 10~* for the data selected by the electron
and muon tags, respectively. The value of the
branching fraction is in good agreement with the
Particle Data Group average of (8.240.6) x 10~%.

Fig. 1 shows the mass of h™h™ pair combina-
tions where the shoulder at 0.77 GeV/c? suggests
a strong contribution from the p resonance. The
discrepancy between Tauola MC [3], which uses
a phase space distribution for 7= — 37~ 27T v,
and the data can be clearly seen.
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Figure 1. Reconstructed mass of h™h™ pairs in
the five tracks in the signal hemisphere. The peak
at 0.5GeV/c? is due to K? mesons that are not
rejected by the selection.

The data sample can also be used to study
the 7= —  f1(1285)7 v, decay, where the
f1(1285) decays into a 27~ 27t final state. A
total of 1369 + 232 7= — f,(1285)1 v, de-
cays are obtained from the fit. The fraction of
7~ — f1(1285)7 " v, decays found in the 7= —
3r 27"y, sample is measured to be (0.050 +
0.008 + 0.005) and the branching fraction of the
77 — f1(1285)7 v, decay is calculated to be
(3.94+0.74+0.5) x 1074,

2.2. 77 — 47 37 (7%)v, decays [4]

Events with eight charged tracks are selected
with one lepton track in the tag hemisphere and 7
in the signal hemisphere with at least 6 identified
as pions. The final event count is performed in
the signal region 1.3 < m < 1.8 GeV/c?, where
m is the pseudo-mass (m) of the 7 lepton: m? =
2 (Ebeam - E77r)(E77r - P77r) + mgr



Fig. 2 illustrates the pseudo-mass spectra
of simulated signal and background contribu-
tions after the topology selection but before the
pseudo-mass region selection. To determine the
number of ete™ — ¢G background events in the
signal region, a fit is performed to the data events
in the pseudo-mass range 1.8 < m < 2.6 GeV/c?
and then extrapolated into the pseudo-mass sig-
nal region. After the final selection we observe
24 events in the data with a total number of
predicted background from 7 and ete™ — ¢q
events of 21.6 + 1.2. The efficiencies for events
in the signal region for 7= — 47~ 37%v, and
77 — 47 3770, are (9.4 £0.1 £ 0.6) % and
(9.3+0.1 £0.6) %.
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Figure 2. Pseudo mass distributions of the seven
charged tracks. To display the two signal modes
we assumed a branching fraction of 2 x 1075,

The 7= — 47~ 37+ (7°)r, branching fraction
is calculated from a likelihood function that ac-
counts for uncertainties in the background and ef-
ficiency. We obtain a central value of (0.77]3) x
10~7 and an upper limit at 90% confidence level
(CL) of < 3.0 x 1077, Limits at 90% CL are
also set on the exclusive decay modes 7= —
A7=3n%v, and 77 — 4n 31T 7%, of < 4.3 x
1077 and < 2.5 x 1077 respectively.

3. Lepton Flavor Violation

Lepton flavor conservation differs from other
conservation laws in the Standard Model (SM)
because it is not associated with an underlying
conserved current symmetry. While forbidden in
the Standard Model (SM), many extensions to
the SM predict enhanced LFV in tau decays with
respect to muon decays with branching fractions
from 1071% up to the current experimental lim-
its [5]. Observation of LEV in tau decays would
be a clear signature of physics beyond the SM,
while non-observation will provide further con-
straints on theoretical models.

3.1. 7t — ety [6]

Events with two or four well-reconstructed
tracks inconsistent with coming from a photon
conversion are selected. The signal-side hemi-
sphere is required to contain at least one v with a
CM energy greater than 500 MeV, and one track
identified as an electron. Backgrounds arising
from radiation are reduced by requiring that the
total CM energy of all non-signal v candidates in
the signal-side hemisphere be less than 200 MeV.
To suppress non-7 backgrounds with significant
radiation along the beam directions, the polar
angle (0,,:s5) of the missing momentum associ-
ated with the neutrino(s) in the event is required
to lie within the detector acceptance (—0.76 <
€08 Opmiss < 0.92). A correlation between the
missing momentum (m?2) and the scaled missing
transverse momentum (pl .. /\/s) in the non-7
backgrounds is used to suppress them.

The resolution of the ey mass is improved by
assigning the point of closest approach of the e
track to the eTe™ collision axis as the origin of
the v candidate and by using a kinematic fit with
E.. constrained to v/s/2. The resulting energy-
constrained mass (mpc) and AE = E., — /s/2
are independent variables apart from small cor-
relations arising from initial and final state ra-
diation. We optimize the selection to obtain
the smallest expected upper limit 90% CL in a
background-only hypothesis for observing events
inside a +20 rectangular box signal box defined
by: |AE — (AE)| < 20(AE) and |mgc — m,| <
20(mgc), as shown in Fig. 3.



. 0.5
A E (GeV)

Figure 3. mgc vs. AE distribution of data (dots)
and shaded region containing 50% of the selected
signal MC events inside the Grand Signal Box,
as defined in the text. The boundary of the +20
signal box is also shown.

“c [ » Data
310l & Bhabha
(&) 1 e'e - 1T'T

r + +
Lf07- I — T — e y
(=)
@
S
L 5
L

1

(o] 1 N L L @& 1 L
1.5 1.6 1.7 1.8 1.9 20
m_. (GeV/c")

Figure 4. mgc distribution of data (dots), the ex-
pected backgrounds (histograms) and MC signal
(curve with arbitrary normalization) for |AE —
(AE)| < 20.

After selection, 8.9% of the total generated MC
signal events survive within a Grand Signal Box
(GSB) region defined as mpc € [1.5,2.0] GeV/c?,

AFE € [-1.0,0.5] GeV.

For the final background estimate we use
the mgc distribution of data events inside the
+20(AFE) band, as shown in Fig. 4 along with the
signal shape included for illustrative purposes.
We find one event in the signal box for an ex-
pected background of 1.940.4 events. We set an
upper limit employing the same technique used in
our search for 7¥ — (£¢*¢~ [7] where the back-
ground levels were also small. This procedure
gives an upper limit of B(7* — ptv) < 6.0x1078
at 90% CL.

3.2. 7t — uty [8]

The analysis follows the broad lines of the
7+ — e*~ analysis with the difference that it
separates the tag-side decays into six categories
according to the number of tracks, lepton identi-
fication and photon energy. A neural net is then
constructed to reduce backgrounds in each cat-
egory with five observables used as input: the
missing mass of the event, the highest CM mo-
mentum of the tag-side track(s), p helicity angle,
missing transverse momentum and the invariuant
mass squared of the missing neutrino.

To obtain the branching ratio, we perform an
extended unbinned ML fit to the mgc data dis-
tribution (Fig. 5) after all requirements but that
on mgc have been applied. The signal effi-
ciency is (9.4 &+ 0.6)%. The fit gives B(rT —
pury) = (=5.6753) x 1078, which corresponds to
—2.275-% signal and 143 + 12 background events.
In keeping with established 7+ — %~ studies,
we derive a frequentist upper limit at 90% CL of
B(r* — p*y) < 6.8 x 1078.

3.3. 77 = Tt [7]

The data sample consists of 81.9fb™! recorded
at /s = 10.58 GeV and 9.6 fb ™! recorded at /s =
10.54 GeV. Candidate signal events consist of one
tau decay yielding three charged particles, while
the second tau decay yields one charged particle.
All possible lepton combinations consistent with
charge conservation are considered, leading to six
distinct decay modes.

To reduce backgrounds further, signal events
are required to have an invariant mass and to-
tal energy in the 3-prong hemisphere consistent
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Figure 5. mpc distribution of data (dots), the
background component of the fit (dotted line) and
MC signal (curve with arbitrary normalization)
for |AE — (AFE)| < 20.

with a parent tau lepton. These quantities are
calculated from the observed track momenta as-
suming the corresponding lepton masses for each
decay mode. The energy difference is defined as
AE = B}, — E}...., Where E  is the total en-
ergy of the tracks observed in the 3-prong hemi-
sphere and Ey_, . is the beam energy, both in
the CM frame. The mass difference is defined
as AM = M,.. — m, where M, is the recon-
structed invariant mass of the three tracks and
m, = 1.777 GeV/c? is the tau mass.

The expected background rates for each decay
mode are determined by fitting a set of proba-
bility density functions (PDFs) to the observed
data in the (AM, AF) plane in a grand sideband
(GSB) region which is defined as the rectangle
bounded by the points (—600 MeV/c?, —700 MeV)
and (400 MeV/c?,400 MeV), excluding the signal
region.

The numbers of events observed (Nops), the
background expectations (Npga) and 90% CL up-
per limits are shown in Table 1, with no signifi-
cant excess found in any decay mode.

Table 1

Summary of efficiency estimates, the number of
background events (Npgq), the number of ob-
served events (Nyps), and the 90% CL upper limit
on the branching fraction for each decay mode.

Mode Efficiency [%)] Niga Nops UL

e ete” 7.3+£0.2 1.51+0.11 1 20-1077
ute~e” 11.6+04  037+£008 0 1.1-1077
u-ete 7.7+0.3 0.624+0.10 1 27-1077
etupu 9.8+£0.5 0214007 0 13-1077
e ptp~ 6.8+ 0.4 0394008 1 33-1077
uoptp 6.7+0.5 0314009 0 1.9-1077
ecKTK~- 3.77+016 022+006 0 1.4-1077
e Ktn— 3.084+0.13 0324008 0 1.7-1077
e nt K~ 3104013 0.14+0.06 1  3.2-1077
e~ mtm~ 3304015 081+013 0 1.2-1077
pu KYK~ 2164012 0244007 0 25-1077
Kt 2974016 1.67+029 2  3.2.-1077
uwrtK 2874016 1.04+018 1  26-1077
atars 3404019 2994041 3  29-1077
efK~K~ 3854016 0.04+004 0 1.5-1077
et K—n~ 3194014 0.16+006 0 1.8-1077
etn—m~ 3404015 0414010 1  27-1077
putK-K— 206+£011 007£010 1  48-1077
ptK—n 285+0.16 1.54+025 1 22-1077
utr—n~ 3304018 1464027 0 0.7-1077

3.4. 77 — IFhEL~ [9]

Candidate signal events are required to have
a 1-3 topology, where one tau decay yields one
charged particle (1-prong), while the other tau
decay yields three charged particles (3-prong).
One of the charged particles found in the 3-prong
hemisphere must be identified as either an elec-
tron or muon candidate. The (AM,AFE) quan-
tities and the expected background rates are cal-
culated as for the 7= — [TI7IT [7] (see above).
Rectangular signal regions are defined separately
for each decay mode in the (AM, AE) plane.

The numbers of events observed (Nyps), the
background expectations (Npgq) and the 90% CL
upper limits are shown in Table 1, with no signif-
icant excess observed.

3.5. e et — 7T

The signature of the signal process in the
CM frame is an isolated high-momentum muon
or electron recoiling against either one or three
charged pions and no neutral particles. The re-
constructed mass of the missing neutrino should



be consistent with a massless particle and the in-
variant mass of the recoiling pions and neutrino
consistent with that of the 7.

After the application of these selection criteria,
the signal MC reconstruction efficiencies and their
statistical error for ™7~ are (18.5 4+ 0.2)% for
77 — 7 ntr v, and (9.62 £ 0.14)% for 77 —
7~ vy for et 77 they are (11.7340.15)% for 7= —
7 rtr v, and (11.9 £0.15)% for 77 — 7 v,

The backgrounds are dominated by ete™ —
7t7~ decays where one 7 decays to an e™/ut
plus neutrinos and the other to either 7~7 7~ v,
or m~v,. Light quark continuum processes are
predicted to contribute significantly to eTe™ —
utT(r7 — 7 T r ;) only and events from
ete™ — ptp~ are only present in ete™ —
utT=(r7 — 7 v;). All other backgrounds are
negligible.

An extended unbinned ML fit to the recon-
structed 7 mass m, and e*/u™ CM momentum
p; is used to extract the total number of signal
and background events separately for each mode.
The measurements are not statistically different
from the null hypothesis. Preliminary results for
t he central values of the signal yields from the
ML fit and the upper limits on the cross sections
and cross section ratios are given in Table 2.

Table 2

Preliminary central values and 95% CL for the
signal yields, cross sections and ratio of cross sec-
tions to dimuon cross section.

ete” - putr T oratry, T ST,
Events —137+£99+26 19+£10.1+44
our (fb) —035£26+£07 085*£45% 2.0
our (fb) <591 <114

e <52x107° <10.1x 1076
ete” metr™ 1T Ty, T —Tv
Events 15.9+103+27 10.7£88+2.7
oer (1b) 6.5+42+1.1 39+£32+£1.0
Oer (1b) <14.8 <11.1

Ocr/Oun < 13.1x 1076 <9.8x 107

We combine the 7~ — 7 7nt7 v, and 7~ —
7~ v, decays and calculate 95% CL upper limits
on the cross sections of < 4.6 fb for ete™ — uT7~

and < 10.1fb for ete™ — eT77. The 95% CL
upper limits on the ratio of the cross sections with
respect to the dimuon cross section are calculated
to be o < 4.0 x 107% and 0,/ < 8.9 x

106 KT/

4. The Future and Acknowledgments

By the end of their data-taking, the current
generation of B-meson factories will have pro-
duced over 2 billion 7 pair decays. The physics
potential of this legacy has only just begun to be
exploited.
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