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Experimental Tests of Lepton Universality in Tau Decay from CLEO *

Brian K. Heltsley (representing the CLEO Collaboration)
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The branching fractions for r—evv., pvv., and hvr are measured using data collected with the

CLEOQO detector at the CESR eve™ collider:

B.= 0.1776+0.0006+0.0017, B,=0.1737+0.0008+0.0018, and

Br=0.1152+0.0005+0.0012, where the first errors are statistical, the second systematic, and A refers either to
a charged 7 or K. Also measured is the tau mass, m,=(1778.241.4) MeV. Lepton universality is affirmed by the
resulting relative branching fractions (B, /B.=0.9777+0.0063:0.0087, Bs/B.=0.6484+0.0041+0.0060) and the
charged-current gauge coupling-constant ratios (g./ge=1.0026+0.0055, g-/9,=0.9989+0.0098). The tau mass
result may be recast as a tau neutrino mass limit, m,, <60 MeV at 95% CL.

1. Introduction

The Standard Model predicts unambiguous
and quite simple relationships between the tau
lifetime, mass, and several of its branching frac-
tions. Measurement of these parameters to the
highest possible precision is essential; deviations
from the predictions at any level could signal the
presence of physics beyond our present under-
standing. This presentation describes determina-
tions of the tau mass, its branching fractions to
e, i, and 7/ K, their relationships to the tau life-
time, and compares the results with predictions.

Lepton universality requires that the charged-
current gauge coupling strengths be identical:
ge=gu=gr. p-e universality is tested in the ra-
tio of muonic to electronic tau decay rates as

(g_“>2 _ f(z.) B(r — pwv) _ 1 B_u 1)
Je f(zy) B(r = evv) 09726 B,

where z,=(m¢/m,)?, f(z)=1-8z+8z%—z*-
12z2Inz. Comparing electronic tau decay with
that of the muon probes 7-u universality:

9r 2 _ Tu (M 5 B(r = ewv)
9u Tr \ My B(u — evv)

x (1+d0w)(1+46,)

= 28924 fs GeV® —% ()

Tr M3
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where dw=—2.9x10~* and 4,=8.6x 1075 are the
weak and electromagnetic radiative corrections
[1]. A second measure is obtained by compar-
ing the muonic decays of the pion and kaon with
the pionic and kaonic decays of the tau. If

2
H, = LF% (l'mi/m’%) B(h—uv) (3)

Th mp \1—m2/mi
then
gr 2 _ 2m} B(r > m)+B(r - Kv)
9u - Tr m?— H, + Hg
= 14021 fs GeV® —2 (4)
7> m3

where 6,=0.00167339% and dx=0.009973 3354
are electromagnetic radiative corrections (2,3].
One or more of the ratios in Egs. (1), (3), and
(4) will deviate from unity in many extensions of
the minimal standard model {4].

A consequence of Egs. (2) and (4), independent
of universality, is the predicted ratio

By B(r = mv) + B(t = Kv)
B, B(t = evv)

i, m,  H.+Hg
#m2 (1+6w)(1+9,)

_ (1.4366 GeV)2 5)
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Here we determine m,, B., By, and B, using
tau-pair decays produced by ete~ collisions near
v/§=10.6 GeV at the Cornell Electron Storage
Ring (CESR) and measured in the CLEO detec-
tor. The branching fraction analysis uses nine
tau-pair decay modes: ee, upu, hh, ey, eh, uh, pe,
pu, and ph, where h=r/K, and p signifies an h
accompanied by at least one 7°. A “minimum
kinematically allowable tau mass” is computed
for each hh event, and the shape of the resulting

distribution fit for m..

2. Apparatus

CLEO II is a general purpose detector (6].
Three concentric drift chambers in a 1.5 T
axial magnetic field provide charged particle
momentum-vector determination. Surrounding
the drift chambers, but inside the superconduct-
ing magnet coil, is a calorimeter of 7800 CsI(T1)
crystals with silicon photodiode readout. Muons
are identified by their penetration through the
calorimeter, coil, and one or more of three 36 cm-
thick slabs of magnet iron; three layers of larocci
tube chambers instrument the gap behind each
slab. Fast trigger signals and particle time-of-
flight (TF) are provided by scintillation counters
located just inside the calorimeter. A three-tier
hardware trigger system (7] takes input from the
calorimeter, tracking chambers, and TF counters
to form different combinations of requirements
that force event readout. A fourth-level trigger
implemented in software filters events based upon
information assembled from the entire detector.

3. Event Selection

Selected events must have exactly two good
charged particle tracks required to be of oppo-
site charge, have momenta scaled to the beam
energy z+=ps+/Es satisfying 0.1<z+<0.9, im-
pact parameters |di|<2 mm, and |cosf+|<0.7,
where @ is the polar angle with respect to the
et beam direction. Defining the acoplanarity
£=||¢p4+—¢-|—m| as the two-track acollinearity in
azimuth, z;=p;/E, as the component of missing
momentum transverse to the beam, scaled to the
beam energy, and |cosfmis| as the direction of

this missing momentum, the two tracks must have
0.05<€<1.5, z:>0.1, and {cosf,.,|<0.8.

Electron and muon identification criteria estab-
lish for each charged track, with some probabil-
ity, its identity as an e, u, or h. The symbol h
is defined operationally as “not identified a lep-
ton”. The criteria are chosen to have high effi-
ciencies for signal modes and small backgrounds
from non-signal tau-decay modes. Electrons are
identified with scaled momenta z4>0.1; muons
and hadrons with 4 >0.285. Electron criteria re-
quire that E1/p+>0.85, and that its drift cham-
ber specific-ionization (dE/dz) be no lower than
20 below that expected for an electron. Muon cri-
teria demand that the track deposit £+ <0.6 GeV
in the calorimeter, consistent with a minimum-
ionizing particle, and that there be hits in the
muon detection system matched to the track.

Radiative QED backgrounds and tau decay
modes with hard 7%’s are discriminated against
by requiring any detected photons, excluding
those in an identified p-tag, to have scaled energy
1,<0.10. To exclude events in which a photon
hides in a track’s calorimeter shower, each track’s
calorimeter-energy-to-momentum ratio must sat-
isfy E+/p+<1.1. Any photon-like shower near-
est in angle to an identified lepton must satisfy
!, <0.01. To reduce dependence upon the simu-
lation of hadronic interactions in the calorimeter,
a different strategy is employed on the h-side of an
event: the invariant mass of the h (assuming a 7
mass) and all photons must satisfy M,<0.4 GeV.

There are additional mode-specific criteria. For
high efficiency triggering on calorimeter energy in
ep and eh events, the electron scaled momentum
must satisfy £+>0.235. To suppress ete™y and
pt pu~~ contamination, we require (z,.+r-)<1.5
for the ee and up modes. Hardware trigger crite-
ria with high and measurable efficiencies are re-
quired for each mode.

The ¢éyy and eeff final states can sur-
vive the above selection criteria. To sup-
press these backgrounds we use the variable
Sin@min=2:/(2 — 4+ — z_). Energy-momentum
conservation makes O i, the minimum polar an-
gle of any unseen particles. For the ee and uu
modes, we require Opnin>0.18.




4. Branching Fraction Analysis

Product branching fractions for tau-pair decays
to the final state ab are computed as

nx(1-f) (6)
(TxPxA) xNpp x (2= 60p)

where n is the number of events; f is the frac-
tional background in the sample from tau and
non-tau sources; the efficiency A x P x T in-
cludes effects of triggering (7), particle identifi-
cation (P), and acceptance (A); N-, is the num-
ber of tau-pairs produced during data-taking; and
the Kronecker-6 accounts for the case when a=b.
The measured event tallies, efficiencies, back-
grounds, and resulting product branching frac-
tions are shown in Table 1.

For efficiencies and feed-across, tau-pairs were
generated and decayed with the KORALB (9] pro-
gram coupled to a GEANT [10] -based detector
simulation, equivalent to ~3 times the data sam-
ple. Branching ratios used in this Monte Carlo
(MC) are consistent with world-averages [5].

Babiz

4.1. Normalization

The number of tau-pairs is computed as the
product of the tau-pair cross section and the
integrated luminosity, summed over all runs,
N =Y, {00(s:) x (1 +8;)}xL;, in which oo(s;)
is the point cross section evaluated at the square
of the center-of-mass energy s;, the integrated
luminosity £; is measured [8] using wide an-
gle Bhabha, p-pair, and -y final states with
a relative error of 1%, and the theoretical fac-
tor adjusting the point cross section for non-
zero tau mass effects and initial and final state
radiative corrections [9] is (1+4,)=1.1732, also
with a relative error of 1%. The total inte-
grated luminosity is 3.555 fb~!, corresponding to
N,r=(3.250+0.046) x 108. Theoretical uncertain-
ties in radiative corrections for yv, ete™, u*tu~,
and 7t 7~ final states dominate the error in N, ..

4.2. Efficiencies

The trigger efficiency 7 for each mode sep-
arates naturally into several independent sub-
efficiencies, which account for TF, crystal, track-
ing, and software trigger components. All these
components are determined from the data alone.

All particle identification probabilities are mea-
sured using subsets of the data with tracks
tagged as leptons or hadrons. The effi-
ciencies P(e—e)=(97.7+£0.15)% and P(u—u)=
(93.04£0.30)%, are measured with radiative
lepton-pairs and two-photon events from the
data. By-products of these efficiencies are the
lepton-faking-hadron rates P(¢—h)=1-P(€—{).
The fake rates P(h—e)=0.1-0.5% and
P(h—u)=~1-5%, both with relative errors of
+15%, are measured with 7—hn%v decays. The
hadron identification probability is P(h—h)=
1-P(h—e) —P(h—pu) =~ (97.7£0.3)%.

To determine the net two-particle identifica-
tion efficiency for a given tau-pair decay mode,
for each MC signal event we find the identifica-
tion probabilities for both tracks, as tabulated
by particle species, momentum, polar angle, and
charge. The product of these probabilities is then
averaged over all generated signal events.

The acceptance is determined from MC by di-
viding the number of signal events satisfying all
the selection criteria by the total number gener-
ated. The total error assigned to the acceptance
for each mode is the quadrature sum of the sta-
tistical error from MC and an additional 1.0%
relative error to account for possible systematic
effects of the detector simulation or event gener-
ator. The latter error is assumed to consist of
equal parts (in quadrature) mode-specific {0.7%)
and mode-common (0.7%) errors.

4.3. Backgrounds

Table 2 shows the estimated background frac-
tions. Feed-across is the dominant background
in all modes, and is computed from MC using
the particle identification weights measured in
the data, applying signal trigger efficiencies, and
normalizing to luminosity. The uncertainties are
dominated by the errors on particle identifica-
tion but also include contributions from trigger
efficiency, luminosity, and branching fractions.
Modes with K9’s are considered background and
are explicitly subtracted.

All other backgrounds are small. Tails of the
observed track impact parameter distributions
yield estimates of the cosmic ray level. Remain-
ing sources rely upon MC simulations of eeee, [11]




Table 1

Product Branching Fraction Components
ab n A(%) P(%) T (%) f(%) B, x By (%)
ee 11019 11.304+0.123 95.59+0.30 97.51+0.52 1.62+0.48 3.166+0.030+0.062
pp 3846 5.443+0.060 86.01+0.57 79.00£1.23 4.10+0.63 3.069+0.049+0.078
hh 4970 9.900+0.129 95.29+0.65 86.20+0.93 27.68+0.87 1.360+0.019+0.035
ep 17364 9.706+0.104 90.75+0.33 96.29+0.63 2.38+0.38 3.075+0.023+0.060
eh 14880 10.102+0.109 95.45+0.36 97.03+0.66 17.43+0.68 2.021+0.017+0.043
ph 9739 7.868+0.090 90.62+0.43 83.60+£1.00 20.01+1.12 2.011+0.020+0.053
pe 15314 3.909+0.043 96.42+0.25 97.35+0.63 1.68+0.12 6.313+0.051+0.122
pu 11505  3.148+0.035 91.69+0.35 97.44+£0.66 3.09+0.28 6.099+0.057+0.121
ph 9846  3.259+0.038 96.34+0.46 97.51+0.71 18.28+0.52 4.043+0.041+0.086

Table 2

Background Fractions (%). Unlisted errors are
100% of the background estimate. Here {=e/pu.

ab A o Cosmic eerr ¢f eell
ee 0.83+0.13 - 0.24 0.32 0.23
pp 3.62+0.58 0.15+0.07 0.11 0.22 -

hh 27.16+£0.81 0.10+0.05 0.29 0.06 0.07
ep  2.13+0.34 - 012 - 013
eh 16.78+0.50 - 032 - 033
ph 18.51+0.56 0.13+0.07 0.12 0.34 0.90
pe  1.57+0.06 - 010 - 001
pp  3.09+0.28 - - - -

ph 18.08+0.49 0.01+0.01 0.16 - 0.03

eepy, (12] eerr, [12] ee, [13,14] and up [15] final
states. Backgrounds from e*e~—¢¢—hadrons
and e*e~ =T (4S)— BB are negligible.

The cross sections for these QED processes are
quite large compared to those probed in this anal-
ysis. The selection criteria must suppress them
by factors up to 10® to attain sub-1% contam-
inations. At this level, it is difficult to verify
accurate normalization of these processes, their
radiative corrections, and simulated detector re-
sponse. Hence the MC predictions for these final
states are each normalized to the data in a region
outside of, but adjacent to, the nominal allowed
region for a given mode. The resulting scale fac-
tors are 2.9 for Bhabhas, 1.6 for u-pairs, 0.77 for
eeee, and 0.57 for eepp. Relative errors of £100%
allow for the ad hoc nature of this procedure.

Figure 1.
mentum track is plotted for ee, pu, and hh, the
muon’s for ey, the hadron’s for eh and ph, and
the track’s opposite the p for the p-tag modes.

Distributions in z4; the higher mo-

4.4. Systematic Checks

Distributions in variables relevant to the selec-
tion process are modeled well by the MC, some
examples of which are shown in Figs. 1-4. The
data (solid circles) and MC (histograms) are nor-
malized to unit area inside the nominal cuts.
The lightly shaded regions correspond to tau-pair
feed-across, and the vertical arrows to cut val-
ues. Variations of the product branching frac-
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Figure 2. Distributions in Omin. The darkly
shaded regions in the ee and up plots at small
Omin indicate the MC predictions for eeee and
eeup backgrounds, respectively. The first 7 bins
in the ee plot are scaled down by a factor of 8.

tions with reasonably altered cuts are consistent
with those expected from the assigned statisti-
cal and systematic errors. The product branch-
ing fractions are stable when divided into eleven
consecutive samples of comparable size, or into
on-Y(45) and below-T(4S) datasets.

4.5. Results

The measured product branching fractions can
be combined to yield the desired absolute and rel-
ative tau branching fractions. For each of B., By,
By, B,/B., and By /B., there are six such combi-
nations that are independent. Five separate x2-
fits, or weighted averages, of six methods are per-
formed, properly accounting for the many error
correlations. As an example, the fit for By is de-
tailed in Table 3. The results are B,=(17.76+0.06
+0.17)%, B,=(17.37+0.08+0.18)%, Bn=(11.52
+0.05+0.12)%, B, /B.=(97.77+0.63£0.87)%,
and By/B.=(64.84+0.41+0.60)%. The fit x3's
are reasonable (~2.8/5 dof). Each of the five
quantities is measured with a total relative error

0 ; L i 1 i T o AR |
0 005 0.100 0.0 0.10 0 0.05 0.10

Xy

Figure 3. Distributions in z,.

of ~1%. Sources of uncertainty are summarized
in Table 4. Systematic errors dominate the B,
B,, By uncertainties, largely due to the error in
the normalization N,,. Statistical errors matter
more for B, /B, and By/B., for which the nor-
malization cancels and hence plays no role.

Table 3
Fit Resuits for By
Method Br(%) Wt
vBiBn 11.66+0.08+0.15 0.42
VBB - B,Br/B,B. 11.38£0.09+0.15 0.29
VB.Bn  B,Bn/B,B, 11.55+0.10£0.18 0.12
B.Bn/VB.B. 11.36+0.11+0.19 0.11
/BeBn - BuBr/B.B, 11.50+£0.09+0.18 0.04
B.Bn//B.B,  11.48+0.15+0.26 0.02

Fit: x?=2.8/5 dof

11.52+0.05+0.12

An alternate method of extracting the results is
to perform a simultaneous global x?-fit for all the
branching fractions, again accounting for correla-
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Figure 4. Distributions in M, for one side of the
event; the higher momentum track side’s mass is
plotted for ee, uu, and hh, the muon’s for ey, the
hadron’s for eh and ph, and the track’s opposite
the p for the p-tag modes.

tions. The global fit gives nearly identical results
(within ~0.1%, relative) and errors (within ~5%,
relative) as the weighted-average technique, and
yields x2=2.9 for five degrees of freedom.

5. Tau Mass

The most precise measurement of the tau mass
comes from ete™ data taken at tau-pair thresh-
old by BES, mBES=(1776.96%318702%) MeV
[16]. The published CLEO result [17] selected
hp and pp events, and by fitting the distri-
bution of a minimum kinematically allowable
tau mass (Mr)min for each event, obtaining
m,=(1777.8£0.7£1.7) MeV. The largest contri-
bution to the systematic error was attributable
to uncertainty in 7° energy as measured in the
electromagnetic calorimeter.

Here we again employ the (m,)min-fitting tech-
nique but apply it to hh events. In compari-
son to our hp, pp analysis, this strategy retains
sensitivity to m,, provides a statistically inde-

Table 4
Relative Errors (%) by Source

Source B, B, Bn Bu/B. Bp/B.
n 036 047 046 0.65 0.63
Nyt 0.71 071 0.71 - -

A 048 054 054 0.56 0.56
T 0.28 0.40 0.37 0.1 0.48
f
P

019 023 039 0.32 0.43
0.16 032 031 0.36 0.34

Sum 1.00 115 118 1.10 1.12

pendent sample, and eliminates dependence upon
calorimeter calibration because no 7° reconstruc-
tion is necessary. The tradeoffs are that the
branching fractions are smaller, more emphasis is
placed upon accurate momentum determinations,
and special attention must be paid to eliminating
QED backgrounds. This analysis is described in
more detail in ref. [18].

Energy-momentum conservation allows each
hadronic daughter’s momentum vector to deter-
mine a cone on which the parent 7 direction lies,
assuming no initial or final state radiation and a
single massless unobserved neutrino in each de-
cay. The opening angle of these two cones de-
pends on the value of the parent mass, m,. Re-
flecting one of the two cones through the origin
then gives two cones that intersect, in general on
more than one ray. The parent mass can be var-
ied until the cones have only one common line
of intersection; this then is (m,)min, the smallest
kinematically allowed value of the parent mass for
that event. Measurement errors, initial state radi-
ation, and non-tau backgrounds can yield events
with (m;)min>my, but proper selection criteria
can minimize these sources, thereby maintaining
a sharp dropoff, or “edge”, in the (M, )min distri-
bution near the true value of m.,.

Unlike our hp, pp analysis, a closed-form few-
term function is not used to fit the data or MC.
Instead, the actual shape of the simulation dis-
tribution is used, after fitting it with a cubic
spline with eight knots so as to avoid binning ef-
fects. This spline shape is then used with float-
ing normalization to fit the data’s distribution
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Figure 5. (ms)min distribution from data (his-
togram) and spline fit (curve).

of (Ms)min, with the only other free parame-
ter being the shift relative to the MC tau mass
(1777 MeV). The fit of the spline to the data dis-
tribution for {m,)min is shown in Fig. 5. System-
atic errors (in MeV) include those attributed to
simulation statistics (0.8), non-tau backgrounds
and feed-across (0.7), momentum scale (0.4), fit
linearity (0.3), momentum resolution (0.2), ra-
diative corrections (0.2), and beam energy uncer-
tainty (0.1).

The result is m,={1778.7+£1.6+1.2) MeV for
the hh analysis. It can be combined with that
of our published hp, pp analysis, with which it is
consistent. When common and independent er-
rors are treated properly, the two results receive
comparable weight and give a combined measure-
ment of m,=(1778.2+1.4) MeV.

The algebraic equation employed in this anal-
ysis for extracting m, involves the mass of the
tau neutrino, m,_, which has heretofore been as-
sumed to be zero. The fitted tau mass from
this analysis can be expressed in terms of the
neutrino mass and the true tau mass, for which
we take mBES because it has no dependence

on m,., as mET~mBES_(m? /mq) where mo

is a mass parameter which adjusts the equa-
tion for several approximations. Using both
the data and simulations, mg has been de-
termined to be (1.6+0.3) GeV. We then ob-
tain m2 =(—1.9+2.4)x10% MeV2. Taking the
Bayesian approach (5] to limit the result to phys-
ical masses (m2_>0) yields m, <60 MeV at 95%
C.L.

6. Conclusions

The CLEO branching fractions, tau mass, and
tau lifetime 7,=289 £ 2.8 + 4.0 fs [23] measure-
ments can be inserted into Eqs. (1), (2), and (4),
yielding, respectively, the ratios of coupling con-
stants

o = 1002600055 (using B, /B.) (7)
e
Z—* = 0.9999 + 0.0100 (using B., 7r, m,) (8)
i
Z—’ = 0.9970 £ 0.0103 (using B, -, m.) (9)
mn

each of which is consistent with unity, and hence
with lepton universality. The u-e universality
ratio in Eq. (7), which relates to transverse-
W coupling, is about a factor of three less
precise than that obtained from leptonic pion
decay [21,22], which, however, applies only to
longitudinal-W coupling [2-4]. The lifetime un-
certainty dominates the error in both 7-p uni-
versality measurements; they are almost com-
pletely correlated due to their similar depen-
dence upon 7r, N,,, and m,. Combining
them yields g,/9,=0.9989+0.0098. If instead
the world-average lifetime 7.=(291.0%1.5) fs
[5] and mass m,=1777.001337 (5] are used,
we obtain g¢./g,=0.9981+0.0056 using B. and
9-/9,=0.9946+0.0064 using By, or, combining
them, g./9,=0.9969+0.0053. Here the branch-
ing fraction uncertainties dominate the errors.
The branching fractions and coupling-constant
ratios measured here are consistent with and com-
pare favorably in precision to other measurements
[5]. In particular, the By and Bp/B. values pre-
sented here are the most precise published mea-
surements, and are consistent with the prediction




of Eq. (5), which is Bx/B.=0.6527+0.0010 when
the CLEQ value of m, is used.

In summary, we have measured absolute
branching fractions for rt—evv., T—ouvv;,
r—hv,, and their ratios to one another, with
relative errors of 1%. The tau mass has been
measured with a relative error of 0.08%. The re-
sults show no indication for deviations from the
Standard Model predictions. CLEO is the only
single experiment to have measured the tau life-
time, mass, and e/u/h branching fractions simul-
taneously, providing all the ingredients for lepton
universality tests in tau decay: p-e and 7-u uni-
versality are verified at the 0.5% and 1% levels,
respectively.
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