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ABSTRACT

The mass of the 7 lepton has been measured at the Beijing Electron Positron
Collider using the Beijing Spectrometer. A search near threshold for ete™ —
7+7~ was performed. Candidate events were identified by requiring that one
decay via 7 — evP, and the other via 7 — pvv. The mass value, obtained from

- afit to the energy dependence of the 77~ cross section, is m, = 1776.973% +
. 0.2 MeV.

1 INTRODUCTION

It has recently been the focus of much attention that the current|2] (RPP92)
averages of the tau electronic branching ratio B¢ = (17.93 £ 0.26)%, lifetime
t. = (3.05+0.06) x 107*% 5, and mass m, = 1784.1327 MeV are inconsistent at
the 2.4 o level with the lepton universality implied by the SU(2)xU(1) gauge
symmetry of the Standard Model. Within this model leptonic decay rates are
given by/[3]

_ Gimj
19273
where my is the mass of the parent lepton L, Gy, is the Fermi weak coupling
constant and the correction factor Il F,,, is given by

L(L = vilu(7))
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Fy = [1 + -?1ﬁ>-] , (4)

and

Frp = |1+ 222 )] %)

The function f(z) comes directly out of the matrix element for 7 decay inte-
grated over the standard three body final state phase space. The correction
factor Fw accounts for the non-local structure of the W-propagator, and the
factor Frap arises due to initial and final state radiative corrections. It should
be noted that substituting the RPP92 values m, = 105.65838910.000034MeV,
t, = (2.19703 & 0.00004) x 107® s, My = 80.22 + 0.26 GeV and also[3]
a(m,)~! = 136 into Equation (1) yields the current value for the Fermi weak
coupling constant Gr = 1.16639 x 10~°GeV 2.
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Figure 1: Lowest order diagrams for the electronic decays of the muon and tau
lepton.

The electronic decays of the 7 and muon shown in Figure 1 can be related
through Equation (1); the substitutions I'(r — v.ev.) = B¢/t, and (g —

vueve) = 1/t, yield
Groes )" (Mu\*(ta L.
(Gu——»eui) B <m_'r) (Z) BT’ (6)
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Table 1: Corrections given by Equations (3)-(5), calculated for the decays of
the muon and tau, with a(m,)~! =136 and a(m.)~! = 131.[3]

Correction | Value
f(m2/m,2) | 0.9998

Fw(m,) |1.0000
Frap(m,) | 0.9956
f(m?/m,2) | 1.0000

Fw(m,) | 1.0003
Frap(m,) | 0.9957

where the corrections for the muon and tau listed in Table 1 together con-
tribute to the ratio of the coupling constants at the level of 4 parts in 10* and
are thus neglected. Inserting the RPP92 values for the masses, lifetimes and
branching fraction into Equation (6) gives

2
(GM”) = 0.941 +0.025 (7)

Gu—»el/ﬂ

and the 2.4 o inconsistency with the unity ratio implied by lepton universality
is obtained. This so called “Consistency Problem” is illustrated in Fig 2.

It is entirely possible that the above inconsistency is due to measurement
error or bias in one or more of the tau lifetime, branching fraction or mass
parameters. The measurements which result in the RPP92 average values of
these quantities are shown in Figures 3 - 5.

It is clear from Figure 5 that the value of the tau mass is dominated by the
DELCO result[4] m, = 178315 MeV. In that experiment, 7+7~ events were
identified by selecting non-collinear 2-prong events with one track identified as

an electron(positron) and the other, X, identified as non-positron(electron) to
measure the cross section ratio

olete” e+ X +...)

B e = )

, X FE (8)

over a broad center-of-mass energy range, 3.1 < W < 7.4 GeV. The ratio R
provides a measure of the energy dependence of the cross section for ete~ —
77~ from threshold up to 7.4 GeV, and a fit to this dependence yields an
estimate of the threshold energy, and hence of the tau mass. This procedure led
to a few MeV uncertainty in the value of m,. To improve on this, BES uses only
non-collinear 2-prong ey final states where the e and p are well-identified; this
provides a virtually background free event sample corresponding to the 7+7~
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. Figufe 2: The variation of ¢, with B¢ given by Equation (6) under the assump-
tion of lepton universality; the +1¢ band is obtained using the RPP92 value of
the tau mass m, = 1784.1727 MeV. The point with error bars is derived from

the RPP92 values for the tau electronic branching fraction and tau lifetime.

final state, with one 7 decaying via evv and the other via gvv. In addition, BES
chooses to measure the threshold behavior of the cross section in the narrow
range of center-of-mass energy, 3.544 < W < 3.569 GeV, according to a scan
strategy to be described later. This procedure results in a measurement of the
tau mass to a few tenths MeV uncertainty.

2 THE BEIJING COLLIDER AND THE BEIJING SPEC-
TROMETER

The Beijing Electron Positron Collider([5],shown in Figure 6, operates in the 3 to
5 GeV center-of-mass energy range. Near 77~ threshold,the peak luminosity
i85 x 10% cm~2s™!, the luminosity-weighted uncertainty in the mean center-
of-mass energy is 0.10 MeV, and the spread in the center-of-mass energy of
the collider is &~ 1.4 MeV. The absolute energy scale and energy spread are
determined by interpolation between the results of repeated scans of the J/v
and (2S) resonances.
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Figure 3: Tau lifetime measurements as listed in RPP92 (some of the older
values have actually been dropped from the average).

The Beijing Spectrometer[5], shown in Figure 7, is a solenoidal detector with
a 0.4 T magnetic field. Charged track reconstruction is performed by means of
a cylindrical drift chamber which provides solid angle coverage of 85% of 4.
The momentum resolution is ¢,,/p = 0.021y/1 + p? (p in GeV/c). Measurements
of dE/dz with resolution 8.5% allow particle identification. An inner drift
chamber is used for trigger purposes. Scintillation counters measure the time-
of-flight of charged particles over 76% of 47 with a Bhabha resolution of 330
ps. A cylindrical twelve-radiation-length Pb/gas electromagnetic calorimeter
operating in limited streamer mode covering 80% of 47 achieves energy resolu-
tion o5 /E = 0.25/1/ E(GeV), and spatial resolution 04 = 4.5 mrad, o, = 2 cm.
E“h'if—cap-time-of—ﬂight counters and shower counters are not used in this analy-
sis. Finally, a three-layer iron flux return instrumented for muon identification

yields spatial resolutions o, = 5 cm, 0,4 = 3 cm over 68% of 47 for muons with
momentum greater than 550 MeVJc.
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Figure 4: Tau electronic branching fraction measurements as listed in RPP92.

3 EVENT SELECTION

In the data analysis, the event selection for ey candidates requires : (1) ex-
actly two oppositely-charged tracks having momentum between 350 MeV/c and
the maximum for an electron from 7 decay; (2) each track’s point of clos-
est approach to the beam axis to satisfy || < 1.5 cm, |y| < 1.5 cm and
|z] < 15 cmj; (3) 2.5° < facal < 177.5°, Oacop > 10°(see Reference [6]), and
(Qacol + Oacop) > 50°; (4) no isolated photons;' (5) one track well-identified as a
muon in the muon-counter, with calorimeter energy < 500 MeV, and the other
track well-identified as an electron using a combination of calorimeter, dE/dz
and time-of-flight information. A typical candidate event is shown in Figure 8.
Monte Carlo simulations yield a detection efficiency of ~ 14% for these selec-
tion criteria. The background is estimated by applying the same requirements
to five million events from a data sample taken at the J/1) energy; seven events

meet these criteria, corresponding to a background of 0.12 events in the entire
7~ sample.

T An isolated photon has an energy > 60 MeV and is separated from the nearest charged
track by > 12°.
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Figure 5: Tau mass measurements as listed in RPP92.

4 777~ PRODUCTION CROSS SECTION NEAR
THRESHOLD

The likelihood function used to estimate the 7 mass incorporates the 7+ 7~ cross
section near threshold. Including the center-of-mass energy spread A, initial
state radiation[7] F(z, W), and vacuum polarization corrections(8] II(W), the
cross section is

4m?

1-

o(W,m,) = \/__A/dW’ e / dzF(z, Wor (W' —z,m,), (9)

where o, is given by

PR _4ma® B(3 — %) F(B)F,(B)
aWomo) = g7~ 1 - 1w)>

W is the center-of-mass energy, and 8 =4/1—- (Zv’%t)2 The Coulomb interac-

tion and final state radiation corrections are described[9] by the functions F.(3)

(10)
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Figure 6: The Beijing Electron Positron Collider (BEPC). At the right of
the figure is shown the 202 meter injection linac leading to the 240 meter
circumference storage ring in the lower left. The electrons circulate in the
clockwise direction and the positrons circulate counter-clockwise. The BES
. detector sits on the side of the ring opposite the injection linac.

and F;(B). The effect of these different corrections on the lowest order QED
cross section is shown in Figure 9. The cross section was coded independently
at Caltech and IHEP Beijing and the two efforts were found to be in agreement.

5 STRATEGY OF THE CENTER-OF-MASS ENERGY
SCAN

For an observed set of events

—

N = (N1, N3, N3, ..., N,), (11)
at center of mass energies

W = (Wy, Wa, W, ..., W), (12)
a likelihood function is formed according to

. - Tt ,uN‘ e ki

o LN, m,) = [ B2, (13)
i=1 i

with the expected number of observed ey events at center-of-mass energy W;

given by

pi=le B o(Wym:) +ay] x Ly (14)

0
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Figure 7: The Beijing Spectrometer (BES).

where € = detection efficiency, B = 2BZB¥*, L = integrated luminosity at scan
point 7, and oy is the effective background cross section estimated from the J/v
data sample (op = 0.024pb). The best estimate of the value of m, is obtained
by maximizing the likelihood function £ with respect to m,.

Since the range of center-of-mass energies where the 77 cross section is
most sensitive to the 7 mass is of the order of the beam energy spread around
77~ threshold, it is important to devise a running strategy to maximize the
integrated luminosity in this region. The beam energy is set initially assuming
the world average for the 7 mass, in this case the RPP92 value 1784.1 MeV.
Then, after each 250 — 400 nb™"' of integrated luminosity, a new estimate of
“the mass is made using all the data accumulated to that point; in this way a
new prediction of the most sensitive energy at which to run is obtained. The
energy is changed to this new value if the difference is more than the BEPC
step size (N 0.4 MeV). Following this strategy, an integrated luminosity of
2. 4.3 pb™' has been accumulated at ten energies within a range of 24 MeV.
If has been verified by Monte Carlo simulation that this data-driven search
strategy provides an unbiased measurement of the tau mass.



BES RUN: 2841,REC: 4847,CM ENERGY: 3.5570

1

Figure 8: A typical ey event candidate. Notice that track 1 ends in a shower in
the electromagnetic calorimeter and that track 2 penetrates two layers of the
muon system.

The sequence of energies is shown in Figure 10 and the corresponding
data[10] are summarized in Table 2. The ten-step search yielded seven ep
events. The eleventh and twelfth points in Table 2, taken well above thresh-
old where the cross section is a slowly varying function of the center-of-mass
energy, provide an improved estimate of the absolute 77~ cross section.

6 RESULT OF THE MAXIMUM LIKELIHOOD FIT

In order to account for uncertainties in the efficiency ¢, the branching fraction
product and the luminosity, € is treated as a free parameter in a two-dimensional
maximum-likelihood fit for m, and € to the data of Table 2. The likelihood
furiction.corresponding to the fit is shown in Figure 11, and the estimates ob-
tained are m, = 1776.9 MeV and € = 14.1 %. The uncertainty in € is equivalent
to the uncertainty in the absolute normalization, and is treated as a source of
systematic error. The statistical error[11] in m,, 33 MeV, is determined from
the one-parameter likelihood function with e fixed to 14.1% (Figure 12). The

10
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Figure 9: The 7+~ production cross section near threshold. The dotted line
shows the lowest order QED cross section, the dashed line takes into account
the Coulomb interaction and final state radiation and the solid line shows the
final cross section used in this analysis after initial state radiation, vacuum
polarization and beam energy spread have been taken into account. Note that
the beam energy spread smears out the sharp step at threshold caused by the
Coulomb interaction.

efficiency-corrected cross section data as a function of corrected beam energy,
and the curve which results from the likelihood fit, are shown in Figure 12. The
quality of the fit is checked by forming the likelihood ratio A with result[12]
—2In A = 3.6.

7 SYSTEMATIC ERRORS

Four independent sources of systematic error are considered: uncertainties in
the product e BL, in the absolute beam energy scale, in the beam energy spread,
and in the background.

The systematic uncertainty‘in eBL is determined by fixing m, at its best
estimate value and finding the values of ¢ corresponding to +1o variations

11
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Eigure 10: (a) The convergence of the predicted mass with each consecutive
scan point. (b) The integrated luminosity accumulated at each point. Note
that the luminosity per scan point is approximately constant for the first 8
points. For the last two points it increases significantly; this is because the
likelihood fit indicates that no change in beam energy is required as the correct
threshold is approached.

in the likelihood function; these efficiencies are 18.3% and 10.6%. Fixing the
efficiency to each of these values in turn and fitting for m, yields changes in
the predicted mass of Am, = 1375 MeV.

The energy scale is determined from several scans of the J/¢ and ¢(25)
shown in Figure 13 performed during the search (see Figure 10). From the
data in Figure 13(a) the values M, = 3097.20 MeV and §M, = |3097.32 —
3097.07|/+/2 = 0.18 MeV are obtained, and from the data in Figure 13(b)

My = 3686.88 MeV and §My = 1/(0.15)% + 0.02 + (0.14)2/v/Z = 0.15 MeV.
The reproducibility of the fits to these scans, together with the other uncertain-
ties listed in Table 3, yields[13] a systematic uncertainty of Am, = 30.09 MeV.

Fits to the two resonances were also used to measure the beam energy
spread and its variation with center-of-mass energy and beam current. The

uncertainty in center-of-mass energy spread is +0.08 MeV, yielding a systematic
error Am; = +0.02 MeV.

12



Table 2: A chronological summary of the 77~ data.

Scan Point | W/2 A L N
(MeV) | (MeV) | (nb™") | (e events)

1 1784.19 | 1.34 245.8 2
2 1 1780.99 | 1.33 248.9 1
3 1772.09 | 1.36 232.8 0
4 1776.57 | 1.37 | 323.0 0
) 177849 | 1.44 322.5 2
6 177595 | 1.43 296.9 0
7 1776.75 | 1.47 384.0 0
8 1776.98 | 1.47 360.8 1
9 1776.45 | 1.44 794.1 0
10 1776.62 | 1.40 | 1109.1 1
11 1799.51 | 1.44 499.7 5
2

Lo : 12 1789.55 | 1.43 250.0

Finally, the systematic error due to uncertainty in the background is es-
timated from the 1o Poisson errors on the seven J/i background events and
the uncertainty in the hadronic cross section at 777~ threshold. The resulting
uncertainty is Am, = +£0.01 MeV.

These independent systematic errors are added in quadrature to yield a

total systematic error of Am, = 1335 MeV.

Table 3: Contributions to the uncertainty in the energy scale.

Quantity Error
(MeV)
Wi+ BEPC measured center-of-mass energy | §Wys = 0.10
M, : BEPC value for J/¢ mass oM, =0.18
My : BEPC value for ¢(25) mass dMy = 0.15
EEE Ty : RPP92 value for J/vy mass|2] 6Ty, = 0.09
Ty : RPP92 value for 1(25) mass[2] 6Ty = 0.10

13



8 (CONCLUSION

In conclusion, using a maximum likelihood fit to 777~ cross section data near
threshold, the mass of the 7 lepton has been measured as m, = 1776.9754 +
0.2 MeV, where the first error is statistical and the second systematic. This
result is 7.2 MeV below the RPP92 average[2] as shown in Figure 14, and has
significantly smaller errors.[14] Inserting this new value in Equation (6), the
coupling strength ratio becomes

a \2
( Tq”") = 0.960 + 0.024, (15)

Gp,-—»euﬁ

so that the deviation from lepton universality is reduced from 2.4 to 1.7 stan-
dard deviations (see Figure 15; see also Reference {15] for an updated value
of this ratio which takes into account more recent tau lifetime and electronic
branching fraction measurements). It should be noted also that this new result
for m., yields a reduction in the upper limit on m,,_.
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Phys. Lett. 292B (92) 221. a new measurement of the 7 mass,
m, = 1776.3 £ 2.4 & 1.4 MeV; the CLEO II Collaboration have re-

ported at this conference a further new measurement m, = 1777.6 +

0.9 +1.5 MeV
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[15] H. Marsiske, SLAC-PUB-5977, Nov. 1992.
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Figure 11: (a) the two dimensional likelihood function for the data in Table 2;
(b) the projection of (a) showing 1/2 & contours.
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Figure 12: (a) The center-of-mass energy dependence of the 77~ cross section
resulting from the likelihood fit (curve), compared to the efficiency-corrected
data. The error bar on each data point is computed by integrating the Poisson
likelihood function to obtain the interval containing 68% of the area. It should
be emphasized that the curve does not result from a direct fit to these data
points. (b) An expanded version of (a), in the immediate vicinity of r+7~
threshold. (c) The dependence of the logarithm of the likelihood function on
., with efficiency fixed at 14.1%.
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Figure 13: (a) the J/¢ and (b) (2S5) fit parameters used to determine the

energy scale.
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Figure 14: Tau Mass Measurements.
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Figure 15: The variation of ¢, with B, given by Equation (6) under the as-
sumption of lepton universality; the £1o bands obtained using m, from this
experiment (solid lines) and using the RPP92 value (dashed lines) are shown
in comparison to the point corresponding to the RPP92 values (1o error bars).
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