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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 r
decay via 7 — ev, and the other via 7 — puv5. The mass value, obtained from
a fit to the energy dependence of the 7+~ cross section, is m, = 1776.913¢ +
0.2 MeV.

1 INTRODUCTION

It has recently been the focus of much attention that the current [2] (RPP92)
averages of the 7 electronic branching ratio Bf = (17.93 + 0.26)%, lifetime
tr = (3.05£0.06) x 1073 5, and mass m. = 1784.1*2] 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] '

2 5
T(L = viln(y)) = 2L

XFcor(mLamI)y ; (1)

where my is the'mass of the parent lepton L, Gp is the Fermi weak-coupling

constant and the correction factor F.,, is given by
1

m}
Fco’r=f( Q)XFWXFRADa (2)
mg

with
flg) =1-8z +82% — 2* — 122 Inz, (3)

:

*Presented at the Topical Conference of the 1992 SLAC Summer Institute, SLAC, July
13-24, 1992. The BES 7 mass result has been published in Phys. Rev. Lett. 69 (92) 3021.
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Fy = [1 + g_ri] ) (4)

]
5miy

and

(5)

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 Fyw accounts for the non-local structure of the W-propagator, and the
factor Frap arises due to initial and final-state radiative correttions. It should
be noted that substituting the RPP92 values m, = 105.65838910.000034MeV,
t, = (2.19703 % 0.00004) x 10-® s, My = 80.22 £ 0.26 GeV and also (3]
a(m,)~ = 136 into Eq. (1) yields the current value for the Fermi weak-coupling
constant Gr = 1,16639 x 10-5GeV 2.

Frap = [1 4 olme) 25 ,,2)} _ :
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Figure 1: Lowest-order diagrams for the electronic decays of the y and 7 lepton.

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

yield
Gr—~evl7 2_ mu 5 tu e
(GM) = (7 () & (©)
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Table 1: Corrections given by Eqgs. (3)-(5), calculated for the decays of the
and 7, with a{m,)~" = 136 and a(m,)~" = 13L.[3]

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

Fw(m,) [1.0000
Frap(m,) | 0.9956
F(m?/mn2) | 1.0000

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

where the corrections for the p and 7 listed in Table 1 together contribute to
the ratio of the coupling constants at the level of four parts in 10% and are thus
neglected. Inserting the RPP92 values for the masses, lifetimes and branching
fraction into Eq. (6) gives

2
(G—:—) = 0.941 £ 0.025 (1)

Gu—»euD

and the 2.4 ¢ inconsistency with the unity ratio implied by lepton universality
is obtained. This so-called “consistency problem” is illustrated in Fig. 2.

1t is entirely possible that the above inconsistency is due to measurement
error or bias in one or more of: the 7 lifetime, the branching fraction, or the
mass parameters. The measurements which result in the RPP92 average values
of these quantities are shown in Figs. 3-5.

It is clear from Fig. 5 that the value of the 7 mass is dominated by the
DELCO result [4] m, = 17833 MeV. In that experiment, 7+7~ events were
identified by selecting non-collinear two-prong events with one track identi-
fied as an electron (positron) and the other, X, identified as a non-positron
(electron) to measure the cross section ratio

R olete = e+ X +..)
T ofeter - pty)

, X#E (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™ —
7#+7= from threshold up to 7.4 GeV, and a fit to this dependence yields an
estimate of the threshold energy, and hence of the 7 mass. This procedure led
to a few MeV uncertainty in the value of m,. To improve on this, BES uses only
non-collinear two-prong ey final states where the e and g are well-identified; this
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Figure 2: The variation of ¢, with B¢ given by EQ. (6) under the assumption
of lepton universality; the 1o band is obtained using the RPP92 value of the
7 mass m, = 1784.11%27 MeV. The point with error bars is derived from the
RPP92 values for the 7 electronic branching fraction and 7 lifetime.

provides a virtually background-free event sample corresponding to the 77~
final state, with one 7 decaying via ev? and the other via yvv. 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
T mass to a few tenths MeV uncertainty.

2 THE BEIJING COLLIDER AND THE BEIJING SPEC-
TROMETER

The Beijing Electron Positron Collider [3], shown in Fig. 6, operates in the 3-
5 GeV center-of-mass energy range. Near 7+7~ threshold, the peak luminosity
is 5 x 10°° cm~2s7!, 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
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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).

determined by interpolation between the results of repeated scans of the J/Y
t
and ¥(2S) resonances.

The Beijing Spectrometer {5, shown in Fig. 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
4x. The momentim resolution is a,/p = 0.021y/1+ p? (p in GeV/c). Measure-
ments 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 calorime-
ter operating in limited streamer mode covering 80% of 47 achieves energy
resolution g/ E = 0.25/,/E(GeV), and spatial resclution oy = 4.5 mrad, o, =
2 cm. End-cap time-of-flight counters and shower counters are not used in this
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Figure 4: Tau electronic branching fraction measurements as listed in RPP92.

analysis. Finally, a three-layer iron flux return instrumented for u identification
yields spatial resolutions o, = 5 cm, 0,4 = 3 cm over 68% of 4x for ps with
momentum greater than 550 MeVi/c.

3 .EVENT SELECTION

In the data analysis, the event selection for ey candidates requires: (1) exactly
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 closest ap-
proach to the beam axis to satisfy |z| < 1.5 ¢m, |y| < 1.5 cm and [2| < 15 cmj
(3) 2.5° < Opeat < 177.5%, Bycop > 10°(see Ref. [6]), and (Bacor + Bacap) > 50°%
(4) no isolated photons;' (5) one track well-identified as a2 p in the muon-
counter, with calorimeter energy < 500 MeV, and the other track well-identified

. tAn 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.

as an electron using a combination of calorimeter, dE/dz and time-of-flight
information. A typical candidate event is shown in Fig. 8. Monte Carlo sim-
ulations yield a detection efficiency of &~ 14% for these selection criteria. The
background is estimated by applying the same requirements to five million
events from a data sample taken at the J/i energy; seven events meet these
criteria, corresponding to a background of 0.12 events in the entire 7~ sam-
ple.

4 7+t~ PrRoDUCTION 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



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 a clock-
wise direction and the positrons circulate counterclockwise. The BES detector
sits on the side of the ring opposite the injection linac.

cross section is

4m?

=175

o - —w2
o(W,m,) = \/;;A 0/ dW'e=TEr o/ dzF(z, Wy (W' = z,m.), (9)

where o is given by

_ 47a® (3 — B?) F(B)E,(B)
a(Wom:) = 307 = [1— W) :

(10)

W is the center-of-mass energy, and § = /1 — (2%1)2 The Coulomb inter-

action and final-state radiation corrections are described [9] by the functions
F.(B) and F,(B3). The effect of these different corrections on the lowest-order
QED cross section is shown in Fig. 9. The cross section was coded indepen-
dently at Caltech and IHEP Beijing and the two efforts were found to be in
agreement. .
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Figure 7: The Beijing Spectrometer (BES).

5 STRATEGY OF THE CENTER-OF-MASS ENERGY
SCAN :

For an observed set of events
N = (Ni, Nz, Na, ooy N), (1)
at center-of-mass energies
W= (N, Wa, W, W), (12)

a likelihood function is formed according to

= ol e
L(A/a mT) = H NI (13)
1=1 i

with the explcted number of observed ey events at center-of-mass energy W;
given by v

) Ui = [eBa(W/,-,m,-)+ab] XL{ , (14)
where € = detection efficiency, B = 2B¢B*, L = integrated luminosity at scan
point 7, and o is the effective background cross section estimated from the J/¢
£



BES RUN: 2641,REC: 4947,CM ENERGY: 3.5570

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
p system.

data sample (o = 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 7%~ cross section is
most sensitive to the 7 mass is of the order of the beam energy spread around
7+r~ threshold, it is important to devise a running strategy to maximize the
integtated 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 (= 0.4 MeV). Following this strategy, an integrated luminosity of
A~ 4.3 pb~! has been accumulated at ten energies within a range of 24 MeV.
It has been verified by Monte Carlo simulation that this data-driven search
strategy provides an unbiased measurement of the T mass.
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Figure 9: The 7+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.

The sequence of energies is shown in Fig. 10 and the corresponding data [10]
are summarized in Table 2. The ten-step search yielded seven ey events. The
eleventh and twelfth points in Table 2, taken well above threshold where the
cross section is a slowly varying function of the center-of-mass energy, provide
an improved estimate of the absolute 7+7~ 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
function corresponding to the fit is shown in Fig. 11, and the estimates obtained
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Figure 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 eight
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.

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,, 13t MeV, is determined
from the one-parameter likelihood function with € fixed to 14.1% (Fig. 12). The
efficiency-corrected cross-section data as a function of corrected beam energy,
and the curve which results from the likelihood fit, are shown in Fig..12. The
quality of the fit is checked by forming the likelihood ratio A with result [12]
—2ln A =3.6.

7 SYSTEMATIC ERRORS

Four independent sources of systematic error are considered: uncertainties in
the product eBL, in the absolute beam energy scale, in the beam energy spread,
and in the background.
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Figure lf: (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 7+7~ 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 77~
threshold. (c) The dependence of the logarithm of the likelihood function on
m., with efficiency fixed at 14.1%.
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Table 2: A chronological summary of the 77~ data.

Scan Point | W/2 A c N
(MeV) | (MeV) | (nb™1) | (ep events)
1 1784.19 | 1.3¢ | 245.8 2
2 1780.99 1.33 248.9 1
3 1772.09 | 1.36 | 232.8 0
4 177657 | 1.37 | 323.0 0
5 1778.49 | 1.44 | 3225 2
6 1775.95 | 1.43 | 296.9 0
7 1776.75 | 147 | 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
12 1789.55 1.43 250.0 2

The systematic uncertainty in eBL is determined by fixing m, at its best
estimate value and finding the values of € corresponding to +1¢ variations
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, = 335 MeV.

The energy scale is determined from several scans of the J/+ and ¢(285)
shown in Fig. 13 performed during the search (see Fig. 10). From the data in
Fig. 13(a) the values M,, = 3097.20 MeV and 6M,, = |3097.32~3097.07|/v/2 =
0.18 MeV are obtained, and from the data in Fig. 13(b) My = 3686.88 MeV
and 6My = 1/{0.15) + 0.0? + (0.14)?/+/2 = 0.15 MeV. The reproducibility of
the fits to these scans, together with the other uncertainties listed in Table 3,
yields {13] a systematic uncertainty of Am, = £0.09 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.

Finally, the systematic error due to uncertainty in the background is es-
timated from the 1o Poisson errors on the seven J/4 background events and
the uncertainty in the hadronic cross section at 7*7~ threshold. The resulting
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Figure 13: (a) the J/¢ and (b) ¥(25) fit parameters used to determine the

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

Quantity Error
(MeV)
W« BEPC measured center-of-mass energy | §Wy, = 0.10
My : BEPC value for J/v mass 6M, =0.18
My« BEPC value for ¢(25) mass §My =015
Ty : RPPI2 value for J/¢ mass[2] 8Ty = 0.09
Ty : RPPI2 value for 4(25) mass[2] 8Ty =0.10

uncertainty is Am, = £0.01 MeV.

These independent systematic errors are added in quadrature to yield a
total systematic error of Am, = 127% MeV.

8 CONCLUSION

In conclusion, using a maximum likelihood fit to 7+7~ cross section data near
threshold, the mass of the 7 lepton has been measured as m, = 1776.9*3% +
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 Fig. 14, and has sig-
nificantly smaller errors {14]. Inserting this new value in Eq. (6), the coupling-
strength ratio becomes

(G‘r—teuﬁ

Gu—oeui

2 :
) = 0.960 £ 0.024, ' (15)
so that the deviation from lepton universality is reduced from 2.4 to 1.7 stan-
dard deviations {see Fig. 15; see also Ref. [15] for an updated value of this
ratio which takes into account more recent 7 lifetime and electronic branching-
fraction measuretnents). It should be noted also that this new result for m,
yields a reduction in the upper limit on m,,.
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