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From a data sample of 29058 — 7 7" 7~ 7’v, decays observed in the CLEO detector we derive a 95%
confidence upper limit on the tau neutrino mass of 28 MeV.

PACS numbes): 14.60.Pq, 12.15.Ff, 13.35.Dx, 23.40.Bw

|. MOTIVATION 5X 10 *<Am?<6x10 2 eV? at 90% confidence. This

In the standard model the tau lepton and the tau neutrm&vOUId 'trr?ptly’ if the v mass were much larger than thg
form the third generation weak doublet of leptons. Most ob-"ass, tha
servations are consistent with zero mass for each of the three 0.02<m, <0.08 eV(90% C.L).
types of neutrino, and with the conservation of lepton num- ) ’ ) ) o
ber for each ofe,u, = separately. These suppositions, how- Astrophysical observations and cosmological theory limit
ever, should be tested, especially in the light of recent ingithe energy density of the universe, thus restricting the sum of
cations[1,2] of oscillations among the neutrino species. stableneutrino masseg3]. This leads to the limit

There are model dependent limits on the possible values m, <24 eV.
of the tau neutrino mass. The SuperKamiokande experiment !
[2] measures the ratio of rates fef, and v, from decay This limit not only depends on; being stable, but also
products of particles produced in cosmlc ray collisions in thevaries with the value of the Hubble constant and other inputs.
atmosphere. The deficit in the, rate, along with its depen-  The possible effects of the tau neutrino on big-bang nu-
dence upon the neutrino zenith angle and energy, can Ha€osynthesis Iea.d to either a low magsor to a decaying;
interpreted as due to oscillation of thg to v, with a maxi- & higher mas$AJ:
mal amplitude (sin2~1) and a frequency determined by m, <0.37 MeV or m, >18 MeV.

The width of the excluded region increases with the lifetime
*Permanent address: Yonsei University, Seoul 120-749, Korea. of the ». and also depends on the assumed abundance of
"Permanent address: University of Cincinnati, Cincinnati, light elements.
OH 45221. The standard model relations among thand . masses
*Permanent address: University of Texas, Austin, TX 78712.  and lifetimes and some- branching fractiong5] imply
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TABLE I. 95% confidence upper limits om, obtained from  structed in three nested cylindrical drift chambers in a sole-

kinematics ofr decays. noid field of 1.5 T. The mean-squared resolution in momen-
tum transverse to the beam wasdp{/py)?=0.005
Experiment Ref. Decay MeV  +(0.0015 GeV X pr)2. Photon and electron showers were
0 . .
ALEPH [15] 37" 25 7 de_te(_:teq over 98% of# st_eradlans in an array of 78_00 Csl
57 () 231 scintillation counters with an energy resolution of
AT ' SE/E=0.0035E%75+0.019- 0.001E (E in GeV) in the cen-
OPAL [16] 5 43.2 ; N e
3t 353 tral region of the polar angle, 45°9<135°. lonization,
. ' time of flight, and shower energy aided in lepton identifica-
ARGUS [17] 57~ 31 tion
+ *+5,.0 .
CLEO ) (14] _ om '317 g” 30 The data used in the present analysis were from
This analysis &= 28 4.75 fo ! of accumulated luminosity, two-thirds at 10.58
GeV and one-third at 10.52 Ge¥ e~ center of mass ener-
gies. This corresponds to 4«30° "7~ pairs produced.
mvT<48 MeV. We determined event selection criteria using Monte Carlo

] ) _ simulated signal and background data samples. We selected
The popular seesaw mechanism for generating neutringye one—versus—three-track topology with zero net charge,

masse$6] postulates the relation that is, events containing a three-charged-track tau decay
] ) o 9. o candidate tagged by a single-prong decay in the opposite
My My, <My = Mg M, .M hemisphere. Tracks were accepted in the polar angle range
) i o |cosf|<0.9. The three signal tracks each had to have
This would imply rather weak limits on the, mass: pr>0.01F,..and had to fail electron identification crite-

ria [8]. The tag track had to have momentum greater than
0.04Eeam and had to be consistent with one of four pos-
sible decay modes

m, <180 MeV, from m, <15 eV,

m, <48 MeV, from m, <0.17 MeV.
T M —
T —et VeV,
The model dependences in all of these limits on the

mass argue for a more direct measurement. The observation T+—>M+VMVT'
of the decay of accelerator produced taus along with mea-
surements of the energy and momentum of the detectable o aty
. . T
daughter product&ll but thev,) can constrain the possible
values form,, , especially in cases when the effective mass of —ptu,
the detected patrticles is closernn.. Because the cross sec- ) ) )
tion for "7~ production is up to 15% of the tota* e~ or the charge conjugates. This resulted in a data sample of
annihilation cross section, an electron-positron collider is 2813000 tagged three-prong tau decay candidates.
natural choice for the source of taus. On the three-prong side each event was required to have a

One looks for a hadronic decay mode with On|y one neu_’7To, defined as two Csl calorimeter showers in the pOlar
trino in the final state. Most of the previous measurement@ngle rangelcos¢<0.71, not matched to charged tracks,
(see Table) have been made with the higher multiplicity with lateral shower profiles consistent with photons, and with
decay modes in which the effective mass of the hadrons igffective mass in the range 12n,,<150 MeV. Thex°
more likely to be close to the kinematic limit, with the  in the decay of the ™ in the 7" — p™ v tag channel also had
maximum sensitivity tom, . All such decay modes are to satisfy these requirements, along wih>50 MeV for
strongly phase-space suppressed, however, and tig&ch photon anth(7*7°%) <15 GeV. Non-photon calorim-
branching fractions are very low. An alternative strategy,eter showers can make fals€ candidates. These typically
which we use in the present measurement, is to pick &riginate from nuclear interactions of the charged pions in
decay mode with a lower hadron multiplicity but with a the Csl crystals producing secondaries isolated from any
much larger branching fraction. Although the four-pion de-charged track. If severak® candidates were found on the
cay, 7 —m w @ @°v,, relative to the five-pion decay, three-prong side of an event, we kept only the one with the
produces a smaller proportion of events in which the effechighest energy. We rejected events with an extra shower of

tive hadronic mass is close to,, the branching fraction is more than 300 MeV or, if photon-like in lateral shower
4.2%, as compared te-0.1% for the higher multiplicity ~Sshape, of more than 100 MeV. The selection cuts reduced

modes. the data sample to 31305 events.
In order to minimize background from the two-
photon process, for exampleee —ete y*y*,
y*y* —at ot w70 with the finale™ ande™ escaping
The experiment was performed using the Cornelldetection at small angles to the beam, we rejected events in
Electron-positron Storage Ring and the CLEO Il detectorwhich the net event momentum transverse to the beam was
described elsewhef&]. Charged particle tracks were recon- less than 150 MeV. The final data set included 29058 events.

Il. DATA SAMPLE AND EVENT SELECTION
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TABLE II. Fraction of ther-—h~h*h~#%v_ data contributed 1200 L — — T
by each of the signal modes, based on known branching fractions - (a)
[9]. 800 [— —
Decay mode % of signal 400 [~ —
7777T+7T77TOV7 92 i ) ) ! ! | ) ) | ! ) | |
Kqr~ %, KQomtm 3 >1603 Tt ]
Kov, o—a 7 7° 1.6 [ B 1

K+ 0 = [ 7]
KK"m 7w, 15 9 B 4
K K¢, Kgom'm™ 1.1 PR 7
K ata 7%, 0.5 S s :
w7T_7TOVT, w—m 0.2 i 0 - ]

1 1
B (c) |

No particle identification information was used on the B ]
charged particles. That is, decay modes in whidh"asub- 1000 — ]
stitutes for a 7= were considered part of ther™ s .
—h~h"h~ 7% signal. These modes contributed about 5% B ]

| ] L

of the signal(see Table Ii. The four-pion final state includes —

KO~ 0 o . ) 0 . 1.5
sm v, Ke—=m" 7, at 3% of the total. M (7 7) (GeV)
The bulk of the signal is™ — 7~ 7" =~ #%v_ (and charge
conjugate. In about 53% of the events there ismd 7~ 7° FIG. 2. Invariant mass of-7r combinations in events outside the

combination(Fig. 1) with a mass consistent with the (there @ peak:m " #° [(a) one entry per evehtm 7 [(b) two entries per
are two possibilities per eventThe two-pion mass spectra eveni, 7" 7~ [(c) two entries per eveit The data distribution is
(Fig. 2 for events with now showp peaks inm* 70 (21% represented by the points with error bars and Monte Carlo calcula-
per even), = m° (17% per event and w7~ (<2% per  ton by the histogram.

even). The overall four-pion mass spectruiig. 3) has a

broad maximum around 1.2—-1.4 GeV for ther™ events The beam energfpeam and the energyE, and effective

and a peak at 1.4 GeV for the rest of the events. There is ng1asSsmy of the hadr_"”‘dfougtpg_c;? system are measured in
obvious resonance structurerim, ., although the two four- S2CN event, anan,=1777.05q35 MeV is known [9,10].
pion spectra fit well each to a sum pf770), p(1450), and Thus, if we fix m, for each allowed value of the scaled

p(1700) with adjustable relative amplitudes and phases. hadronic mass=my/m, there is a range of kinematically
allowed values of the scaled hadronic energy

IIl. ANALYSIS y=Eu/Epeam Where the limits are obtained by taking the
) . last term to be at its cag,,==*1 limits. Figure 4 shows the
Conservation of energy and momentum imply that distribution of the data irx,y and the boundary curves for
M2 = (Epour— En)2— (P 5H)2 two vf’;llues qﬁnyT. Even though therle -is background outside
Y T the kinematically allowed region, it is clear that the two-
:mi+ma_2EbeanEH dimensional distribution of the data is sensitive to the value

of m, . More precisely, the likelihood of the observady

2 2 2 2
+ 2\/Ebeam_ mr\/EH — My oSOy ;.

— I I I I I I I I
T 600 — a)
4000 T T T T | T T 1 T | T T T T g - ( ) .
i ' ] 2 200 —
[}
B ¢ 1 2 B T
3000]— — < 200 —
> B i S N J
@
= | _ ﬁ 0 [ | [ I |
= - i = L e I R B
T 2000 . - 2 r (b) 1
2 - . 1 800 —
5 | . 1 & 1
@ i | 2 400
1000 ~ . W ] § J
- -1 w 0 | | | T N R
i 1 1 1 A—M 1 1 | 1 1 1 . 0.5 1 o 1.5 2‘0 2‘5
0 0.5 1.0 1.5 M (4 71) (GeV)

M (7w tn~=°) (GeV)
FIG. 3. Four-pion invariant mass for events within thepeak
FIG. 1. Invariant mass distribution far* 7~ 7° combinations (&) and outside thes peak(b). The data distribution is represented
in the data, with two entries per event. No backgrounds have beeby the points with error bars and Monte Carlo calculations by the
subtracted. histogram.
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1.20

For convenience we have expressg,y|m, ) in terms of
the spectral function fomVT:O and a weight function that
takes account of the dependencefofon m, . The weight
function w is determined from the known effect of a non-
zero neutrino mass on the phase space and the kinematic
boundary. It is zero outside the allowed region.

The spectral functiotF(x,y|0) is obtained by adjusting a
physics motivated 14-parameter functi@j to match distri-

0.95

0.70

l‘!.l][l\flll\ll[llll

0.45 butions in the simulated data and the real data over the range
x<0.925, where we have verified by Monte Carlo calcula-
§ tions that the choice af does not bias the determination of
w 0-2004 m, . The function so determined is then used in the entire
;: 1_05' x<1 range. It includes adjustable amplitudes and phases for

w7 and forpmar in all charge combinations. Thew and
pma mass spectra are each a superpositionpf70),
p(1450), ancp(1700) resonances. The masses and widths of
the resonances are fixed. We adjust the parameters by com-
paring distributions in simulated data, including the effects
of detector acceptance and resolution, and in real data with
estimated tau and non-tau backgrounds subtracted. Figures 2
and 3 illustrate the goodness of the fit.
We compute the resolution functioR; separately for
each event. The scale of the spreadinginx; andy—vy;,
5 $ . including X,y correlation, is obtained by propagating the
0.85 0.90 0.95 1.00 1.05 resolution error matrices from the individual track and
x=m,/m_ shower fits. We obtain a parametrized non-Gaussian shape
from Monte Carlo calculations. The width and shape lead to
FIG. 4. Distribution in scaled hadronic energy versus scaledjistributions that match data for the reconstructed mass of
hadronic mass for events in the final data sample, shown for the full.0_, , ., KS— 77—, andD— K. The projected distribu-
range(a@) and for a restricted range near the kinematic end point o5 of rms resolutions in hadronic mass and energy peak at
The curv+es sh%w the boundaries of thg allowed kinematic region fo&_l and 17 MeV in the region near the kinematic end point.
7w @ m v, assumingm, =0 in (@ and (b) and m, gy \qing the resolution function appropriate for each event
=30 MeVin(b). The dashed lines if8) show the boundary of the  j stead of an averaged one, we diminish the effect of fluc-
fit region. tuations from poorly measured events near the kinematic

event distribution, including background, plotted for variousPoundary. .
assumedn, values, can give information on which, val- We evaluate the integral for each event by Monte Carlo
’ T calculations, using &eANT [11] simulation of physical pro-

cesses in the CLEO detector. That is, we first generate about
1x 10° simulated signal events using tkerRALB event gen-

_ i erator[12], taggedr — = 7" 7 w°v,, according to the
such an event assuming, to be the neutrino mass. gistribution #(x,y|0). Then for each observed real evéent
P(xi,yilm, ) contains terms for signal and backgrounds.and for each assumed value wf, we form the following

The likelihood for the entire data sample is then the producsum over all the Monte Carlo events that contribute:

of the event likelihoods:

y

100 ;.

0.95 f;

0.90 k3

ues are consistent with experiment.
We define the likelihood for an individual event observed
atx;,y; as the probability densit?(x; ,yi|my) of observing

Nmc
ﬁ 121 WX}, Yl m, ) Ri(Xi =X} ,Yi—Yj)
E(mVT)_i:1 P(Xi 1yi|mv7_)' PSig(Xi ,yi|mV7): Nuc

Signal likelihood.We first discuss the signal contribution ,Zl wix;,yjlm,)

to the single-event probability densiy(x; ,yi|mV). It can
be expressed as the product of the spectral fundii@cay
probability density 7 and detection efficiency at the true
X,Y, convolved with the experimental resolution functifn
derived from data for that event:

We take account of the efficiency facterby omitting the
Monte Carlo events that are not detected by the simulated
CLEO detector or recognized by the event selection criteria.
The Monte Carlo integration technique enables us to include
in Pg;q the effect of initial state radiatiorg"e”™—7"7 .

Radiative events have a lower effectiég, ., causing them
Psig(Xi ,Yi|mvT)=f Fx,y[0)w(x,y[m, )e(x,y) to be produced with lower appareptSome of them can be
seen in Fig. 4 below the lower no-radiation kinematic limit.
X Ri(X—X,yi—y)dxdy. The Monte Carlo calculation also includes the appropriate
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number of events from th&s— 7+ 7~ andK*-for-7* sub- 0.08 ——— — — ——
stitution modegsee Table ).

Background likelihoodWe distinguish three types of sig-
nificant background(a) events from the two-photon process
that are not eliminated by our transverse momentum(bit,
77 events that do not contain our signal modes, é&d

non-r hadronic events frore" e —qq (q=u,d,s,c).

The two-photon events, such as'e” —e'e™ y* y*,
Y v*—atata o «% in which the hadronic state has
enough transverse momentum to be accepted, form a back-
ground at low scaled hadron energythat is difficult to
model reliably. Since this kinematic region is insensitive to 0 10 20 30 40
m, the best strategy is to eliminate it from the likelihood fit. M (v,) (MeV)

The detector efficiency is also less accurately modeled at low -

x and lowy, so we restrict the fit ta>0.7, y>0.7. Within FIG. 5. The measu_red Ilkel_lhood_ evgluated for a sequence of

this region ihe two-photon background .ca’n be .ne.glected anra:T values. The curve is a cubic spline fit through the points. The
L - 0 .

the detailed choice of boundary has no influence ormt)Te shaded area is 5% of the integral under the curve.

]I(:;n;ct) '1I'é15e7(;lljt reduces the number of data events used in th?or a range of assumenhVT values to obtainC(mVT).l The

Tau decays of higher or lower multiplicity can masquer-overall normalization of£(m, ) is arbitrary.
ade as our signal mode if particles escape undetected and/or
secondaries in the Csl crystal array are misinterpreted as
photons from aw’. We evaluate these and other mis-
reconstruction effects by Monte Carlo simulation of the re-  Figure Fa) shows the likelihood as a function of assumed
sponse of the CLEO detector toX20° 7" 7~ events gen- neutrino mass. The integral under the curve beyond 22 MeV
erated with the known branching fractions. Of the accepteds 5% of the total. Before interpreting this as a 95% upper
data events in the fit region, 7.3% are from tau backgroundimit on m, , however, we have to consider systematic un-
They are mainlyr™— "« v, with a spuriousm®. certainties that could affect the linit.

Although most hadroni@”e”—qq annihilation events The CLEO charged particle momentum measurement
are rejected by our one-versus-three-charged-track criterioscale is uncertain by about 0.05%, and #feenergy scale is
some of them can survive. Thg contamination in our data uncertain by 0.25%. This shows up as a potential mismatch
sample was evaluated by a:860° event Monte Carlo simu- between Monte Carlo simulations and data, resulting in a
lation using theLunD [13] generator. The simulation has distortion in£(m, ). Variations in the scale of these magni-
been extensively tuned to produce results that agree wittudes cause a shift of 5.0 MeV in the 95% limit, when the
experiment. In particular, we have verified the agreementwo effects are combined in quadrature.
between data and Monte Carlo calculation for the events sat- The four-pion spectral functionF was determined by
isfying the one-versus-three topology but having a tag withvarying the contributions of thep(770), p(1450), and
an energy that could not come fromdecay, and for the (1700) to match the data below=0.925, then extrapolat-
events that have values well above the kinematic limit for ing into the region 0.925x< 1 sensitive tan, .2 The result-
the signalr mode. Thegq background accounts for 3.1% of ’
the accepted data events in the fit region.

The calculation of the background contributiét 4 to
the individual event likelihood is similar to the calculation of
PSiQ' However, since the expected background ev_ent dISmbecause the large number of events in the fit region of this work is
bution (the analogue afx €) can be expressed only in terms jsensitive to the neutrino mass scale in question.
of observedx; ,y;, it is not appropriate to integrate over the = 2ytegrating the likelihood to extract the upper limit corresponds

experimental resolution function; its effect is already con-i, 4 Bayesian methodology with a prior distribution unifornmip
tained in the distribution. As the distribution is not an ana-fo; i <30 Mev. Integrating instead as a functionrof_results

lytic function, but a collection of simulated events with a

rather smooth dls_trlbutlon, we approximate the valu_e OlGaussian in some other function of neutrino maeshkich is trun-

Pokg(Xi i) for thei-th data event by the numbeappropri- cated to zero fom, <0), the limit would be 1.5 MeV larger.

ately weighted of 7% 7~ andqq background Monte Carlo  3Note that if we were to force the spectral function to agree with

events per unit area in they vicinity of x;,y;. ThisPygiS  the data all the way to the kinematic end poimt<1), we would

of course independent “"ﬁuT- get a(biased 95% limit of 17 MeV form, . This is significant in
We sum the signal and background likelihoods for eachhat it represents the lowest limit one coulgbriori expect to obtain

event and take the product over all events in the regionwith the given statistical accuracy and background, assuming

x>0.7,y>0.7 to form the net likelihood. This is repeated m, =0.

=4
o
(2]
L L

0.04

Likelihood

0.02

Ll I Ll I Ll I Ll

IV. RESULTS

A Poisson coefficient expressing the dependence of the number
.of observed events om,_ (as used in Ref{14]) is not used here

]jn a 1 MeVlarger limit. Under the assumption that the likelihood is
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TABLE Ill. Systematic uncertainty sources and the shifts theytive portion of the kinematically allowed regior,>0.925.

induce in them, upper limit.

This and the fact that we include background in the fit lead to
a limit that has little sensitivity to chance fluctuations in the

Source MeV population of individual events near the end point. Although
o this experiment has its own statistical and systematic uncer-
- energy scale 3.7 -~ S . . g
Track ; | 33 tainties that prevent a significant improvement in the limit
Srac ml(;men,um scale (‘) value, the analysis is quite complementary to previous low
pectral function _ 4. statistics experiments and confirms their conclusions.
qq and 7 background corrections 0.8 Both this measurement and the previous CLEO measure-
Monte Carlo statistics 05 ment [14] using 7— 57, show a broad likelihood maxi-
Resolution function 0.4 mum near the higher end of the allowed range of the tau
neutrino mass. Since such a behavior is not unlikely even if
Quadrature sum 6.4

m, =0 (as verified by Monte Carlo experimentsve do not
regard it as significant. It does imply, however, that combin-

ing likelihood function (Fig. 5) is sensitive mainly to the ing the results of the two CLEO measurements to make a
parameters describing thg1700). If we vary the amplitude joint likelihood curve does not significantly improve the
within the experimental accuracy of our matching and thenass limit.
p(1700) mass and width within their experimental errors, we

can raise the 95% likelihood limit by 4 MeV.

_ The effects of other systematic uncertainties have been \ye gratefully acknowledge the effort of the CESR staff in
similarly _evalu.ated. The resultlng shifts of the 95% limit on providing us with excellent luminosity and running condi-
m, are listed in Table Ill. Assuming that the various effectsjons. 3 R. Patterson and 1.P.J. Shipsey thank the NY! pro-
are independent, we combine the limit shifts in quadrature tgram of the NSF, M. Selen thanks the PFF program of the
get a net systematic shift of 6.4 MeV. Following the practiceNSF, M. Selen and H. Yamamoto thank the OJI program of
in reports of previous experiments am,_limits, we add this  DOE, J.R. Patterson, K. Honscheid, M. Selen and V. Sharma
shift linearly to the raw limit from Fig. 5: thank the A.P. Sloan Foundation, M. Selen and V. Sharma
thank Research Corporation, S. von Dombrowski thanks the
Swiss National Science Foundation, and H. Schwarthoff
thanks the Alexander von Humboldt Stiftung for support.
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the event sample used. We observe 543 events in the sensirces and Engineering Research Council of Canada.
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