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ABSTRACT

A wmearch has been performed for the

muon-number-violating decay u = e*ete”. No candidate

event has been found, yielding an upper limit for the
branching ratlo of Bule < 1.3 = 10719 (907 c.L.). From
part of the data taken with a trigger that enhanced
u+ - e+e*e—'\7uve events, 11 such events were observed.
They agree in number and epectrs with expectatlions

based on standard electroweak theory.
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Separate muon-, electron-, and tau-aumbere are conscrved In  the
ninimal standard model! of electroweak Interactions with masslens
neutrinos. However, In many extendions to the standard mode 12 separdte
lepton numbers are not expected to be conserved quantities. The present
experimental limits on neutrinoless rare muon decays such as u+ v etete”
that violate eseparate lepton-number conservation alieady provide strong
constraints on many of the theories that go beyond the standard model.
However, more sensitive experimental seerches for these decays are needed
to elther discover separate lepton-number violation or to help e¢liminate

some of these thecries.

We report here an {mproved upper lilmit for the brancaning ratlo

- I‘(u+ + etete)

+ + =
My =+ e “evu)

from the first run with the Crystal Box detector (Fig. 1) in the Stopped
Muon Channel at the Clinton P. Anderson Meson Physics Facility (LAMPF). A
separated, 26 MeV/c pt bean was stopped in an elliptical, pulystyrenc
target locared at the center of the detector. The target was tilted by 45°
with respect to the beam direction so that 1L presented a 6.7 cm radius
projected c¢ircular cross section, 52 mg/cm2 thick, to the beam. The  wuon
stopping vate was typlcally 73 = 102 s~} (average) with a duty tactor ol
6.87. The polartzation of decaylng muons Iln polystyrene was medasured to he
(14.6 * 1.8)%. The trajeciories obf charged particles emerging from the
target and the encrgles and times of arrvival of electrons, positroas, aand
photons were measured In the apparatus.

Decay positrons and electrons [(irst  traversed a cylindrical drift
chamber} consisting of B concentric shells of wires at  alternating angles
of from 107 to 16° to the axis of the cylinder. The basic drift cell cross
sectional area I, B »x 10 mm, The chamber has 728 drift  cells, The
positfon resolutlon of ecach wire 13 140 ym (rms). The measured single
track reconstruction efficlency 18 952. The chamber presents an avevdge of
6.74 % 107 padtatton lengths to o particle traversing It in a direction

normal to the bean axis. Trere i no applied magnetic field.
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Charged particles next traversed a scintlillator hodoscope containing
36 counters. Each counter is 44.5 x 5,7 x 1,27 cm, with 8 photomultiplier
coupled to each end by a light pipe. These counters define the fiductal

volume for charged particles. Constant fraction dncrimlnntor4

signals

from the two ends of a scintillator are connected to a ne’qtlners for

trigger coincidence decisions. The mneasured time resclution of each
counter 1is 290 ps (FWHM). The reglone upstrean and downstream of the
hodoscope are covered by 16 veto scintillation counters, each measuring

13.3 x 23.8 x 0.3 cm. These counters were used tc help distinguish charged

particles and photons.

The outermost part of the detector 1s an array of 360 Nal(Tl) face
crystals, 6.35 x 6.35 ¢m cross section and 30.5 cm long, plus 36 corner
crystals, 6,35 x 6.35 =% 61,5 cm. These crystals are packaged in a single
hermetically sealed container. Paper wrapping around sach crystal provides
optical 1isolatlion. Each face crystal is coupled to 8 single
photonmultiplier while the corner «crystals have photomnltipliers at both
ends . The measured energy resolution function 18 approximately an
asymmetric gaussian with & FWHY of 6.5% at 130 M=V, Each crystal has its
own constant fraction discriminator with a threshold of 5 MeV. Tle tinming
resolution of the NaI(Tl) detectorw is 1.l nes (FWHM). The wingle particle
acceptance in the fiducial area (which assures shower containment 1in the
Nal(T1)) 1s Q/4x = 45Z, inciuding finite target-size effects.

The triggper requirements for a p + le candidate -re:6

l. At least three hodoscope counter signals within 5 ns of each
other,

2. At least three non-uadjecenl hodoscope counter aignals within
10 ns.

3. A counter topology consistent with u + 3e decay.

4., Each hodoscope counter participasting 1in the trigger having at
least one discriminator from a Nal(Tl) crystal ir the row bzhind
that counter, or in an adjacen. vow, triggered vitnin 15 ns.

5. For most of the data reported here, at leastl B0 MeV deposited in
the entire Nal array. Approximately 10X of the data was taken
without this last reyuiremert to enhance the acceptance tor

+ + 4 -

- v .
") €e'ee vV, events
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A total of 2.2 x 10!! muons were stopped In the target durlng the llwe
time of the apparatus. This resulted tn 1.74 x 10® y < 3e candidate  event
trigrers. The data written on magnetic rvape for each trigper indludes
timing and puluye helpht information from every scintillation counter and
from each Nal(Tl) crystal having at lteast 0,] MeV deposited encrpy, and
timing informatfon from each drift chamber cell whose discriminator {ired,

The ahbsolute gain of each Nal(Tl) crystal was calthrated using
Pu-a-HKe source (4.43 MeV y) and the reactions a7 p » n::' (99 H' < K MeV)
and w’p <+ ny (HY = 129.4 McV). The plon data weie Laken with a llquid
hydrogen  target réplacing the dritt chamber. The stabllity ot the pain of
each Nal(Tl) channel was monitered every two hours using a Xe flash tube
and fiber optice cables connected Lo each photomultiplier.,

The signature for a u+ + etete™ event s that the three trajectnries
should emerge from a common vertex In the target {n time coincidence, IF,
the sum of the three energies deposited in the Nal(Tl) plus Lhe inniza.lon
enerpgy losses Iin other materfals should equal the muon masy, and Lhe veclnr
sum of the three momenta (II8]) should be z«ro.

The main source of triggers was the random cnincidence of positrons
from three independent ordinary muon decays. These events tend not to
b

e e vy

satisfy anmy of the above constraints, Events due to u+ * e eV

proceds which does not violate separate lepton number conservation, have
IE + 1281 < ﬂu and IE generally much less than Hu'

The Ffirst analysis pass vequired that three non-adjacent scinttillatov
meantlimes occur within a 1.% ns interval, and that each of thene
scintillatnrs have behind 1t a Nal(T1) clump with at least 10 MeV within a
5 ns Interval. A clump 1y defined as the crystal with the largest  local
pulse helight plus the nearest 24 surrounding crystals. The output of the
first pass was 1.3 x 109 svents,

For the secaond pass, the dritt chamber informatfon was used to
reconstruct tracks that intersect the struck scintlllatorsy. The
reconstructfon program required “Yite in at least 7 of the 8§ drift chamber
layers for cach track., The analyglys vequired three t:acks that Intersect
the target plane with an aagle of more than 1, such that the t1ms oun  of
the distances hetween the three track Intersection polnts on the taypet

(the vertex) must  be  less than radius 6 «m. Finally, o cut
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IE + 18] < 120 MeV, wus tmposed. A total of 3112 cvents sarvived these
cuts,

The third analysis pass tightened the vertex cut after welzhting each
track-tarpget {intersection polatl according to the uncertainty in  the
aeasurencnt of that pednt. The 1.5 ns scintillator tlming cut was
reimposed after correcting ecach particle’s time-of-flight for the path
lenpgth from the vertex to the sclntillator. This pass reduced the pumher
of events to RA),

The final cuts required that LE + |Iﬂ| < 1H) MeV, IR < 12 MeV, and
that the three scintillator meantimes occur within o 1 ns  interval. Mo
events passed these cuts, The Loceptance of the appardtus was calculated
with a Monte Carlo program Lhat accurately reproduces the response ol the
detectors to posiirons, eleclrons, and photons. Electromagnetic showers
are sinulated with the shower code EGS.7 The product of the acceptance and
detector effficlency for y + de events, assuming a constant matrin element,

is (B.5 * 0.8%). We obraln an upper .imit of

Bye < 1.3 x 10719 (907 c.L.) .

A group at Sl‘ln has also recently reported a new upper limit

Ble < 1.6 x 10710 (902 c.Ly .

As a check of the performance ot the apparatus and (he normalization, the
portion of the data taken wiLhout the total Nal energy requirement
(2.55 % 1010 puous stopped) vas analyzed for pt o e'e*e'veﬁu eveutw. Since
these events tend Lo have a non-zero vector momentum sun, the Iﬂﬁl cul way
removed. Eleven evenls passed these cuts. The Monte Carlo proyg:aun
predices 12 ¢ 2 events, us.ng a matrix element  baned on  standard
e lectroweak lhunrv.9 The distributions ot IE, LE + |If], wvertex, and
tining for the data and the Monte Carlo events agree with each other, The
apreement of these distributions and ot the number of eventy, verifies the
validity of the assumed detector resolutions efflctenctles, calibrations,

and the beam normalization. Figure 24 shows the distribut ion ol

’
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TE vs. YIB!l for the detected u+ - e+c+e-ue3 events  and  the contom

u
containtng 907  of ut o+ etete™  evenus. Figure 2b shows the unnormaliz:d

distributton for u+ + e+c’e_ue3u events from the Monte Carlo simalation,

Data were taken simaltaneously with different trigpger requirements  to
search for u+ + e+Y and u+ - r+yy. The results wlill be presented at a
later time. A longer data run will begin shortly.

A large experiment such as th!s would not be possihle without the
contrihutlons onf many people. In particular we would 1like to thank
L. Bayliss, M, Butler, S. Chesney, R. Damjanovich, L. G. Noster, M. Dugan,
C. Espinora, T. Gordon, G. Hart, R. Poe, J. Rolfe, J. Sandoval, ﬁ. P. von
Guten, and H. Zeman. In additfon, we wou'd like to thank the LAMPF staff
for thei, many contributions and L. Rasen for his continulng suppovr ol
this experiment. This work was supported {n part by the US Department  of

Fnergy and the Natlonal Sclence Foundation.
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FIGURE CAPTIONS

A schematic diagram of the Crystal Rox detector.

2a. The vector sum of the moments for the two positrons and the electron

(1I81) ve. the sum of their energles (IF) for data events. L The sloping

line represents the condition IE + |IB| - Mu' The area enclosed near

IE = 100 MeV, ltﬁl = 0 contalns 902 of Monte Carlo u+ + etete™ events.

+ +_+

2b. The distribution of Monte Carlo u' =+ e e e_veT'u events. The number of

Monte Carlo events 1s not normalized to the number of data events.
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