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ABSTRACT

Nev experimental upper limits for the branching ratios of the
lepton-family-number nonconserving decays p+ + ●+y and U+ + ●+yy are

presented. A new determination of Y, the ratio of pion axial-vector to vector
form factors, from radiative pion decay is also raported. These resul(s are
from data taken with the Crystal Box detector at MMPF.

RARE HUON DECAYS

No process violating conservation ot
lepton family number, like p+ + e+y or
u + e+yy, has ● ver been seens Such
processes are forbidden in the minimal
standard modell of ●lectroweak
lhterection.g. Hovever, i! is widely
believed that the standard model is
incomplete. Many ●xtensions to the model
have been proposed such aa including
massive neutrinos, an expandtrd Higgs
sector, or supersymmetry. In general,
lepton family number need not be conserved
in thwse ●xtensions, The ●xisting
●xperimental upper limits for the rates of
these processes impose model-dependent
conp,raints on the tt,doretical parameters,
like mixjng angles or gauge-boson masses,
that describe theee processes,?

Prior to this ●xperiment, the best
●xperimental upper limits of the br~nching

+ ●+y$9~j,efi;’’”lleJ ~;, ;+~~~ ~~~
ratios

u+
Be j13.4 x 10-9, raa ●ctively. Ve report
he~~ improved limlls fot B

The Crystal Box dete!:!:d B

from
data taken with the Crysta x de?~~tor in
the stopped muon channel at LAHPF.

! sllovn in
Figi 1, consists of 396 NaI(T9) crystals,
36 plastir scintillation hodoscope
counters, mId n cylllldt Ical 8-plane sler~o
drift chaml}o, ‘ ~tlrrn\lt)dil,L~ a thin planar
polystyren~ target vh?re positive ❑uonn
decay at r~st. Positron trajectories are
measured In the drift chambct. The
position Iwmolutlon of the Intersection nf
the po~i::-oh trajectory and the target is
2mm. Electromagnetic ahowara from
positrons and photons are detected In th~
NnI(TV), The photott conversion point IS
determined to 4.7 cm by ●~amlnlng th~
?nergy sharing among th~ NnI(TQ) crystals,
The NaI(Tl) ●n~rgy resolution 10 - 7%, The

timing resolution of the NaI(T9)
photons) is 1.2 ns and of the scinti,
(for positrons) is 0.29 ns,
resolutions are FVHH.)

The data for U+ + ●+y and p+
were collected concurrently. The

(for
lators

(All

+ ●☞❙❙
muon

Stopping rate vas -500 kHz vith a duty
factor of -7%. Data vritten on magnetic
tape for ●ach candidate rare-decay-event
Included timing and ●nergy information from
all hodoscope counters and from those
NaI(TQ) crystals vith at least 0,1 HeV
d-posi tad ●nergy, and timing informatlou
from the drift-chamber cells that vere hit.

The apparatus acceptances for the rare
decay modes vere determined with a Monte
Carlo simulation, based on the shover code
EGS3,1 that accurately reproduced the
response of the detector to photons,
positrons, and electrons.

The U+ + ●’y data annlysis Is
presented first, The signature for n

v+ + ●+y decny nt rest is a positron nnd n

Fig. 1. ThQ Ctys[nl I!(1M,



photon back-to-back, in [ime coincidence,
with Ee - EY : 52.8 MeV, The hardwnre
trigger for ~ + e+y required a coincidence
vithin *5 ns of a “positron quadrant” and
an opposite ‘photon quadrant”, vith at
least 30 HeV deposited in the NaI(TQ) of
●ach ~f these quadrants. A positron
quadrant had a hodoscope counter signal and
one or more NaI(TQ) discriminator signalc.
A photon quadrant had no hodoscope counter

signal and at leas 1 one NaI(TQ)
discriminator signal. The trigger selected
- 107 candidates from - 1012 muon deca s.

i’These ● vents can be due to u+ + e Y,
IJ+ + e+vSy (inner bremsstrahlung) and
random coincidences.

The offline da!a reduction retained
for subsequent analysis all U+ + ey events
and an appreciable number of Inner
bremsstrahlung ●vents and random
coincidences . A total of 17 073 ●ven~s
satisfied Iht l<5ns, ee Z160,

~~o~s4~~He\’ ~~~ayp~J~~n!~o~~~ion‘~gi~tlf~

timing, ‘~or a subset o! these ●vents. The
broad distribution is due to random
coincidences, vhile the prompt peak is due
to inner bremsstrahlung and possibly
P+ -+ e+y.

The IJ+ + ●+y content was found by
maximizing the likelihood

vith respect to the parameters ne , nl, and

:! p
that ●st imated The numbel-

- ! ; :??,- ;:ner bram~gtrahlung,
and

random ●vents, respectively, in the total
sample of N events. The vector # has
components ee , At F. , and E . r’, 4,
and R are the ~robabf~;ty ~Istrlbu~ions for

u+ + ●+y, inner bremsstrahlung and rnndom
events, respectively. The disttiblltions

r — 000

~~
(d b)

Joo

400

j ’00 ......
100

. 200 1

for P and O were determined from the Honte
Carlo program, while R came from
out-of-time events.

Figure 3 shows the normalized
likelihood function. It peaks at

‘ey
-o

and - 3470 i 80 * 300 events. The
latter ~~rees veil vith the 3960 i 90 f 200
inner bremsstrahlung events ●xpected in the
data. The likelihood function distribution
implies ne < 11 ● vents (90% C.L.). Using
the number Jf muons stopped, 1.3s x 101’,
during the live [ime of the ex~eriment, the

apparatus acceptance for p+ + e+y, 0.305,
and the detection ●fficiency, 0.545, ve

obtain B < 4.9 x 10-11. Figure 2a-d
shows t~~ aereemenc betveen the data

:!i:t:~~:ed) an:nd ‘“e be;:mo:fi ::
randoms

determined by the likelihood analysis.

The analysis ot the U+ + ●+yy data is
presented nex t . The signature for a

u+ + e+yy decay at rest is a positron and
two photons in time coincidence emerging
with zero ne t momentum and

Ekot . Ee+E ~ + E = 105.6 MeV. The
t ree particl~s cou~? strike tvo quadrants
of the Crystal Box and ‘ire the ●y trigger
discussed above, or could strike three
quadrants ●nd fire the eyy trigger. The

u+ + a+yy trigger required a time
coincidence v!thin ?5 ns of a positron
quadrant and tvo phGton q~adrants, vith at
leas t 70 HeV depo~i!ed in the NaI(T!)
calorimeter.

The ●yy trlgge[ recorded - lot
candidates. In addition, - 10~ candictates
vere found in the ey-triggered ●vents,
vhere the positron and one photon occupied
the same quadrant. Figure 4 shovs the
relative timing distribution for some of
these events, the majority being
backgrounds from triple random coincidences
or tvo-pnrticle prompt events in rnndom
coincidence vith a third particle (e.g,,

IJ+ + e+v~y + Y).

o

[0 (w) [, (WV)

Fig, !. u ‘ey likelihood !ullctiotl,



The offline analysis removed mosr of
the random coincidences vhlle retaining all
of the p+ + e+yy events, ●ssuming the most
general local interaction for the p+ + e+yy
matrix ●lement.l Events with one particle
shovering and appearing as tvo hits in the
tri~ger were removed by enercy and
opening-angle cuts. Figure 5 shows the
distribution of ● vents Vs
-cm 2te - t ~ - ty2 for the 272 evel,ts
passing tlTese cuts. No appreciable
coincidence signal can be seen in this
plot. A final cut requiring ●ach photon
●nergy to be greater thnn 20 HeV leaves
nine candidate ●vents. These nine events
are shaded in Fig. 5.

The number of V+ + e-yy ● vents in the

sample of nine events vas ●stimated by
maximizing the likelihood

vith respect to the parameters ne and

;Q
.N-ne that ●stimated the nu~~er of
+ ●+yy ~~d background events in the

sample of N events. P and R are the

probability distributions for u+ + ●+yy and
backgrolmd, respectively. Th com orients
of~are Eto,~,p -

!
Id + ?b + ~xbabl

and nea~~~rep~~pe~:~culgr arecosa - k .bab!
the momenta m~st
●ach other, #ab i~a~~ejunit vector norm~~
to the p ‘pb plane, vas the third

palticleps momantum.
c

The likelihood function distllbution
in Fig. 6 implies nely ( 2.9 (90% C.L.).

Using tile numbar of ❑uons stopped,

8,2 x 1o11
experiment
u+ + ●+yy,
●fficiency
Beyy < 7.2

during the live time of the

tha apparatus ●cceptance for
0.064, and the detector

().524, ve obtain

x 10-11 (90% C.L.).

l~ADIATIVE PION DECAy

The low-energy benavior of OCD, the
strong-interaction component of the
stand~rd model, 1s ●xtremely difficult to

.
m
c

(-4
,.

.

I

U“

-4 -? 024

t t, - tll (n~)

determine. Nevertheless, there ar serious
attempts to calculate lok,energy rirameters
such ❑s the ratio y m FA/Fv of the Pion

weak axial-vector to vector form factors.9
This ratio can be mecsured in the radiative
decay of the pion, n+ + e*v y, where the
decay Erate is determined y the coherent
admixture of an amplitude sensitive to the
strong !ntaraction (y dependent’”) and an
amplitude that accounts for QED corrections
to the decay n+ + e+we.

The results of t Vo previous
measurementsll ’12 are ambiguous because the
●xperiments detected photons and positrons
in a region of phase space vhere the term
in the decay rate proportional to (l+y)2
dominates. The weighted averages of y are

Y - O.~1 i 0.06 or Y - -2.36 t 0.06. Ve
report here data that resolves the

ambiguity in the measurement of y.
Pions passed through a CH2 degrader

and a segmented scintillation beam counter,
then stopped and decayed in a planar CH2
target in the Crystal Box. The trigger

requirad A coincidence within t5 ns of a

positron quadrant and an opposite photon
quadrant; these si~nals had to appear
vithin 50 ns of a siglml from the beam

countars. The trigger recorded - 1(-J1

cand~dates from 4 x 101° pion decays,
Events flom U+ + ●+vQy were eliminated by
raquiring E + E + l#e + FYI > 115
Events wit~ EYy~ 25 HeV, Ee ~ 15 ;~;;

●itOar Ey ~ >0 ~eV or Ee ~ 53 HeV, and
105 g ee c 180 , vere ratained for
●~bsequen{ analysis. Thesie ●vents are from
n+ •I ●+Vey or aro random coincidences.

Tha distribution of events in phase
space vaa used to resolve the ambiguity ~.i

Y. We mtiximized th? likelihood

by varying tha ratio Y and the parameters

n WY
and nR ■ N - nevy that ●stImared of

t~e number of n+ -+ ● v y and random ●vents
In tho samplu of N •ven~~gtr~gut;~~~ R are
t hc probability for
n+ + ●+wey (foi ● particular value of y)
●nd randoms, reapectlvely, The coordinates
of # ● re e-y, btay, Ee, ●nd E

Y’
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Figure 7 shows cnt normalized
likelihood as a function of y. The
positive va jr [0[ y i9 favored over [he
negative value by a likelihood ra[lo of
2175 10 1.

The ratio of the number of prompt
events with ●ither E ~ 43 HeV or Ee z 53
Hev to the number of pron stops (corrected
for n+ + e+v y detection efficiency) %ave
the measured ~ranching ratio for n+ + e Vey
in this region, Comparing this measurement
to the branching ratio calculated as a
function of y, we find y - 0.22 t 0,15 or
Y = -2.13 t 0.15, in agreement wilh the
previous measurements.

Thus we obtain the unique solutinn
Y = 0.25 t 0.12, The new world avelage IS
T - 0.39 t 0.06.

SJHIIARY

Using data from B+ decays in the
Crystal Box detector, ve have obtained
improved upper limits on the branching
ratios Uf the lepton-family-number
nonconserving decays p“ + e+y and p+ ., e’yy
of < 4,9 x 1O-11 and
Be <7.2 x %11, respectively. Using
da~~ from n+ decaya, ve hava resolved the
ambiguity in the measurement of y, the
ratio of pion axial-vactor to vector form
factorg, in favor of the positive value,
with a new world averare of
Y ● 0.39 I 0006.

We acknowledge the axlraordinary
assistance from the many people at ●ach of

our institutions and from the oper.stlons
staff at LAHPF, This work was su~ported In
Part by the U*S. Department of Enelgy and
the National Science Foundation.
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