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Improved Limit on the Branching Ratio of m ! e Conversion on Lead
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The SINDRUM II spectrometer at Paul Scherrer Institute is used in a search for coherentm ! e
conversion in muonic atoms. We report on a measurement on lead, which resulted inGsm2Pb !

e2Pbg.s.dyGsm2Pb captured , 4.6 3 10211 (90% C.L.). This upper limit improves on the previous
value by an order of magnitude. Combined with the limit on titanium, it is interpreted in terms of
phenomenological couplings between the lepton current and the isoscalar and isovector quark currents.

PACS numbers: 25.30.–c, 11.30.Fs, 24.80.+y, 36.10.Dr
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Lepton flavor seems to be conserved in all particle
teractions. Despite intensive efforts searches for proce
like m1 ! e1g, K0

L ! me, or Z0 ! mt resulted in up-
per limits only. Lepton-flavor conservation (LFC) hold
absolutely in the standard model as a consequence of
ishing neutrino masses. LFC, however, is not forced
a known gauge symmetry and in many generalizations
the standard model violations may be expected [1–3].

Neutrinolessm ! e conversion,m2sA, Zd ! e2sA, Zd,
in muonic atoms with mass numberA and atomic num-
ber Z offers one of the most sensitive tests of LFC [4–8
Muonic atoms decay by either muon decay in orbit
nuclear muon capture. The capture probabilityfcapt in-
creases asZ does and reaches a value of 0.97 for lea
which corresponds to a lifetime of 75 ns [9]. It has be
estimated [10] thatm ! e conversion would leave the nu
cleus in its ground state with a probability of more tha
80%. Only thiscoherentfraction can be measured with
out background from bound muon decay.

Following Shanker [11] the branching ratioBmesA, Zd ;
GmesA, ZdyGcaptsA, Zd for coherentm ! e conversion is
written as the sum of an isoscalar (i  0) and an isovector
(i  1) contribution:

BmesA, Zd 

µ
g0

V ,S 1 g1
V ,S

Z 2 N
3A

∂2 GV ,SsA, Zd
GcaptsA, Zd

, (1)

where V and S denote vector and scalar interaction
respectively, andN  A 2 Z. The reduced widths
GV sA, Zd and GSsA, Zd have been calculated from muo
and electron wave functions and nucleon densities
suming GF as a coupling constant and are tabulated
Ref. [11]. Recent calculations [10] predict a maximum f
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Bme in the region around lead, assuming vector interact
with typical, model-dependent values (5y6 or 3) for the
ratio of the coupling constantsg1

V yg0
V . Presently, the best

constraints ong0 andg1 come from the limits (90% C.L.)

BS
me , 7 3 10211 sRef. f12gd ,

BTi
me , 4.3 3 10212 sRef. f13gd ,

, 4.6 3 10212 sRef. f14gd ,
(2)

BPb
me , 4.9 3 10210 sRef. f14gd .

The signature of coherentm ! e conversion is an elec-
tron emitted at the kinematical end point for bound mu
decay, at 95.0 MeV for lead. Muonic atoms induce bac
ground not only through bound muon decay, but throu
radiative muon capture followed by asymmetrice1e2 pair
creation as well. Conversion events can be resolved fr
these intrinsic backgrounds forBme values down to10214

if an instrumental resolution better than 2 MeV (FWHM
can be achieved [15]. Other potential sources of ba
ground originate from prompt beam-induced proces
such as muon decay in flight, radiative pion capture, a
electron scattering, and from cosmic rays.

The measurement was done at themE1 beam line at
PSI. Detailed information can be found in [16]. Th
SINDRUM II spectrometer consists of a set of concent
cylindrical detectors (Fig. 1 inside a superconducti
solenoid. The muons enter the setup axially and trave
a CH2 moderator and a plastic beam counter of3.9 gycm2

overall thickness before reaching the target at the cen
The lead target consists of 16 rectangular foils,8 cm 3

15 cm 3 125 mm each, arranged radially with the 8 cm
© 1996 The American Physical Society
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FIG. 1. Cutaway view of the SINDRUM II detection system
The spectrometer magnet is not shown.

sides welded to a125 mm thick front cap and a500 mm
thick end cap; the total mass is 415 g.

The tracking region has a diameter of 1.3 m and a leng
of 1.5 m. Starting from the target decay particles traver
(i) at a radial distance ofr  13.0 cm an inner plastic
scintillator hodoscope with 32 strips of 3 mm thicknes
and 80 cm length, (ii) atr  34.9 cm an outer plastic
scintillator hodoscope with 64 strips of 5 mm thicknes
and 150 cm length, (iii) betweenr  37.6 and 44.5 cm
the radial drift chamber DC1, (iv) betweenr  44.9
and 64.8 cm the radial drift chamber DC2, and (v)
r  28.5 cm, on both ends of the tracking region, tw
Čerenkov hodoscopes, each with 16 lucite elements
30 mm thickness and 35 cm length. DC1 [17] is fille
with CO2yiC4H10 (70y30), a slow drift gas with a Lorentz
deflection angle of only 6± at 1.2 T. The sense wire plane
is close to the outer wall, which is covered with cathod
strips at 72± relative to the wires. The cathode signa
give the position of the hits along the sense wires. T
mean space resolution (s) for typical events (see below)
is 150 mm in thex-y plane and 1.3 mm in thez direction;
see Fig. 1 for the definition of the coordinate system. DC
is filled with HeyiC4H10 (88y12) with a radiation length of
1140 m. Thex-y resolution is 1 mm.

At the field strength of 1.2 T charged particles leavin
the target with transverse momenta below 100 MeVyc are
contained radially inside the tracking region. The particl
of interest cross the drift region of DC1 at least twic
before reaching one of the twǒCerenkov hodoscopes
The spectrometer response form ! e conversion was
obtained by simulation [18]. The geometric acceptan
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was found to be (23.3 6 0.4)%, which includes the losses
by bremsstrahlung in the target.

To avoid background of scattered beam electrons,
muon channel was tuned to a momentum band of90 6

2 MeVyc, safely below the momentum of interest. Th
fraction of muons stopping in the target was (25 6 5)%,
as determined with the help of an additional beam coun
positioned behind the target. Thanks to their shorter me
range the corresponding value for pions was only abo
0.2%, which resulted in a pion contamination of ord
1027 in the target stops.

The trigger for data readout was based on thex-y hit
pattern from the outer hodoscope and DC1 as expected
helical trajectories crossing the target and the DC1 se
wire plane. In addition, signals in the inner hodosco
and a Čerenkov hodoscope were required. The trigg
efficiency form ! e events was found to be (50 6 1)%,
which includes detector efficiencies and deadtime in t
trigger logic and the data-acquisition system.

During the measuring period of 10 days with an ave
age beam rate of1.0 3 107 m2ys,Nstop  s2.1 6 0.4d 3

1012 muons stopped in the target, resulting in a raw data
of 8 3 105 events. The detector response was studied
stoppingp1 in a low-mass foam target and by measurin
the trajectories of the 69.8 MeV positrons from the dec
p1 ! e1ne. The magnetic field of the spectrometer wa
reversed and scaled in order to approximate the trajecto
of conversion electrons as closely as possible.

In the off-line event analysis helical trajectories we
searched and the momentum was fitted to the first t
DC1 track elements. The reconstruction efficiency f
events originating from the target region was (78 6 3)%,
mainly determined by the cathode efficiency of DC1. Fie
inhomogeneities, energy loss, and multiple scattering alo
the particle trajectory outside the target were taken in
account. The resulting energy distribution ofp1 ! e1ne

decays yields a resolution of 2.0% (FWHM), compared
1.6% for the simulated events. The predicted resoluti
for conversion electrons is 2.8%. Since this value is dom
nated by the spread in energy loss in the lead target,
agreement between measurement and simulation shoul
much better in this case.

The reconstruction of the data sample with muon bea
resulted in7 3 104 electron events from the target re
gion. 89% of them originate from electron scattering. Th
process is characterized by a narrow peak in the distri
tion of the time delayDt between the spectrometer trac
and the preceding beam counter signal. The offset ofDt
was chosen such that this peak is centered atDt  0 ns;
muon decay in flight and radiative pion capture then pe
at Dt ø 7 ns. By requiringDt . 10 ns more than 99%
of the prompt electron and muon induced background a
about 70% of the pion induced background was remov
at the cost of a (22.6 6 1.0)% loss of muonic-atom decays
Events induced by cosmic rays can be recognized by
ditional spectrometer signals. This background could
201
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reduced to a negligible level at the cost of a (9.8 6 3.5)%
loss of events of interest.

The resulting sample was interpreted within the fram
work of the extended likelihood method [19], whic
took into account (i) coherentm ! e conversion (me),
(ii) muon decay in orbit (mn), (iii) scattering of beam
electrons not recognized by the beam counter (ee0), and
(iv) radiative pion capture (pg) followed by e1e2 pair
creation in the target where the positron escaped detec
For mn the theoretical energy distribution from Ref. [2
was assumed; the simulation ofpg was based on the
photon spectrum of Ref. [21].

The analysis was carried out in the five-dimensio
distribution of total energyEtot, delay Dt introduced
above,z coordinatez0 of the origin of the reconstructe
trajectory relative to the front of the target, phasetrf

of the 50 MHz cyclotron-rf signal at decay time, an
polar track angleu. In the determination of the fou
density distributions the dependency onDt, z0, andtrf was
adjusted to the measured data.

In Fig. 2 theEtot distribution of the selected events
compared with the distributions expected for the four p
cesses. The hypotheticalme events can be distinguishe
from mn events only by their differentEtot distribution.
The energy distributions ofmn and ee0 are quite simi-
lar; the latter process, however, is characterized by
asymmetricu distribution and8 , trf , 12 ns. Thepg

events, finally, have a flat energy spectrum and stee
falling Dt and z0 distributions caused by pions reachin
the target with relatively low momenta.

The detector acceptance drops by an order of magni
between 95 and 80 MeV, resulting in increased syste
atic uncertainties. For this reason the likelihood analy
was limited to the upper part of the energy distribution.
variation of the energy threshold between 80 and 86 M
gave results forBme which were stable to within62%. In

FIG. 2. Energy spectra for electrons from the target. Prom
beam-correlated events and cosmic ray background have
rejected. The measured distribution is compared with predic
distributions forpg (A), pg 1 ee0 (B), andpg 1 ee0 1 mn
(C), discussed in the text. For the simulation ofm ! e con-
version Bme  4.9 3 10210 was assumed, which correspon
to the limit of Ref. [14].
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the remainder of the text we quote the results for an ener
threshold of 84 MeV. For this value the overall probabil
ity for a m ! e conversion event to enter the final sample
given by the spectrometer acceptance and the various
tector and selection efficiencies, was´tot  s5.9 6 0.4d%.

The likelihood analysis gives for each event the proba
bilities Pi si  me, mn, ee0, pgd to be of event type
i. Table I lists the characteristic observables and th
resultingPi values for the four mainm ! e candidates
in the energy range between 88 and 95 MeV. Accordin
to the analysis it is most likely that three events are caus
by radiative pion capture and one by electron scatterin
No evidence form ! e conversion was found in this
measurement.

Figures 3(a)–3(c) show two-dimensional projections o
the extended likelihood functionL snme, nmn, nee0 , npgd,
whereni denotes the number of events in channeli. In
Fig. 3(d) the projection ofL on nme is shown, folded
with the uncertainties in the assumed density distribution
as described in Ref. [19]. From this function, and th
three corresponding functions ofnmn , nee0 , andnpg, one
finds 0.712.2

20.7 me events,13.614.0
23.8 mn events,11.213.6

22.5 ee0

events, and7.513.3
21.9 pg events, which may be compared

with 12 6 4 mn events predicted by the simulation,12 6

3 ee0 events found in thetrf peak, and 6pg events ob-
served in the corresponding positron distribution. Th
upper limit on nme is nmax

me  5.1 (90% C.L.). The up-
per limit on the branching ratio is calculated following
Ref. [22]:

Bme ,
nmax

me f1 1 snmax
me 2 n̂meds2

r y2g
fcaptNstop´tot

, (3)

where the capture probabilityfcapt has been discussed in
the introduction,n̂me  0.7 is the value ofnme where
L reaches its maximum, andsr  0.21 is the relative
uncertainty inNstop´tot. The result for the branching ratio
of m ! e conversion on lead is

BPb
me , 4.6 3 10211 s90% C.L.d , (4)

which improves on the previous upper limit [14] by an
order of magnitude. Combined with the4.3 3 10212 limit
for titanium [13] this yields the following 90% C.L. on the

TABLE I. Values of the five kinematic observables used in
the likelihood analysis and probabilities to belong to one of th
four event types considered in the analysis, for the four ma
m ! e candidates.

Etot Dt z0 trf u Pi s%d
(MeV) (ns) (cm) (ns) (deg) me mn ee0 pg

89.9 10.7 9.1 4.0 65 7 26 0 67
90.2 21.1 3.2 13.2 72 7 14 0 79
90.9 155.8 16.3 11.8 70 32 20 48 0
93.0 26.9 0.9 1.5 102 19 0 0 81
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FIG. 3. Extended likelihood functionL snme, nmn , nee0 , npgd
for the data sample withEtot . 84 MeV. (a)–(c) Two-
dimensional projections ofL on nme and each ofnmn, nee0 , and
npg . (d) The projection ofL on nme. The latter distribution
has its maximum atnme  0.7, whereas the 90% confidence
upper limit is reached atnmax

me  5.1.

coupling constants introduced in Eq. (1):

jg0
V j , 3.9 3 1027, jg1

V j , 9.7 3 1026,

jg0
Sj , 5.2 3 1027, jg1

S j , 1.4 3 1025.
(5)

As is shown in Fig. 4 forg0
V andg1

V , the allowed regions
are correlated.

The SINDRUM II experiment aims at a final sensitivit
to Bme of a few times10214. For this purpose a dedicated

FIG. 4. Allowed region for g0
V and g1

V , the isoscalar and
isovector coupling constants for vector interaction, as defin
by Eq. (1). The constraints come from the experimental upp
limits on Bme for sulfur 12, titanium 13, and lead (this work).
d
er

muon channel is presently under construction at P
The measurement on titanium mentioned above [13] w
meanwhile continued at the existing beam line. Analys
of these data is in progress.
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