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Improved Limit on the Branching Ratio of 4 — e Conversion on Lead
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The SINDRUM II spectrometer at Paul Scherrer Institute is used in a search for coherent
conversion in muonic atoms. We report on a measurement on lead, which resultdg. ifPb —
e PB*)/T(u Pb capturg < 4.6 X 107" (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

Lepton flavor seems to be conserved in all particle in-B,,. in the region around lead, assuming vector interaction
teractions. Despite intensive efforts searches for processesth typical, model-dependent values/@or 3) for the
like u* — ey, KY — pe, or Z° — w7 resulted in up- ratio of the coupling constants, /gV. Presently, the best
per limits only. Lepton-flavor conservation (LFC) holds constraints orz? andg! come from the limits (90% C.L.)
absolutely in the standard model as a consequence of van-

S —11
ishing neutrino masses. LFC, however, is not forced by Ble <7 X10 (Ref.[12]),
a known gauge symmetry and in many generalizations of BT <43 x 1072 (Ref.[13]),
the standard model violations may be expected [1-3]. # b 2
Neutrinolessu — ¢ conversionu ™ (4,Z) — ¢~ (A, Z), <46 X 10 (Ref.[14]),
in muonic atoms with mass numbdrand atomic num- Bit; <49 x 1079 (Ref.[14]).

ber Z offers one of the most sensitive tests of LFC [4-8].
Muonic atoms decay by either muon decay in orbit or The signature of coherept — e conversion is an elec-
nuclear muon capture. The capture probabifity,. in-  tron emitted at the kinematical end point for bound muon
creases ag does and reaches a value of 0.97 for leaddecay, at 95.0 MeV for lead. Muonic atoms induce back-
which corresponds to a lifetime of 75 ns [9]. It has beenground not only through bound muon decay, but through
estimated [10] that — e conversion would leave the nu- radiative muon capture followed by asymmetrice ~ pair
cleus in its ground state with a probability of more thancreation as well. Conversion events can be resolved from
80%. Only thiscoherentfraction can be measured with- these intrinsic backgrounds f@r,, values down ta0~'*
out background from bound muon decay. if an instrumental resolution better than 2 MeV (FWHM)

Following Shanker [11] the branching ra#,.(A,Z) =  can be achieved [15]. Other potential sources of back-
[,e(A, Z)/Teapi(A, Z) for coherenty — e conversion is ground originate from prompt beam-induced processes
written as the sum of an isoscalar=€ 0) and an isovector such as muon decay in flight, radiative pion capture, and
(i = 1) contribution: electron scattering, and from cosmic rays.

2 The measurement was done at th&l beam line at
0 . Z—N\Tvs(A2Z) o i .
B,.(A,Z) = <gv’s + 8gvs n > oAZ)’ (1) PSI. Detailed information can be found in [16]. The
captifh SINDRUM Il spectrometer consists of a set of concentric

where V and S denote vector and scalar interactions,cylindrical detectors (Fig. 1 inside a superconducting
respectively, andN = A — Z. The reduced widths solenoid. The muons enter the setup axially and traverse
I'v(A,Z) andI's(A, Z) have been calculated from muon a CH, moderator and a plastic beam counteB®f g/cn?
and electron wave functions and nucleon densities averall thickness before reaching the target at the center.
suming G as a coupling constant and are tabulated inThe lead target consists of 16 rectangular foflgm X
Ref. [11]. Recent calculations [10] predict a maximum for15 cm X 125 um each, arranged radially with the 8 cm
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T was found to be23.3 = 0.4)%, which includes the losses
150 cm by bremsstrahlung in the target.

To avoid background of scattered beam electrons, the
muon channel was tuned to a momentum ban®(ft
2 MeV/c, safely below the momentum of interest. The
fraction of muons stopping in the target was$ (= 5)%,
as determined with the help of an additional beam counter
positioned behind the target. Thanks to their shorter mean
range the corresponding value for pions was only about
0.2%, which resulted in a pion contamination of order
1077 in the target stops.

The trigger for data readout was based on the hit
pattern from the outer hodoscope and DC1 as expected for
67 cm ] helical trajectories crossing the target and the DC1 sense
veto counter  Wire plane. In addition, signals in the inner hodoscope

y Pb target and aCerenkov hodoscope were required. The trigger
X \T/,Z beam counter efficiency foru — e events was found to b&@ = 1)%,
" noderator which includes detector efficiencies and deadtime in the
fmuon beam . trigger_ logic and the Qata-acquisition system.
/. outer drift chamber DC2 During the measuring period of 10 days with an aver-
inner drift chamber DC1 age beamrate df0 X 107 p~ /S, Nyop = (2.1 = 0.4) X
FIG. 1. Cutaway view of the SINDRUM Il detection system. 10'> muons stopped in the target, resulting in a raw data set
The spectrometer magnet is not shown. of 8 X 10° events. The detector response was studied by

stoppingz* in a low-mass foam target and by measuring

the trajectories of the 69.8 MeV positrons from the decay
sides welded to 425 um thick front cap and 800 um 7" — e*»,. The magnetic field of the spectrometer was
thick end cap; the total mass is 415 g. reversed and scaled in order to approximate the trajectories

The tracking region has a diameter of 1.3 m and a lengtlof conversion electrons as closely as possible.
of 1.5 m. Starting from the target decay particles traverse In the off-line event analysis helical trajectories were
(i) at a radial distance of = 13.0 cm an inner plastic searched and the momentum was fitted to the first two
scintillator hodoscope with 32 strips of 3 mm thicknessDC1 track elements. The reconstruction efficiency for
and 80 cm length, (i) at = 34.9 cm an outer plastic events originating from the target region was ¢ 3)%,
scintillator hodoscope with 64 strips of 5 mm thicknessmainly determined by the cathode efficiency of DC1. Field
and 150 cm length, (iii) between = 37.6 and 44.5 cm inhomogeneities, energy loss, and multiple scattering along
the radial drift chamber DC1, (iv) between= 44.9 the particle trajectory outside the target were taken into
and 64.8 cm the radial drift chamber DC2, and (v) ataccount. The resulting energy distributionmef — e* v,

r = 28.5 cm, on both ends of the tracking region, two decays yields a resolution of 2.0% (FWHM), compared to
Cerenkov hodoscopes, each with 16 lucite elements af.6% for the simulated events. The predicted resolution
30 mm thickness and 35 cm length. DC1 [17] is filled for conversion electrons is 2.8%. Since this value is domi-
with CO,/iC4H;, (70/30), a slow drift gas with a Lorentz nated by the spread in energy loss in the lead target, the
deflection angle of only 6at 1.2 T. The sense wire plane agreement between measurement and simulation should be
is close to the outer wall, which is covered with cathodemuch better in this case.

strips at 72 relative to the wires. The cathode signals The reconstruction of the data sample with muon beam
give the position of the hits along the sense wires. Theesulted in7 X 10* electron events from the target re-
mean space resolutiowr] for typical events (see below) gion. 89% of them originate from electron scattering. This
is 150 um in thex-y plane and 1.3 mm in thedirection;  process is characterized by a narrow peak in the distribu-
see Fig. 1 for the definition of the coordinate system. DC2ion of the time delayAr between the spectrometer track
is filled with He/iC4H,o (88/12) with a radiation length of and the preceding beam counter signal. The offsetof
1140 m. Thex-y resolution is 1 mm. was chosen such that this peak is centerefizat 0 ns;

At the field strength of 1.2 T charged particles leavingmuon decay in flight and radiative pion capture then peak
the target with transverse momenta below 100 Me¥re atA: = 7 ns. By requiringAz > 10 ns more than 99%
contained radially inside the tracking region. The particlesof the prompt electron and muon induced background and
of interest cross the drift region of DC1 at least twiceabout 70% of the pion induced background was removed
before reaching one of the tw@Gerenkov hodoscopes. atthe costof aX2.6 = 1.0)% loss of muonic-atom decays.
The spectrometer response fpr— e conversion was Events induced by cosmic rays can be recognized by ad-
obtained by simulation [18]. The geometric acceptancalitional spectrometer signals. This background could be
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reduced to a negligible level at the cost oPa8(+ 3.5)%  the remainder of the text we quote the results for an energy
loss of events of interest. threshold of 84 MeV. For this value the overall probabil-
The resulting sample was interpreted within the frameity for a w — e conversion event to enter the final sample,
work of the extended likelihood method [19], which given by the spectrometer acceptance and the various de-
took into account (i) cohereni — e conversion fe),  tector and selection efficiencies, wag = (5.9 + 0.4)%.
(i) muon decay in orbit »), (iii) scattering of beam The likelihood analysis gives for each event the proba-
electrons not recognized by the beam countef)( and  bilities P; (i = ue, uv,ee’,wy) to be of event type
(iv) radiative pion capturesfy) followed by e*e™ pair i. Table | lists the characteristic observables and the
creation in the target where the positron escaped detectioresulting P; values for the four mairn — e candidates
For wv the theoretical energy distribution from Ref. [20] in the energy range between 88 and 95 MeV. According
was assumed; the simulation afy was based on the to the analysis it is most likely that three events are caused
photon spectrum of Ref. [21]. by radiative pion capture and one by electron scattering.
The analysis was carried out in the five-dimensionalNo evidence foru — e conversion was found in this
distribution of total energyE., delay Az introduced measurement.
above,z coordinatez, of the origin of the reconstructed  Figures 3(a)—3(c) show two-dimensional projections of
trajectory relative to the front of the target, phase the extended likelihood functiol (n e, nyy, Reer, Nay),
of the 50 MHz cyclotron-rf signal at decay time, and wheren; denotes the number of events in chanhelln
polar track angled. In the determination of the four Fig. 3(d) the projection of£ on n,, is shown, folded
density distributions the dependencyan zp, ands,s was  with the uncertainties in the assumed density distributions
adjusted to the measured data. as described in Ref. [19]. From this function, and the
In Fig. 2 theE,, distribution of the selected events is three corresponding functions ef,,, n.., andn,,, one
compared with the distributions expected for the four profinds0.7:32 e events,13.673% ur events,11.273% ee’

cesses. The hypotheticale events can be distinguished events, and]_Sf?:g 7y events, which may be compared
from wv events only by their differenk, distribution.  with 12 = 4 ur events predicted by the simulatior, +
The energy distributions oftr and ee’ are quite simi- 3 ¢e’ events found in the peak, and 67y events ob-
lar; the latter process, however, is characterized by agerved in the corresponding positron distribution. The
asymmetricd distribution and8 < ¢y < 12 ns. Thewy upper limit onn,, is nl";gx = 5.1 (90% C.L.). The up-
events, finally, have a flat energy spectrum and steeplger limit on the branching ratio is calculated following
falling Az andz, distributions caused by pions reaching Ref. [22]:
the target with relatively low momenta. i e - 5
The detector acceptance drops by an order of magnitude B < npe [1 + (nge* — Ape)oy /2]
between 95 and 80 MeV, resulting in increased system- e feaptNstop Etot ’
atic uncertainties. For this reason the likelihood analysis N ] ]
was limited to the upper part of the energy distribution. AWhere the capture probabilitgi..,. has been discussed in
variation of the energy threshold between 80 and 86 Me\ih€ introduction,ii,, = 0.7 is the value ofn,, where

gave results foB . which were stable to withit2%. In £ reaches its maximum, and, = 0.21 is the relative
uncertainty inVsop €10t The result for the branching ratio

of u — e conversion on lead is

®3)

g0’ o measurement BT <46 1071 (90% C.L), (4)

g — pred.icted bgckground _ . . o

S0 o e T pe-simulation which improves on the previous upper limit [14] by an

g 3 order of magnitude. Combined with tHg X 10~ '? limit

5 ] for titanium [13] this yields the following 90% C.L. on the

T
] . TABLE I. Values of the five kinematic observables used in
10" e —— l“?] e 6 SR NS W £ the likelihood analysis and probabilities to belong to one of the
75 80 85 90 95 100 105 four event éyges considered in the analysis, for the four main
E,, (MeV) © — e candidates.

E\qo At 20 it 0 pP; (%)
FIG. 2. Energy spectra for electrons from the target. Prom /
beam-correlatggj, e?/ents and cosmic ray backgrou%d have bSLMeV) (ns) (cm) (ns) (deg) pe pv ee’ my
rejected. The measured distribution is compared with predictedg89.9 10.7 9.1 4.0 65 7 26 0 67
distributions formry (A), my + ee’ (B), and7wy + ee’ + uv 90.2 21.1 3.2 132 72 7 14 0O 79
(C), discussed in the text. For the simulation @f— e con- 909 155.8 16.3 11.8 70 32 20 48 0
version B, = 4.9 X 1071 was assumed, which corresponds 93.0 26.9 0.9 15 102 19 0 0 81
to the limit of Ref. [14].
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L 30 25 muon channel is presently under construction at PSI.
W5 () “'20 E 3 (b) The measurement on titanium mentioned above [13] was
20 3 » 3o ; %0 o meanwhile continued at the existing beam line. Analysis
e o 159~ o of these data is in progress.
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