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ABSTRACT

have searched for spontaneous conversion of muonium (M) to

adum (M) by a method involving detection of high=Z muonic X rays.

A

ber » of M atoms with keV energies, produced by electron pickup by ut from a
foil, travels in vacuum and in a magnetic field-free enviroanment to a

high-Z target.

muonic X ravs of the target material and a triple coincidence that also
required deteztion of secondary electrons ejected when M strikes the
Pcrtial analysis of our 8 x 10° triggers indicates upper limits on
the effective M +M four-fermion coupling constant of Gy < 30 Gp (907
C.L.) and Guyy < 8 Gp (9CZ% C.L.), respectively, from the two

signatures. Thig begins to probe predictions of the left-right syometri:
theory with a doubly-charged Higgs triplet.

targe:.

The event signatures used were a double coincidence of two



I. [INTROD"CTION

The possibility of the spontaneous conversion of the nmuonium atom (M
or yte”) to its antiatom, antimuonium (¥ or y~e*), was first suggested by
Pontecorvo {a 1957.1 In analogy to the (Ko. Eﬁ) system, in which two
different neutral Jegenerate particles (particle and antiparcicle) are
coupled by the weak interaction and hence become mixed, Pontecorvo remarked
that the composite atom M should be mixed slightly with M due to a
second-order weak coupling (u+e'+v3¥u'e+)-tw6 different neutrinos, v, and
v, were not krown at that time-and furthermore might perhaps be coupled
by a direct interaction.

In the past 30 years there have been a number of theoretical
discussions and speculations about tha M—M conversion. These include the
suggestion of the existence of primitive leptons and of au assoclated
multiplicative law of muon number conservation, which would allow the M—¥

2,3 3nd the observation of the close relationship of the M=

convarsion,
conversion to neutrinoless double bata decay and hence the possible
cccurrence of this conversion due to a massive Majorana neutrino or due to
a doubly charged Higgs trtple:.“ both processas baing allowad by the

left=right symmetric thecry of the electroweak Lnternccion.s

Usually a
Yamiltonian term for a& 4-Farmion interaction of the V-A type Js chosen to

reprssant the M—Y conversion:
\1:'1 =\
He = AN YT v, 4 hec, (1)

in which G {s a coupling constant characterizing the strength of tha
{nteraction. The left-right symmetric theory with a att iggs

pacrticle (Fig. 1) predicts the value G“ﬁ < 10 GF, in wvhich G, ls the Farmi

F
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coupling constant.

Beginning in 1968 several axperinents® have established upper lizits
on G_-, with the best presently quoted limit heing GHﬁ <€ 20 GF (903 C.L.).
Except for one experiment In which the reaction e +e™+u"+y~ was looked for
with two colliding e~ beams of 525 MeV per beam, all the experinents
reported to date have sought as the signal of the M—M conversion the
muonic X rays which would be produced following the collision of M with a
target atom.

The present paper reports a more sensitive experiment of this latter
type and gives the preliminary rasults based on the data analysis to date.’

Finally, a discussion of a possible more sensitive experimant to search for

the M—M conversion using the recently discovered thermal muonium is given.

II. THE (M,M) SYSTEM AND PRINCIPLE OF THE EXPERIMENT

In the absence of external electromagnetic f{elds, M and M have the
same ground state energy levels as determined trom a Hamiltonian){o
including the electromagnetic intevaction. The postulated weak interaction
>{M§ of Eq. (1) will have diagonal matrix elements in the (F,Mp)

representation coupling if and M:

[2]
[}

G M) Mg [ 4P 4> 0 3= 1.0 x 1072 Hgy, (2)

[
3

in which F'MF are quantua numbers for total angular momentum and its
z-component, respectively. The eigenstates of the (H.i) system with the
tocal HamiltontanHy +Nz will then be (|M > & | >)//2.

If M ils formed at time t = 0, then in vacuum and in the absence of
an external electromagnetic field, a component of ¥ will develop with time
3o that the state wave function will be

[o(e)> = aced)IM > + b(o) M >, )
-3 =



where a(0) = 1l and b(9Q) = O0. First-order perturbation theory Sor

Jegenerate states glves:

b(t) = T 4 (la)
2

Ib(e)|2 = —— ¢2 (3b)
!‘62

In the presence of an external nagnetic field H, a Zeeman energy term
)(2 nust be added to){B and the resulting Breit-Rabl energy level diagrams
for M and M ave shown in Fig. 2. The degeneracy of M and M states with the
same (F, HF) values, present ulth:Kb alone, is now removed, and hence the
development with time of the M component in ¢ 1is reduced.® This reductfon
in b(t) due to H is much more pronounced for states L and 2 than for states
3 and 4. Indeed, for H < 10 mG (H < 500 G), |b(t)|? 1s reduced for staces
1 and 2 (3 and 4) by less than 107 of its value for H = 0.

The principle of our experiment involves the formation of M at time
t = C through an aelectron capture by u¥ from a foil. The resulting beam of
M atoms travels in vacuum and in a magnetic field-free reglon until it
strikes a high-Z target. During the flight time to the target, an M
component of the wave function will davelop if)<xﬁ exists. Upon striking
the target, a muonic atom 2y~ will be formed with a probabilicy
proportional to Ib(c)lz- The resulting cascade of muonic atom
charactaristic X rays is taken as tha signal of an M—M coaversion. 1In
addition, & count in proper time sequence iy required from a datactor

{ndicating Lhat tha (M,M) system has struck tha target.

TII. EXPERIMENTAL ARRANCEMENT AND DATA

The experinent was performed at tha Los Alamos Meson Physics Faclility
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(LAMPF), and a schematic diagram of the apparatus {s shown 11 Fig. 3.

A separated subsurface u+ beam9 with momentun P, = 12 "eV/c and fntensicy
3 % 19° u*/sec (average) from the stopped nuon channel (SMC) was incident
on a 20 um plastic scintillator followed by a thin (0.75 um) Al foil, where
M {5 formed with kinetic energies principally between 1 and 20 keV.
Foliowing a reglon with a transverse H of 1.5 kG to sweep out pt, the M
beam travels a distance of 280 cm, with 206 cm magnetically shielded to

H ¢ 20 oG, and are stopped on a 1 um thick Bi target, which was evaporated
onto a 2 mil aluminized mylar backing and coated with 75A of MgO. The M
detector 1s based on emission of secondary electruns from the Bi target
which are then focused and accelerated onto a microchannel plate detector.
The K, and LCI X rays from Biy~ are detected with the LAMPF Nal(T2) crystal
box detecturlo (Fig. 4), modified to extend its low energy threshold to
below 2 MeV. The M event signature was defined as a triple coincidence of
a oipy” La X ray, Biy~ Kq X ray, and a count in the M detector (Fig. 5).
Exten:sive neutron shielding with {iron, concrete, and borated polyethylene
was enployed to reduce the background counts in the cri'stal bex detector
arising from neutron capture y rays.

Studies were made with a 16 MeV/e y~ beam incvident on a Bi target to
observe the spectra of Biy~ X rays with the crystal box detector and to
measuve its detection efficiency. Figures 6(a) and 6(b) show the spectra
observed for the upper and lower energy y rays observed ang exhibit clearly
the Ka and Lm Biu~ X rays. The detectiou efficiency for these two
colncldent X rays is about 4%. A two-dimensional display of the energy
spectrum is shown {n Fig. 7.

Extensive background studlies were made with the crystal box detectot
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during the Jdevelopment of the experiment and during data-taking under
various condizions of accelerator off, accelerator on, u* beam on, and
sweeplag magnet on. The nsual oprrational trigger requirement on the
crystal box detector Is that there be two colncldent photons (At = # 30 ns)
in nonad jacent rows of crystals, each with energy above 2 YeV, and a total
energy ¢ 20 eV ian the detector. A background trigger rate of about 12 per
sec (avarage) was observed, with the most relevant condition of accelerator
on, muon channel open, but u+ beam detuned for low transmission. The
majority of this background is believed to be due to correlated y rays
originating from n capture.

The detection efficiency of the muonium detector and its nolse
background were also studied. The secondary electron coefflcient y (numder
of secondary electrons per incldent H+) was meagured for H' in the kinetic
energy range from 2 to 50 keV incident on different materials in an
auxilliary experiment at Oak Ridge National Laboratory. For Bi with a 404
coating of MgO, y was greater than 5 in the relevant energy range above
15 keV. Studies of the collection efficiency of our actual detector
(Fig. 5), using secondary electrons from a U a source, indicated that the
detection efficlency for M would be about 50%. Subsequent analysis of data
from our experiment gave the value (46 %z 1)Z. The time delay between M
striking the target and a signal from the microchannel plate is from 40 to
90 ns due to the secondary electron transit times. This time delay is
irvolved in the triple colacidence signal from M +¥ convercion and hence s
izmportant. It has been de:eramined from s Monte Carlo calculation. The
background noise rate {n the !} counter is about 1 kHz due principally to
therzionic ealssion from the large area target (cathode).

-~6 -



The basic data-taking mode to search for the M ~M conversion
utilizedthe trigger condicion on the crystal hox detector mentioned above
and recorded time and pulse amplitude from each NaI(Ti) crvstal in the
detactor for subsequent off-line analysis. The time and amplitude of the
microchannel plate pulse of the M detector, which was not incorporated in
the trigger, was recorded in a * 250 ns range about each trigger. Data were
taken with Bi, BL + g0, and U targets—about 42%, 42%,and l6%,
respectively. About 8 x 108 triggers were obrained in 180 hours of

data-taking.

IV. PRELIMINARY DATA ANALYSIS AND RESULTS

For orientation on the data analysis it is usaful to estimate tha
signal rate to ba expected if GMﬁ = GF' vhich is done in Table I.

Data from the crystal box detector, without the M detector, wera
analyzed first. The raw data from the crystal box for each trigger were
first processed to incorporate the energy and time calibration information.A
candidate signal event required an X ray at the Ka energy of Biy~ of
6.0 MeV * 107 and a second X ray at the L, energy of 2.6 aV * 102 in
. colncidence within tha detector resolving time of 5 ns. Furthermore, to
reduce the possibility that the two X rays originate from a single higher
energy particle, we require that the angle between the two X rays be greater
than 57°. A partial background subtraction was made of events associated
with the spactrum ohtained with tha plug in the muon beam line. Scaling the
result of analysis of a small fraction of the data, we estimate 235

candidate siznal events corrasponding to a signal rate of 580 pHz. With a

90% C.L. this corresponds to Gqﬁ < 30 GF from this preliminary znalysis.
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when we 1dd the additional requirenment thit a count be present fronm
the M counter in proper d:=layed coincidence, the scatter plot of f; and 7,
energieas is shown in Fiz. 8. Prelininary analysis gives 8 candidate events
corraesponding to a signal rate of 20 uHz and to the limit GHﬁ {8 GF (907
(C.L.). The candidate events are belleved to be due to background
processes.

The final analysis based on a maximuu likelihood calculation will soon
be completad and publighed.

With the recent discovery of the abundant formation of thermal
muonium,11 a much more sensitive experiment to search for the M +M
conversion can be designed. The principal advan-ages provided by a thermal
muonium source from SiO; are the increased number of M atoms formed and
their localization in a relatively small spatial region so they can be
observed throughout their lifetime by a large acceptance detector. It
would seem that the preferred method would be to look for a fast e from a
region with M atoms, indicating the M +M conversion. A magnetic
spectrometer with MWPC detector planes might be located downstream of the
region where ¥ is formed, or, alternatively, M might be formed within a
magnetic spectrometer with a cylindrical geometry. Eastimates indicate that

a sensitivity at the lavel of GMH a 10~2 GF might ba achieved.
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Table TI. Estimated Sifnal Rate for G!i = GP'

(The signal rate 1s proportional to Giﬁ)

Quantity Value

+ - ,
Intensity, Iu' of ut beam (pu 10 MeV/ce) 3 x 105 s-! (aver)

(IP = 800 uA, average)

Number of M formed per sec at foil 1.2 x 10% s=} (aver)
(M/ut = 0.04)

Number of Hastopped at target 10 s-! (aver)
(dq = 1077)

M probability/atom* 2 x 1078
Tblz of Eq. (3b)

Yield of two X rays 0.8

Detection efficiency for two X rays 0.04

Total signal rate 6 x 1077 g~} (aver)

(with crystal box detector alone)

Total signal rate 3x 1077 s7! (aver)
(with M detector also)

*This value incorporates an estlimate of the reduction in [bl2 due to the
magnetic field.
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FIGURE CAPTIONS

M—M conversion via exchange of doubly charged Higgs bosons

At s,

Areit-Rab%i energy level diagrams of M, { ground-states with
hyperfine structure {nterval a.

Schematic diagram of apparatus used to search for M—e¥
conversion.

The LAMPF crystal box detector.

Muonium detactor. When the (M,ﬁ) system strikes the target,
secondary electrons are liberated and electrostatically collected
onto the microchannel plate for detaction.

Measured spectra of (a) Biy~ K; X ray, and (b) Biy~ Ly X

ray. Spectrum (a) is the plot of the highest energy y ray for
the coincidence trigger requirement, and the lower energy peak at
the Ly, X ray energy occurs becsuse the K, X ray can be

missed.

Scatter plot of X;, Ly X rays of Biy~.

Scatter plot of (M,M) data yv;, Yz with tripla coincidence
requirement.
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