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We show that in the minimal left-right symmetric model with triplet Higgs bosons the range of the
muon neutrino mass for which v, is required by cosmological considerations to be unstable can be probed
by muonium to antimuonium conversion (M — M) and/or by the exotic muon decay u* — e *v,v,. We
point out that if all the leptonic mixing matrices are hierarchical and the Dirac masses of the neutrinos
are equal to the masses of the corresponding charged leptons, there is a lower bound in this range for the
rates of both of these processes. We find |G| 2 7% 10 7°Gr and |G| 2 2% 10 ~*GF for the strength

of the M — M and u*— e * ¥, v, interactions.

PACS numbers: 12.15.Cc, 12.15.Ff, 13.35.+s, 36.10.Dr

Left-right symmetric models [1] are attractive exten-
sions of the standard electroweak model, which provide a
framework for the understanding of parity violation in
the weak interactions. The simplest realization of these
models is based on the gauge group SU(2), xSU(2)x
xU(1)g—, with a discrete left-right symmetry [1,2].
SUQ2); xSU(Q)gxU(1)g—; models employing triplet
Higgs bosons to induce part of the symmetry breaking [2]
also provide a framework for the understanding of the
smallness of the masses of the usual neutrinos.

In this Letter we consider the muon neutrino mass in
the model of Ref. [2], and show that the range of m,, for
which the constraint from the energy density of the
present Universe requires v, to be unstable can be probed
through searches for muonium to antimuonium con-
version (M — M) and/or the exotic muon decay u*
— e*V,v,. We point out that if all the leptonic mixing
matrices are hierarchical (i.e., if their nondiagonal matrix
elements are small relative to the diagonal ones) and the
Dirac masses of the neutrinos are equal to the masses of
the corresponding charged leptons, there is a lower bound
in this range on the rate of both of these processes. The
lower bounds correspond to m,, =270 keV (the present
experimental limit for mvﬂ) and they increase with de-
creasing m,, [3].

The Higgs sector of the model of Ref. [2] consists of
the bidoublet field ¢ (2,2,0) and the triplet fields A,
(3,1,2) and Ag (1,3,2),

[ o) o ] A2
*=lor o2 ALR A —ATN2
The vacuum expectation values of the neutral fields are
denoted as (p{)=x, (99 =x', (Al R)=vL r. (Ar)e=0
breaks SU(2); xSUQ)rxU(1 )g—1 to SU(Z)L xU(1)y
(with Y =2I33+B—L), and {¢)9=0 completes the sym-
metry breaking to U(l)em. The existence of A, is re-
quired by the discrete left-right symmetry.

The Higgs potential allows, for a wide range of param-
eters, the phenomenologically acceptable hierarchical
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pattern vg > K,k > vy, with v, =yx*/vg [2], where 7 is a
ratio of Higgs potential parameters. Note that one has to
have ' < k (or x < k'), since otherwise the mass matrices
for =% and Q=— % quarks would be equal. Since
even an appreciable ' would have no effect on our con-
clusions, we shall set for simplicity ' =0 in the following.

The neutrino mass matrix of the model yields an ex-
pression for the mass matrix of the light neutrinos in
which the masses of the light neutrinos are inversely pro-
portional to vg [2]. We shall work in the basis where the
Ar gr-lepton couplings are diagonal. Assuming, as we
shall do, that in this basis all the leptonic mixing matrices
are hierarchical [4], and that the Dirac masses of the
neutrinos are equal to the masses of the corresponding
charged leptons, this expression takes the form

m/2
2fuvr

where f}; is the coupling constant of the interaction of Ay
with the / family [see Eq. (4)].

The masses and the lifetimes of the neutrinos are con-
strained by the requirement that the energy density of the
neutrinos in the present Universe does not exceed the
upper limit on the present total energy density of the
Universe [5]. This implies that neutrinos of masses be-
tween 35 eV [6] and ~3 GeV [7] have to be unstable.
Our interest here is in the muon neutrino with a mass in
the range excluded for stable neutrinos. Note that Eq.
(2) allows m,, to be in that range. The lifetime z,, of
such a neutrino has to satisfy the bound [8]

7,5 (5.4x10'" sec) [(100 keV)/m, 12 (3)

mV,=2f/1y—:¥— (I=e,u,1), )

The v,’s in the model can decay either radiatively (v,
— VeY, Vu—> VeY¥,...) or into three neutrinos (v,
— VeVeVe) via Z; exchange [9] and A, exchange [10].
The radiative lifetimes do not satisfy (3) for any m,,
[11]; the same is true also for the Z-exchange contribu-
tion to v,— veveV, [9]. The only decay mode which has
a chance to have a sufficiently short lifetime is the AQ-
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mediated v, — v, v, v, decay [12].
The coupling of the A; to the leptons in the mass-
eigenstate basis is given by

= (Vi F'v)A) —(E§Fv  +VSFTE A V2
—(ESf'E))A Y +Hec., (4)

where vIi=(v,,v,v.), ET=(e,u,7), wi=5U—ys5)y
(y=v,E), and f'=UTfU, with f the diagonal matrix of
the A;-lepton couplings, and U defined by E'=UE;, the
primed fields denote the gauge group eigenstates. The
matrices F and F' in Eq. (4) are F=fK, F'=KTfKT,
where K=U*V and V is the matrix which diagonalizes
the light neutrino mass matrix, so that v'=Vv. Note that
the matrix K is observable.

The Hamiltonian for v,— v,v.V, resulting from (4)
has the form

H=(Go/N2)Vey* (U = ys)veven(1 = ys)v,+Hc.,  (5)

where Go=\/—Fe’2‘Feu/4m0, and my is the mass of the A).
Noting that I, ‘ZGom /1927r3 the bound (3) requires

|Gol Z (1.9 1072 GeV ~)m,*2. (©)

Keeping only terms not higher than first order in non-
diagonal mixing matrix elements, we have F.F,,
=foe(feeKey+ fuuKue). Here we have omitted the term
fé:f;# containing first-order contributions, since it is too
small to play a role in G due to the experimental limit on
the u — 3e branching ratio [13].

Equation (6) implies the upper bound

mo < (9.4x10% GeV'")m (7)

for mg (mo <200 GeV for m,, =270 keV). To obtain (7)
we used [fiool S1.2, |fl <0.16 [14], and |K.ul,|K,el
<2.9x10 7% [15].

The mass of the A? also has a lower bound. This fol-
lows from the experimental value of the invisible width

TZ, of the Z,. If mo< + mgz,, the Z; decays into A?K?
with a rate [,=2I,(1 —4m$/m3, )32 where T, is the
Z,— vv decay width, and we have neglected the small
effect of Z;-Z, mixing. ', has to be included in r'Z,
[16], so that T&,/T,=N,+2(1 —4mg/m3)? where N,
is the number of light neutrino generations. Using the
experimental value I'Z,/T",=2.99 £0.05 [17] and N, =3,
we find mg> 42.9 GeV (90% C.L.). Combining this with
the upper bound (7), we obtain m,, X 35 keV.

We can conclude therefore that in addition to muon
neutrinos of masses m,, < 35 eV, the model of Ref. [2] is
viable also for my, in the range

35keV<sm,, <270keV. (8)

Muonium to antimuonium conversion and uV
— e "V, v, are processes forbidden in the standard model
since they violate the conservation of lepton family num-
bers.

M — M [18] can occur in the model of Ref. [2] at the
tree level via A/t and AZ ™ exchange [19]. The A/ ™
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contribution is described by the Hamiltonian [cf. Eq. (4)]

H=(G /N2 in(1 —ys)egy* (1 —ys)e+H.c. , 9)

where
GM——G++E\/-2‘fe'ef;::/8m-2++ :‘/ifeefu*u/gm-zi-+ .

We note that for m,, in the range (8) the contribution of
(9) cannot be arbitrarily small. This can be seen as fol-
lows. G 4+ is related to G as

G+ =(Go/2) fuuSeeKeut frupKpue) ~'mé/mi s . (10)

For Gg¢ in Eq. (10) we have the lower bound (6) from
cosmology. Also, the ratio m$/m% 4+ for a given myg
[satisfying Eq. (7)] has a lower bound from the experi-
mental value of the neutral current parameter p; (defined
in Ref. [20]). In the model we are considering p,=1
+potpa, Where pg is a correction of the order of xk%/v3
due to Z,-Z, mixing, and p, (which involves mg/mi% )
comes from the A;-loop contribution to the Z, and W,
mass [21]. Lastly, for a given m,, the coupling constant
fuu is also bounded from below. Since the y term in Eq.
(2) can be neglected (see Ref. [14]), we have f,,
=my; 2/2m, v,Lr. Neglecting mixing among the neutral
Higgs fields, the mass of the AY is m§ =Rvj, where R is
a combination of Higgs potential parameters [22]. The
parameter R cannot be smaller than 10 ~3-10 ~% which
is the size of an R induced by radiative corrections. Thus
[er] < (30-100) (#20) max, Where (710) max is the largest mq
allowed by (7).

The contribution of AZ ¥ also has a lower bound, but it
can be smaller than that for the A ¥ contribution, since
the mass of the AZ* is constrained only by the limit on
vg from (7).

The decay u*— e ", v, [23] occurs in the model via
A exchange [24]. The corresponding Hamiltonian is

H=(G2/NDan( —ys)ev,y*U—ys)ve+He., (11
where

G =2G + =V2F o F it [Am% =2f oo fik, /4m % .

For the same reason as G ++, the constant G+ has a
lower bound for m,, in the range (8) [note that m}
=7 (m() +m} )L

We find for m,, in the range (8) (G| 2 710 7°GF
and |G| 2 2% 10~ *Gr. For a given m,, the bounds in-
crease with decreasing vg. The lower bounds on |GMMI
and IG(")| in the ranges 35 keV<mv“<A keV for
several values of A are shown in Table I. As seen, the
lower bounds are the smallest for m, =270 keV, and

TABLE 1. The lower bounds on |Gyl and |G| in the
range 35 keV < my, = AkeV for some values of A.

A 35 100 150 200 270

|Gpiilmin/Gr 4%1073 6x107% 2x107% 1x107% 7x107°
|G | min/GF 2%1072 2x1073 9x10™% 5x10~% 2x10 %
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they increase with decreasing m, . Thus, as the experi-
mental limits on |G,5| and/or |G| become more and
more stringent, the allowed range of m,, becomes in-
creasingly smaller. To obtain these results we used
|Keul =2.9%10 72, and the lower bound in (6) for G.
For lfeely mo, and vrg we took Ifeel =|feelmax=l-2,
mo=(mo)max, and vgr =100(mo)max. Inspection shows
that this choice of the parameters yields the smallest
lower bound. For p; we used the value of the parameter
po (po=0.0996 tg;g?ﬁ) obtained in a three-parameter
(sin%6w,po,m,) fit to electroweak data in the standard
model with an arbitrary Higgs sector [17,25]. This gives
(167°mi/g*)pa <4.7x10* GeVZ (90% C.L.). The
identification of the experimental value of p; with that for
po neglects the small (of the order of x?/v3) contributions
of Z,-Z, mixing and of the Z, to the observables (other
than mz ) used in the fit.

The present experimental limits are |Gpazlexpt
<0.16Gr (90% C.L.) [26] and |G| <0.14Gr (90%
C.L.) [27]. In the model we are considering |G, 3| and
|G| can be as large as these limits [28]. An experi-
ment under way at PSI [29] is expected to lower the
upper limit on |G| to 10 73Gr, and an experiment in
preparation at LAMPF [30] plans to search for u*
—e*V,v, with a sensitivity corresponding to |G|
=10 "2GF.

The lower bounds on |G| and |G| could also be
improved by setting more stringent experimental upper
limits on my,, Koy, fee, and f,,. The LAMPF experiment
will improve simultaneously the limit on K., by a factor
of ~3.5. This will increase the lower bound on |G|
and |G,,(”)| by a factor of ~2. An upper limit on |f,.|
below 0.2 for my in the range defined by Egs. (7) and (8)
would exclude the range (8), since the bound (6) could
not be satisfied for any m,, in (8). The present limit is
| fee| S 1.6 from data on Bhabha scattering [31].

Our lower bounds would not hold under some
scenarios. First, we derived the bounds assuming that all
the leptonic mixing matrices are hierarchical, and have
taken f,,=f,. The full expression for f,, is given by
Sin =UkfuutUsfee+ULfe.. If the nondiagonal ele-
ments of U are large, the corresponding terms in fy,
could be important, and moreover my, would no longer be
given by the simple formula (2). If the nondiagonal ele-
ments are small, f,, could still be smaller than f,, in the
unlikely event that there is a cancellation between f,,, and
the U2,f:. term [32]. To obtain the lower bounds we have
also assumed that the Dirac masses m& of the neutrinos
are equal to the masses of the corresponding charged lep-
tons. If mﬁ < my,, our lower bounds would be reduced by
the (unknown) factor (h,,/h,,)? where h,, and h,, are
the couplings of the muon family to ¢ and @, respectively.
Further, the relation m¢ =Rv# is modified when A}-¢?
mixing is included. The effect of mixing could be large if
the mixing term is large compared to n't,z — mé, where my
and o are the masses of the ¢° and A before mixing.
Assuming for simplicity r19=rins, one would have

mg =Rv — B'xvg, where B is a Higgs potential parame-
ter. This relation can allow for a given mq considerably
larger upper limits on vg than we had before, and there-
fore correspondingly smaller lower bounds on f,, [33].
We do not regard this, however, as a likely scenario. We
note yet that if both x and «' are non-negligible, the mix-
ing term would be small, since then all the associated
Higgs potential parameters would contribute to the pa-
rameter y in Eq. (2) [34]. Finally, in the unlikely event
that due to accidental cancellations the value of the pa-
rameter R is below 10 ™% ie., if R=10"% (k < 1), our
lower bounds would have to be multiplied by ~k.
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