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Mirror-lepton phenomenology in a left-right model with ultralight Dirac neutrinos
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A study of the production and decay of heavy mirror leptons is presented in the framework of a
left-right model that yields ultralight Dirac neutrinos. Qualitative limits on the masses of the light
neutrinos are also presented in terms of bounds on the heavy-mirror-lepton masses.

I. INGREDIENTS OP THE MODEL

In a recent paper' the authors have proposed a mecha-
nism which generates ultralight Dirac neutrinos. Unlike
other mechanisms involving Majorana or Dirac neutri-
nos, no high-energy mass scales ( ~ 10 GeV) are involved.
Instead, symmetry breaking at the electroweak scale is re-
sponsible for the mass generation. The framework of our
calculation is a left-right-symmetric model containing
mirror leptons. ' The discrete symmetry4 required to
prevent the standard and mirror particles from pairing off
and becoming massive can lead to a skewed form of the
mass matrix, which results in some neutrinos acquiring
ultralight masses (&100 eV). The mirror neutrinos, on
the other hand, acquire masses in the 10—200-GeV range.
The purpcee of this paper is to pursue some of the
phenomenology associated with these "nearby" mirror ob-
jects. Other recent related phenomenological studies of
heavy leptons have been made by Gronau, Leung, and
Rosners Maalampi and Mursula, s and Bagger, Dimo-
poulos, Masso, and Reno.

We now summarize the main ingredients of our model.
The weak gauge group is SU(2)L, (g)SU(2)»U(1)»
= Ga. The leptons are placed in doublets of Ga (g)Z as
follows, where Z is the discrete symmetry (cf. Ref. 1):
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The P and 4 fields transform as doublets under both
SU(2)L and SU(2)» and so generate Dirac masses. No
Majorana mass contributions are generated, even when ra-
diative corrections are taken into account. The SU(2)»
symmetry is broken at a scale greater than the electroweak
scale by introducing the two Higgs fields
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with the usual assumption that (X» ) ~& (XL ).
Proper choice of the discrete-symmetry labels can re-

strict the Yukawa Lagrangian to the skewed form

fields 8" and Z' are presumably much more massive
than the observed W and Z. The mirror objects M;, on
the other hand, have the usual left-handed weak interac-
tions but are presumably too heavy to have been observed
so far.

Masses are generated by Higgs multiplets:
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where the ()), /=erg'oq, and k=oz@'o2 terms are all
segregated. [This segregation also avoids flavor-changing
neutral currents (FCNC's) mediated by Higgs bosons. ]
This is illustrated explicitly in Ref. 1 with a discrete Zs
symmetry in the case of two standard and two mirror
families. Mixing terms of the type

X(M ) 'i, I.

in terms of left-handed two-component Weyl spinors.
The L; are the standard left-handed leptons observed in
nature, and the I. are their right-handed counterparts,
which undergo right-handed weak interactions that have
yet to be detected since the corresponding weak gauge

Tr(@t@,.ytk(tI(), (+~+k+1=0 (mod 6)

appearing in the Higgs Lagrangian violate a U(1) symme-
try of the P fields and permit a naturally small ratio of
the vacuum expectation values

(1.6)
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Because of the skewed segregated form of the Yukawa
Lagrangian the neutral-lepton masses can be a factor of
x smaller than the charged-lepton masses and ultralight.
In the next section we explore the mass matrices in some
detail.

II. RESULTS FOR NO FAMILY MIXING

The charged-lepton and neutrino mass matrices have
the following form in the basis {M„L,M', L'j:

0 M
~+o= ~T 0

(2.1a)
+,o

neutral mass eigenvalues of (2.2) are then computed to be

&=+b(1+a /2b )=+b-100 GeV,

A, '=+(asjb)(1 a—/2b )=+aslb —100 eV .
(2.4)

For unpaired standard or mirror families, the neutral
masses are given by s or a, respectively.

The corresponding eigenstates represent pairs of degen-
erate Majorana particles. From these we can construct
massive Dirac particles with masses and eigenstates as fol-
lows:

M=b(1+a /2b )=b:

where
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NJ. Ni.——cosP+v i. sinP=Nr' +(sjb)v r.

Nr'. =Nr". sina+ v i' cosa=(a Ib)Nq'+ v L', ;

p, = (as/b)(1 —a 2/2b2)=as Ib:

vz ——vi, cosP Nq smP=—vr. (sjb)N—L,
v L,

———v L', sina+NL, 'cosa —(a Ib)v L +NP,
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where the mass eigenstates are written in terms of the
weak eigenstates for paired families. For unpaired fami-
lies the inass and weak eigenstates are the same.

The weak doublets in (1.1) can then be reexpressed in
terms of the mass eigenstates according to

B,=g„,&e") .
Each entry ( A,S,B) is a matrix in the family space with A

XN dimensional, B N XN, dimensional, and S
N, XN, dimensional, where N is the number of mirror
families and N, the number of standard families. The
skewed form of Mo is a direct consequence of the discrete
symmetry yielding Eq. (1.4).

In the following we shall restrict our attention to the
simplified situation where no family mixing of the leptons
occurs. Hence A and S are diagonal matrices while B is
diagonal only if N~ =N, ; i.e., the number of mirror and
standard families are equal. We can then reorder the basis
so that the M matrices are block family diagonal. For
each family where the standard and mirror neutrinos are
paired, the neutral mass matrix is

0 0 a b

0 0 0 s
(2.2)a 0 0 0

b s 0 0 0

From Eqs. (2.1), we see the neutrino entries ao and so are
scaled relative to the charged-lepton entries a+ and s+ by
a factor of x in (1.6} which we take to be of order 10
consistent with a radiative origin:

x =ao/a+ ——so/s+ 10 (2.3}

Here a+ and s+ are, respectively, just the mirror and
standard charged-lepton masses, and thus, a+pcs+ o.
The neutral standard-mirror mixing entry bo is expected
to be of the order of the electroweak scale or less in our
model, while ao and so are suppressed by a factor x.
Hence, the expected ordering of terms is assumed to be
s ~&a ~&b, where we have suppressed the subscript zero
here and in the following, when no ambiguity arises. The
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Mz (g'cot8~)(qz+2Q)'~
where from now on we set gL, ——gz ——g, so that the cou-
pling parameters in the left-right-symmetric model are re-
lated to those of the Weinberg-Salam model by

sin8~ ——g'/(g'+ 2g')'~',

g sin8~ ——g'cos' 28' ——e .
As a shorthand notation we have set

(2.9)

for paired famihes. The mirror mixing in the SU(2)L,
doublets is very small, -slb-10 s—10 6, while the
standard-mirror family mixing in the SU(2)~ doublets
though small is larger, -a lb —10 —10 . Note that
the conjugate doublets pair light with heavy fields to first
approximation.

To first order for the charged W's, but only to zeroth
order for the neutral Z's, the physical gauge-boson masses
are determined to be

Mg ~L (co+0 a)' /ga)'~—
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(2.10)
The left-right mixing parameter for the charged W's is
small,

and neglect qq. In the same approximation the mass
eigenstates are given by

W= WL cosy+ Wz siny=WL +(~'/i}z) W

W' = —8'q siny+ WR cosy =—(co'/ilz }WL + Wz,

& 10 (10 ) /(10 ) —10 (2.12)

c~8w[ WI g /(g +g ) WR gg /(g +g
(2.11)

Z'=g /(g'+g')'"[W' (g'/—g)~]

A =sin8w[Wi3+ Wji+(g'/g)&]

well below the experimental limit of 5 X 10 . Higher-
order terms also introduce a mixing between the Z and Z'
of order (co+0)/gz.

By combining Eqs. (2.7) and (2.11) we then obtain the
physical gauge couplings:

(g/v 2)[v'L y„lL +El y„NI. +(~'/rig)(v'gy„ls+ER y„Ns )]W„+ +H*c.

+(g/~2)[vRyplR+ERyyNii ( /9R }(vL,y, lL +EL,ypNi )]WiI,
+ +H c

+ ( g /2 cos8w )[v I.ypv L —lL yell NL, ypNi —+El.yqEL, —2 sin 8w( lyql+—EyqE)]Z~

+(g'/2) tan8w[vL, y&vL, NL, y&—NL, +vzy&vx Nsy„N—i
+(cos28w/sin

8w)(very&v~

1Ry„l~ —NR y„N++—Ezy„E~ ) —( —ly„l +Ey„E)]Z„'

+ e ( ly„l +Ey„E—)A„. (2.13)

The physical 8' exhibits a small right-handed coupling to
the leptons which is down by a factor of —10 as noted
in (2.12). This is well within the present experimental lim-
it' of 10 . The zeroth-order couplings of the Wand Z
are exactly as in the standard SU(2)L, U(1) z model aside
from the extra mirror contributions and admixtures of
mirror leptons that follow from (2.7).

We close this section by presenting mass estimates for
the neutrino and charged-mirror leptons. Again we re-
strict our attention to the no-family-mixing scenario for
simplicity. As input we make use of the present upper
limits" on the neutrino masses

m„&42 eV,

m„&250 keV,

m„&70 MeV,

(2.14a)

as well as restrictions on the heavy-mirror particles

25 &ME &250 GeV,

7 & MN & 250 GeV,
(2.14b)

where the lower limits come from experiments' at the
SI AC and DESY storage rings PEP and PETRA and the
upper limits eliminate the possibility of a strong-
interaction-stren th Yukawa coupling.

With x =10 for all families as proposed in (2.3},con-
sistent with a radiative origin for this ratio, from the mass
eigenvalues in (2.4) we deduce the mass relation

0.05 eV&m„0.5 eV&18 eV,

10 eV & m „=100eV & 3.6 keV,

180 eV & m „=1.8 keV & 64 keV .

(2.16}

The central values emerge if the mirror-lepton masses Mz
and ME are taken equal; these correspond to the sugges-
tions' of Wolfenstein and Rosen that the neutrino masses
may be scaled relative to the corresponding charged-
lepton masses. The lower limits appear when ME ——25
GeV and M~ =250 GeV, and finally the upper limits cor-
respond to Mz ——7 GeV and ME ——250 GeV. However,
these bounds are crude estimates only, since x is not
known. If only two mirror families exist and the third
standard family remains unpaired, we would expect, on
the other hand, m„=1.8 MeV.

Mass relation (2.15) along with (2.14) also results in
lower bounds on the ratio of the mirror leptons:

Mp. /ME & 1.2 X 10

M~ /Msr &2.1X10

M~ /MT & 2.5 X 10

(2.17)

It is clear that these inequalities impose almost no restric-
tions on the mirror leptons, so we shall refer to allowed

which connects the neutrino and neutral-mirror-lepton
mass to the charged standard and mirror-lepton masses.
Applying this relation to all three families, we find the
light neutrinos are bounded by

m~~~ miME 10 mIME (2.15)
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ranges in (2.14b) when investigating the mirror-lepton
phenomenology.

III. PRODUCTION OF MIRROR LEPTONS

A. W ~EX ' and Z ~EZ,N'P '

l. Drell-Fan production of Wand Z

If phase space permits, the mirror leptons can be pro-
duced singly or in pairs through decays of W and Z bo-
sons. The Drell-Yan production process is well docu-
mented theoretically and has been experimentally ob-
served's for the past three years at CERN. We refer the

I

reader to Eichten, Hinchliffe, Lane, and Quigg,
' for ex-

ample, and do not repeat the formulas here.
Single-mirror-lepton production can occur through the

small admixtures in Eq. (2.7), but the decay-rate formula

GMw s ME3 2 2

w(W+~E~v)= 1+
6v 2m b 2Mn

2

x
Mg

& (10 ' —10 ' )0 24 GeV (3 1)

indicates a negligibly small branching ratio. On the other
hand, double-mirror-lepton production, if kinematically
allowed, is not so suppressed:

ME —M~ 4M' ME2 2
'

2 2
' 1/2

1+
Mg 2 2 2 2 2(Mn +ME —Mtt )

GMu ME +MNw(W+~E+N)= 1—
6 2n' 2Mn t

GMz'
w (Zo~NN}= 1 — 1 —4

12 2~
1/2

1 —4
Mz

(Ms —MN )

2M'
' 1/2

2

GMz' MEw(Zo~EE)= (1—4xu+8xn } 1—
12 2' Mz

(3.2)

where xn ——sin en . Graphs of the W- and Z-boson par-
tial decay rates as functions of the heavy-mirror masses
are depicted in Figs. 1 and 2. From these figures it is
clear that, if kinematically allowed, the mirror-lepton
channels are sizable fractions of the light-lepton-channel
decay rate, w(W+~l+vt)=0. 24 GeV and w(Z vv)

0.18 GeV.

d0'

dt

(u ME )(u ——M~ )

12sin Htr s (s —Mn )t+Mn, 21'n, 2 (3.3)

~NN, EE. The differential cross section for the former
is given by

2. Drell Fan produ-ction of virtual W's and Z's

If the heavy leptons are too massive to be counted as
real decay channels of the W and Z, their production can
still occur through virtual W and Z contributions to the
Drell-Yan process: ud~W+~„~~EN and qq~Z„;„

I I I

i
I I I

I

I I I
t

I I I

This can be integrated over the quark-parton distribution
functions to yield the total Drell-Yan cross section. Un-
fortunately, the production cross section via this mecha-
nism falls off rapidly above the Z mass, and heavy-lepton
pair production in this region is best explored in e+e
annihilation at the future CERN LEP collider.

IK . 15

+

1

. 15

20 40
MN (GeV)

60 HO

FIG. 1. Decay rate for 8'~EX as a function of the mass of
the N mirror lepton for various choices of the E mirror-lepton
mass. From top to bottom the three curves correspond to
ME ——25, 40, and 60 GeV.

0
0 10 20 30

M„(Gev)
40

FIG. 2. Decay rate for Z into two mirror leptons. The solid
(dashed) curve represents the NF {EE) channel.
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B. 8"~EV,NTand Z'~NF, EZ

Drell-Yan production of the SU(2)z gauge bosons 8"
and Z' wi11 yield one or two mirror leptons upon decay as
seen from Eqs. (2.7) and (2.13). No suppression factors
need enter in the decay amplitudes; ho~ever, the present
lower limits' on the masses of these SU(2)z bosons are of
the order of 5 TeV, so direct production cannot be
achieved until the proposed Superconducting Super Col-
lider is in operation. At center-of-mass energies accessible
to the Fermilab Tevatron Collider, the virtual W' and Z'
are too far off mass shell to yield measurable cross sec-
tions. We do not pursue this matter further here. It is
clear that the tnodel will stand or fall by the production
processes discussed in Sec. III A.
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IV. MIRROR-LEPTON DECAYS

Once the mirror leptons are produced, the heavier ones
can decay into the lighter ones rapidly without suppres-
sion via the SU(2}z weak-boson channels. The lightest
mirror, on the other hand, will be much longer lived and
decays either through the virtual SU(2)q bosons or
through the SU(2)L bosons, where the very small admix-
ture of standard and mirror leptons can play a role. As
indicated in Sec. II, the present constraints on the mirror
spectrum are rather loose. For this reason, we consider
both cases: M~ & Ma and ME & M~.

The decay rate for the heavier mirror into the lighter
mirror lepton is given by

62
w (M ) ~M2l v( }= M )M2

FIG. 3. Lifetime of a heavy mirror lepton M~ decaying into
a lighter mirror lepton M2 as a function of the M2 mass. From
top to bottom the three curves correspond to an M~ mass of 25,
40, and 60 GeV.

4 for different masses of the W' boson. A similar situa-
tion exists if E is the lightest mirror lepton. The dom-
inant decay is then E~vqq ' with the analog of the decay
rate (4.2) dominating that of (4.3) again by several orders
of magnitude. Although the suppression factor in Eq.
(4.2}, for example, is very great, the lightest mirror lepton
is not highly stable but is expected to decay with a typical
weak-interaction lifetime. This makes the light-mirror
decay especially accessible to experimental study.

V. LEPTON MIXING AND FCNC DECAYS

where

X [(2 sec 8—5 sec8) tan8

+3 ln
~
M„/ME

~ ],

M1 —Mg M) +My

(4.1)

For a general model of the type we consider here there
is the possibility of mixing between lepton families in the
mass matrix. For left-handed neutrinos, mixing between
light and heavy neutrinos continues to be suppressed by a
factor s/b —10, so that the mixing of the light neutri-
nos among themselves is unitary to a good approximation.

for the purely leptonic channels. The results are graphed
in Fig. 3 for different combinations of mirror-lepton
masses. The decay rate for M~ —+Mqqq is three times
larger due to the color factor, if light quarks are emitted.

If N is the lightest mirror lepton, its dominant decay
occurs semileptonically through a virtual 8" boson with
rate given by

10

10

10
-8

10

m(N lqq')= M~ (Mg /Mg )
36

192m
(4.2)

10

10

Although a severe suppression arises through the present
upper bound' M~/M~ &0.02, the only competing de-

cay mode arises through the tiny admixture of standard
and mirror leptons in the left-handed doublets of (2.7).
The corresponding decay rate is given by

w (N~lqq ') = M~ (s/b) (4.3)
192m

The results for the (4.2) decay mode are presented in Fig.

p 10

I I I I I

40
M„

60
(Gev}

BO 100

FIG. 4. Lifetime of the lightest mirror lepton decaying ac-
cording to Eq. (4.2) as a function of its mass. From top to bot-
tom the four curves correspond to a fV' mass of 50, 25, 10, and
5 TeV.
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Thus, the usual Z coupling is essentially flavor conserving
and obeys universality. This unitarity also ensures that
left-handed charged-current radiative contributions to
neutral-current processes like prey are suppressed by
the usual 61ashow-Iliopoulos-Maiani-type &mechanism.

For right-handed neutrinos the mixing of the light neu-
trinos is unitary only up to corrections of order
a/b —10 ', but the resulting departure from universali-
ty of the Z' coupling is insignificant due to the large mass
of the Z'. Also the right-handed charged current con-
nects light charged leptons to heavy rather than light neu-
tral fermions. This allows the possibility of single or pair
production of heavy neutral leptons in an ep or e+e col-
lision, though this again will be suppressed by the large
mass of the W'. Furthermore, it implies that the right-
handed contribution to, e.g., prey is proportional to
(Mivi/Mn"i)i, where Miv is the mass of a heavy neutral,
with no a/b suppression. Nevertheless, this suppression
is still sufficient to avoid contradicting the current experi-
mental limit' on the branching ratio of 1.7)& 10

There are also potential flavor-changing effects in
charged-current processes. These are scaled by the lepton-
ic equivalent of the Cabibbo or Kobayashi-Maskawa mix-
ing angles, which by analogy we can assume to be small.
For example, in the case of mixing between the first two
lepton families, we find explicitly that the mixing of the
left-handed v, and v„ is of order s'/ttt„, where s' is the
element of the mass matrix that gives the mixing of the
e and p, and we have made use of the fact that
m„»m, . The lepton-number violation can thus be safe-

ly small if s' is small in spite of the unusual mixing with
the mirror neutrinos. As indicated above, right-handed
charged-current neutrino scattering would involve the
creation of a heavy particle and is suppressed for this
reason as well as by the mass of W'.

Flavor-changing effects due to Higgs particles can be
more significant. However, by including two Xx fields,
we can arrange to obtain just two light physical Higgs
particles with masses on the order of the SU(2)L -breaking
scale. The rest have masses on the order of the scale Ait
of SU(2)a symmetry breaking, and their interactions, fla-
vor changing and otherwise, are suppressed. The two
light Higgs bosons include one associated with the
development of the SU(2)L, -breaking vacuum expectation
value, which always has flavor-diagonal couplings to fer-
mions, while the other couples to fermions only like —100
GeV/Aa, and again its effects would not have btxn seen.

ACKNO%'LEDGMENTS

The research of one of us (C.H.A. ) was supported in
part by Grant No. PHY-8304880 from the National Sci-
ence Foundation and a Presidential Research Professor
Award from Northern Illinois University. Fermilab is
operated by Universities Research Association under con-
tract with the United States Department of Energy. The
work of J.O. was supported by the U.S. Department of
Energy, Division of High Energy Physics, Contract No.
W-31-109-ENG-38.

'Permanent address.
'J. Oliensis and C. H. Albright, Phys. Lett. 160$, 121 (1985).
2M. Gell-Mann, P, Ramond, and R. Slansky, in Supergravity,

edited by P. Van Nieuwenhuizen and D. Freedman (North-
Holland, Amsterdam, 1979); T. Yanagida, in Proceedtttgs of
the Workshop on the Baryon Number of the Universe and Uni
fied Theoit'es, Tsukuba, Japan, I979, edited by O. Sawada and
A. Sugamoto (KEK, Tokyo, 1979); M. Roncadelh and D.
tyler, Phys. Lett. 1338, 325 (1983);P. Roy and O. Shanker,
Phys. Rev. Lett. $2, 713 (1984); Phys. Rev. D 30, 1949 {1984);
A. S. Joshipura, P. Roy, O. Shanker, and U. Sarkar, Phys.
Lett. 1508, 270 (1985); O. Shanker, Nucl. Phys. $250, 351
(1985).

J. Maalampi and K. Enqvist, Phys. Lett. 97$, 217 (1980).
~G. Senjanovic, F. %ilczek, and A. Zee, Phys. Lett. 141$, 389

(1984).
5M. Gronau, C. N. Leung, and J. L. Rosner, Phys. Rev. D 29,

2539 {1984).
6J. Maalampi and K. Mursula, Phys. Lett. 1578, 199 (198S).
7J. Bagger, S. Dimopoulos, E. Masso, and M. H. Reno, Phys.

Rev. Lett. 54, 2199 (1985).
Oscillation experiments are only consistent with little family

mixing if the hght neutrino mass differences are greater than

0.1 eV; cf. H. Blumer and K. Kleinknecht, Phys. Lett. 161$,
407 (1985).

L. %'olfenstein, Phys. Rev. D 29, 2130 (1984).
ioD. P. Stoker et a/. , Phys. Rev. Lett. 54, 1887 (1985).
i iK. E. Bergkvist, in Proceedings of the I985 International Sym

posium on Lepton and Photon Interactions at High Energies,
Eyoto (Research Institute for Fundamental Physics, Kyoto
University, Kyoto, 1985).

2D. Errede et al. , Phys. Lett. 149$, 519 (1984); M. L. Perl
et a/. , Phys. Rev. D 32, 2859 (1985); Mark J Collaboration,
B.Adeva et a/. , Phys. Lett. 152$, 439 (1985).

~3L. %olfenstein, in I'/avor Mixing in 8'eak Interactions,
proceedings of the Europhysics Topical Conference, Erice,
Italy, 1984, edited by L. L. Chau (Plenum, New York, 1984);
S. P. Rosen, Wys. Rev. D 31, 208 (1985).

~4UA1 Collaboration, G. Arnison et a/. , Phys. Lett. 126$, 398
(1983); 147$, 241 {1984); UA2 Collaboration, P. Bagnaia
et a/. , Phys. Lett. 129$, 130 (1983);Z. Phys. C 24, 1 (1984).

i5E. Eichten, 1. Hinchliffe, K. Lane, and C. Qnigg, Rev. Mod.
Phys. 56, 579 (1984).

6G. Beall, M. Bander, and A. Soni, Phys. Rev. Lett. 48, 848
(1982).

~Particle Data Group, Rev. Mod. Phys. 56, S1 (1984).


