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Higgs bosons and sleptons in an alternative left-right model
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The phenomenological structure of the combined Higgs-boson —slepton sector of the alternative
left-right-supersymmetric model introduced by Ma is explored. Constraints upon and relations be-

tween Higgs-boson and slepton masses are derived and a tightly constrained mass spectrum is

found. In general, one neutral Higgs boson is never heavier than 98 GeV, one neutral Higgs boson
is always nearly degenerate in mass with the extra neutral gauge boson Z2, and the charged Higgs
boson can in principle be as light as 22 GeV. Further constraints require large ratios of Higgs vacu-

um expectation values, strongly favor the 8'& mass above -423 GeV, predict one Higgs-boson
mass to be always very close to 98 GeV, and masses of the other Higgs bosons and the sleptons to be
bounded from above and preferably not much above the Z mass. In addition, the possibility of
detecting light Higgs bosons at CERN LEP and the SLAC Linear Collider is briefly discussed.

I. INTRODUCTION

Despite its great experimental success, the standard
model is generally expected to be part of a more funda-
mental theory. One of its most interesting left-right ex-
tensions is due to Ma' and has been motivated by the
superstring-based E6 theory in which each generation of
matter fields belongs to the 27 representation of E6. Ma
noticed that if the low-energy gauge group to which E6 is
broken is SU, (3)XSUL (2) XSUtt(2) XUr(1) then an al-
ternative assignment of quantum numbers for fermion
fields is possible, which yields different phenomenological
predictions. In the new left-right model, (u, d) is an

SUL(2) quark doublet, while (u', h') forms an SUtt(2)
doublet of color fermions. The new down-type quark h,
present in the 27 of E6, also carries a nonzero lepton
quantum number. Among B =0 states, ordinary leptons
v, and e, along with new L =0 states, both charged E,
and neutral vE, NF', and n, form an SU& (2) doublet
(vF, E), an SUtt(2) doublet (e', n), and a bidoublet
(E', NE, v„e) under both SUL(2) and SUtt(2). A con-
served discrete symmetry can be defined and iden-
tified with the usual supersymmetric R parity,
R =( —1) J+ +, where j, 8, and L denote spin,
baryon, and lepton quantum numbers, respectively. All
the usual quarks and leptons carry positive R parity,
while the exotic fermions are assigned negative R parity,
with opposite assignments given to their bosonic
partners. A new right charged current 8'z couples u' to
h', thus, it must have negative R parity as well as a
nonzero lepton number. For these reasons the 8'z does
not mix with the 8'L and escapes constraints from EL-
K& mixing; thus, it can in principle, be much lighter than
in conventional left-right models. (For recent reviews of
this model, see Refs. 2 and 3.)

Most studies focused mainly on the various proper-
ties of the extra gauge bosons and exotic fermions. The
Higgs sector of the model was outlined by Babu, He, and
Ma. In this paper, I extend their work by exploring the

phenomenological structure of the Higgs potential. Ac-
tually, because in this model both leptonic and nonlep-
tonic states are combined into the same multiplets, the
Higgs potential contains also the slepton part of the full
scalar potential. Therefore, unlike the authors of Ref. 9,
I explicitly distinguish between physical Higgs bosons
and scalar leptons. I demonstrate a tightly constrained
Higgs-boson-slepton mass spectrum and find severe con-
straints on the parameters in the model. I also derive
several mass relations and approximate formulas which
prove useful in understanding the pattern of the mass
spectrum. In general, at least one Higgs boson is predict-
ed to be always within a hundred GeV mass range, with
other scalars (both leptonic and Higgs) possibly also be-
ing light. One neutral Higgs boson is always nearly de-
generate with the Zz. I find that the Higgs self-coupling
A, , defined below, can take values in the very restricted
range between -0.44 and -0.53, and therefore always
remains in the perturbative region. Next, I apply addi-
tional constraints which require large ratios of vacuum
expectation values (VEV's) and show that they practically
exclude W„ lighter than approximately 423 GeV (al-
though somewhat lower values are also in principle possi-
ble), and predict a very definite pattern of the Higgs-
boson and the slepton mass spectra. The mass of one
neutral scalar is always very near 98 GeV; other scalars
can be as light as several GeV and should not be heavier
than several hundred GeV, depending on the mass of the
8'~. Over a significant region of the parameter space,
the sneutrino can be very light. Finally, I comment on
the prospects for searching for a light neutral Higgs bo-
sons in e+e collisions at CERN LEP and the SLAC
Linear Collider (SLC).

The paper has the following structure. In Sec. II, I in-
troduce the Higgs, slepton, and gauge bosons, and ex-
press their masses in terms of conveniently chosen pa-
rameters. I also derive and discuss several mass sum
rules. In Sec. III, I examine various constraints on the
model and explore the highly constrained and inter-
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related Higgs-boson and slepton mass spectra. Section
IV is devoted to analyzing the prospect for an experimen-
tal search of the lightest Higgs-boson states. Conclusions
are summarized in Sec. V.

II. GAUGE-BOSON, HIGGS-BOSON,
AND SI.EPTON MASSES

A. Mass Formulas

The Higgs bosons and sleptons in this model belong to
a bidoublet, two doublets, and a singlet under the gauge
symmetry group G =SUr (2) X SU&(2) XU&(1). More
generally, there are three families of Higgs fields, each be-
longing to the 27 of E6. As usual, we will assume that a
rotation has been made to a basis in which neutral Higgs
bosons of only the third family acquire vacuum expecta-
tion values; hence, the third family notation will be used
from now on.

The SUL(2) doublet transforms as Hr =(2, 1, —1):

H~o vE
(1)

L
HL=

The SU+(2) doublet Hz =(1,2, 1) is specified by

+ '

HR ~c
0

HR

The bidoublet
+ 0

(2)

(3)

transforms under the gauge group SUr(2)XSU~(2)
XUr(1) as 4=(2, 2, 0); i.e., it consists of two left dou-
blets (E ', N z ) and (V„r) as well as two right doublets
(E',v, ) and (Nz, E). The lepton fields, 7., r', and v„
have negative R-parity assignments, with positive R pari-
ty assigned to the Higgs-boson states. There exists also a
Higgs singlet (with respect to the whole low-energy gauge
group G) which in the simplest scenario considered here
does not couple to the other Higgs bosons and will be of
no interest to us. It will thus be neglected in further
analysis.

In order to avoid breaking R parity and lepton num-
ber, the real components of only neutral Higgs fields are

allowed to acquire nonzero vacuum expectation values

(P'„)=u, (Hro)=ur, (HR)=u„, (4)

where gr z are the SUr z(2) gauge couplings. Since Wz
does not have to be much heavier than WL, it is reason-
able to assume that gL =gR. These couplings are related
to the electric charge e =&4n a = v'4m. /128 via

gr =grt =e/&x where x—:sin 8~=0.23. The Ur(1)
gauge coupling constant g' is given by g'=e/v'1 —2x.
In the neutral gauge sector, aside from the photon, there
are two massive neutral gauge bosons Z, and Z2 with

mzo (mzo, both of positive R parity. They acquire mass
1 2

from a combination of the imaginary components of $,2,

HI, and HR. The Z&-Zz mass matrix can be found in
Ref. 9. For mw &)mw, in a first approximation one

8 L

has'
2

mw
1—2m

1 —x v'+ v'I.

2 2
mw

L

2
mw

R

and

+O(1/uz )

m 0
— m~ +O(u~) .

1 x 0
Z2

(7)

(8)

The effect of the Z &-Z2 mixing on the Z, mass is typical-
ly quite small.

The Higgs potential of only the third generation will be
considered, since only the Higgs bosons of that family ac-
quire VEV's. It arises from a term W =A,4HLHR in the
superpotential, and has been derived in Ref. 9:

which, by a suitable rotation of the Higgs fields, are
chosen to be real and positive. Define also

U
tanOL =

UL

The ordinary charged gauge boson Wz receives its
mass from a combination of Hr and P», while the new

charged boson of negative R parity WR becomes massive

by absorbing a combination of Ha and Pzz. Because of
their different R parity and lepton-number assignments,
WL and WR do not mix. Their masses are given by

m~+ = ,'gi, ~("-+ui,R»
L, R

V=~'(IA|2Hg 42,Hg, I'+ l0 iiH—,, 0„H,
,
I'+ lp~)H—L,

—
y22HL, I'+ ly)|HL y)~Hr, I'+(Hg, H—„)(Hg,H„, )]

2

+ (4IHr. iHL2+A. ik.2I + IHr. iHL) Hr2L2+0 ~4' i 0 z.4'a2I8x

+4IHR, H~, +4'iA'za '+
R, ~,

— z, ~, + |Ai.—A/2. ')

2

+ (HL;HL; H„',H„; ) + V„r,—,8(1—2x)
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where

V„f,=m, p,~Q;, +m 3(H~(HI(+Hei(H„()

+A, A(p; HL. ~brig, @ +H c .).. (10)

Other possible terms in the superpotential or in V~ft have
been shown to be inconsistent with the minimization
condition which places three constraints on the seven pa-
rameters in the Higgs sector. (Note that the last term in

V„«[Eq. (3.15)] in Ref. 9 is actually not soft. This has,
however, no impact on the subsequent analysis since this
term is next forced to vanish by the minimization condi-
tion. }

If one includes also the first two families of matter
fields, the Yukawa coupling A, becomes a three-index ten-
sor in the family space. Additional assumptions have to
be made with respect to the relative size of the integer-
generational couplings of the type A, »3 ((A223 ((A 333
with nondiagonal mixings suppressed. This will not be
considered here. The fermions of the first two genera-
tions can still acquire mass from the third-generation
Higgs bosons. The masses of the scalar fields come from
the quadratic soft terms and can be made sufficiently
large.

The physical mass spectrum resulting from the poten-

2
V LUR VLVR ULV VR U

m O=P + +
v V VR VL

where

2p:—k
4x (1—2x)

is related to the cubic soft term coupling A, A via

(12)

AA= p.
U

(13)

Second, P, , and HL combine to form a charged Higgs
boson H of positive R parity. Its mass is given by

P

2
2 2 1 —4X 2X VR

m + =mii +p —1 . (14)
2 1 —2x

Finally, the real components of three neutral scalar fields,
&2Re((),2, &2ReHL, and /2ReHR, mix to give three
physical neutral scalar Higgs bosons, all of positive R
parity. Their mass matrix reads

tial V has been computed in Ref. 9. First, the R =+1
states +2 Imp, 2, V21mHI, and /21mHz mix to form a
physical pseudoscalar P whose mass is given by

2 2 2
VL UR

p 2 +B1U p +B2UUL
U U

pvR+B3vL

symmetric

2
UL VR

p +B2UVR
U

Pvi UR+B3ULU

pvL +B3vR2 2

(15)

where

eBi=
X

2

B2 —=2k-
2x

(16)

(17)

2
1 —4x 2x

m y =mar +p 2 2
1

2 1 —2x
(20)

The supersymmetric partner of the v. is a mass eigenstate
of a mixture of $22 and H2i . Its mass is given by

and

e (1—x)B3=
2x (1—2x)

In total, there are six Higgs bosons: the pseudoscalar
P, a pair of charged Higgs bosons H, and three neutral
scalars S,, S2, and S3. The negative R-parity states con-
sist of a pair of ~ bosons 7+—and the tau sneutrino v, .

The mass states will be denoted by S,-, i =1,2, 3, in order
of increasing mass. In general, in order to obtain the
neutral-scalar masses one has to diagonalize the matrix
Ms numerically, as the analytic formulas for its eigenval-
ues are not very useful.

Turning next to sleptons, the tau sneutrino v, =Pz,
remains an unmixed complex neutral scalar of negative R
parity. Its mass is given by

B. Mass sum rules

m o+m o+m =m +m o+m2 2 2 2 2 2

1 2 3 I 2
(21)

This relation is a particular example of a general formula

Several mass sum rules can be immediately derived.
First, the Higgs-boson masses are related by

m2 — (U2+U2 ) 2U2
e 1 —4x
2x 2(1—2x}

2 2
VLVR 2 2

p (UL UR )
v

(19)

Trial O=TrsR 0+TrAL 0, (22)

where a/I scalars (S ), pseudoscalars (P ), and neutral
vector bosons ( V ) are taken into account, which is gen-
erally true in supersymmetric models with no gauge sing-
lets.
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and

m + =m ++m p
—

A, (u +vL ) —pu~,
L

(23)

Next, the Higgs bosons and the sleptons separately
obey

perturbative regime solely due to the requirement that
the squared masses of the Higgs bosons be positive.

Second, since in this model both the Higgs bosons and
the leptons lie in the same supermultiplets, the superpo-
tential term defined above Eq. (9) implies, for the third
generation,

2 — 2 + 2 + 2~F2( 2 2)
7

m,
(29)

2

(vL+uz —2u ) . (24)

These sum rules resemble the relationship between the
masses of the charged Higgs boson C* and the pseudo-
scalar P of the minimal supersymmetric standard mod-
el. 10,2

mc=mp+m~2= 2 2

L
(25)

They are, however, violated by terms involving VEV's,
similarly as in other E6-based models. " One should men-

tion here that the sum rules, Eqs. (22) and (25), are also
violated even in the minimal supersymmetric standard
model, once one allows for an extra singlet Higgs. ' No-
tice also that Eq. (23) implies that in the considered mod-
el in principle it should be possible to have H* lighter
than Wi—,unlike in the minimal supersymmetric standard
model.

ms

where E is a new exotic charged fermion whose mass has
to be bigger than at least 26 GeV from KEK TRISTAN
(Ref. 13). Most likely the experiments at LEP and SLC
will soon improve this bound to at least 40 GeV. In any
case, the bound (29) implies a large ratio of va to uL, and
therefore suggests that m~ should be in the TeV mass

R

region. A way to avoid this (unpleasant possibility) is to
assume a large tan8L. In this paper, I will focus on this
second option as phenomenologically more appealing.
The bound (29), when applied to first two generations im-
plies even much greater values of tanOL. Because of the
possible intergenerational mixings, no strict lower limit
on tanHL can be given but, as we shall see, this will be ir-
relevant since the resulting mass spectrum will be essen-
tially insensitive to varying tanHL above —10. The re-
quirement of large tanOL combined with the condition
m & 0 restricts also the mass of the Wz.

III. CONSTRAINTS AND MASS SPECTRUM m~ ~ &28m+ =423.3 GeV;
R L

(30)

A. Constraints

Having fixed the WL mass at m~ =80 GeV, one can
L

describe the Higgs sector of the model in terms of just
three independent parameters which I choose to be the
mass of the right charged vector boson, m ~, the mass of

R

the pseudoscalar, m o, and the ratio of vacuum expecta-

tion values, tanOL, defined earlier. The requirement that
the squared masses of all the bosons be positive provides
a rather stringent constraint on the parameters of the
model.

First, it is clear from Eq. (11) that p & 0, and therefore

=0.444 .
2 x (1—2x)

(26)

2
m m m =p(BiB3 B2)(v~ —u—J ) u

I S2 3
(27)

Since 82 grows with A, , there exists a maximum value of A.

below which the determinant, and m o, remain positive:
I

1/2 1/2

A, &A, ,„—= — 1+
2v'x 1 —2x

=0.531 .

This bound also implies that p&0.085. The allowed
range of k is therefore always narrow and remains in the

(Since the Higgs sector depends only on A, , the sign of k
is irrelevant and can be chosen positive. ) An upper
bound on A, (and p) can also be derived. Consider the
determinant of the neutral scalar mass matrix, Eq. (15); it
has a remarkably simple form

although masses somewhat below this limit are, in princi-
ple, also possible. This can be seen as follows: the first
term in Eq. (19) remains positive as long as

a+1
tan OL &—

28 —a2
(31)

VR

VL

=(a —1)tan OL+a (32)

which can be trivially derived from Eq. (6). The inequali-
ty (31) is valid only for m~ &v'28miv =423.3 GeV;

R L

however, it disappears for larger values of m~ . The
R

second term in Eq. (19), which is multiplied by a small
parameter p, remains positive as long as

tan OL &, [ —1+ V 1+a'(a' —I)]a- —1
(33)

which is always less than one. For large tanOL, it be-
comes bigger with increasing m o-p and eventually pullsP
m below zero, p1acing an upper bound on m o, as I will

discuss later. Thus, for m~ ~423 GeV there is always
R

an upper bound on tanOL which is incompatible with the
requirement of large tanOL, except for a mass range of a
few GeV just below 423 GeV where the bound (31) be-
comes very weak and disappears completely as m~ in-

R

creases.

where a—:m ii, /mii, . In deriving (31) the following for-
R L

mula has been used:
2
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The bound (30) is not strict but is stronger than the in-
direct lower bound m~ &390 GeV which can be in-

R

ferred' from the limit of about 466 GeV on n p. This
2

latter bound comes' from applying to this model the new
preliminary limits of the Collider Detector at Fermilab
(CDF) on the mass of a heavy neutral vector boson. Ob-
viously, the right charged gauge boson in this model can
in principle be still much lighter than in conventional
left-right models.

Finally, requirement that the Higgs potential V have a
minimum at the asymmetric vacuum which is lo~er than
the one at VEV's equal to zero is never stronger than any
of the constraints listed above.

We see from Eq. (27) that a very small mass of S, cor-
responds to a very small value of U -tan8L which is far
below the large tan8L region. It is thus reasonable to
adopt a somewhat stronger lower bound of 1 GeV on all
the scalar masses (in practice, this will affect only S„Sz,
P, and v, ) in order to cut off the region of the parameter
space allowed by unreasonably light scalars. I will first
present the general structure of the Higgs-boson and slep-
ton mass spectrum without imposing the condition (29}
and next I will discuss the strongly favored limit of large
tan8L .

B. Mass spectrum

I plot in Figs. 1 and 2 the upper and lower bounds on
the masses of the Higgs bosons and the third-generation
sleptons versus the pseudoscalar mass m p for a given

mass of Wz. The limits are obtained by varying the pa-
rameter tan8L at each given value of m p. The mass of
the right charged boson Wa is chosen to be either
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Mass Extrema
1000 Gev

I i I 1 IIIII f 1 i I I IIII

sol
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dotdash Ss
/

do
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FIG. 2. Similar to Fig. 1 but for m ~ —1 TeV.
R

m~ =0.5 TeV, which is somewhat above the limit (30),

or m~ =1 TeV, in order to display the dependence on

vz. %e see that increasing m ~ does not change the pat-
R

tern qualitatively. The dependence on tan8L is presented
in Fig. 3 where the masses of S&, S2, and v, are plotted
versus m p for m ~ =0.5 TeV and for several representa-P R

tive choices of tan8L. (One finds a similar dependence
also for other choices of ms, . } In Fig. 4 the allowed

R

ranges of several parameters in the model are presented.
Notice that arbitrarily large values of tan8I are in princi-

Masses of S, , S2 and v

lQ
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solid S I
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FIG. 1. Plots of upper and lower bounds for Higgs-boson and
slepton masses, as functions of m pp for m ~ =0.5 TeV. The al-

lowed regions are obtained by varying tan8L subject to the re-
quirement that the scalar masses be bigger than 1 GeV. The
solid curve in the left window corresponds to the upper bound
for m p. The upper and lower limits for 8+ practically coin-

1

cide.

FIG. 3. For the choice of m~ =0.5 TeV, I plot the masses

of the two lighter neutral scalars S, and S2 and the ~ sneutrino
v vs m p0 for several representative values of tan 0& .. (a) 0.15, (b)

1, (c) 1.07, (d) 5, and (e) 100. The lower and upper bounds are
marked by dots. The lower bound on m„ is in part buried un-

der the solid curves (c) and (e). Notice that for tanOL 1.07 the
mass of v, may at some point vanish placing an upper bound on
m p.
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plus small corrections of O((u/ua ) ) which vanish in the
large Uz limit. Notice, however, that

2x '" 2x 2( 1 —2x)

irrespectively of the choice of mw, and it quickly de-

creases with decreasing tanOI . It is clear from presented
graphs that the maximum of m 0 grows also with

1

m w
—vz. This allows us to derive an even stronger ana-

R

lytic upper bound on m p. In the limit of vanishing UL,
1

the smallest eigenvalue of the neutral scalar mass matrix,
Eq. (15), takes the form

FIG. 4. Allowed ranges of A, , kA, and tanOL for m~ =0.5
R

TeV and m~ =1 TeV. Outside of the indicated regions the
R

condition that the square masses of all the considered bosons
are positive is not satisfied.

and therefore

This gives

1 —3x
(36)

pie allowed. However, by comparing Figs. 1 and 3 one
can easily see that for larger values of tanOL (above -5)
the masses only weakly depend on tanOL. In fact, in-
creasing tanOI above tanOL 10 does not cause any visi-
ble change in the presented mass spectrum.

A number of remarks can be made with regard to the
Higgs-boson-mass spectrum in this model. Note first that
the allowed ranges of the Higgs-boson masses form rather
narrow wedges in the parameter space. This is especially
true for the heaviest neutral scalar S3 and for the charged
Higgs boson H* whose mass ranges remain very con-
strained for all the values of the P mass. There is also a
remarkable asymptotic mass degeneracy among the
Higgs and slepton states. Indeed, with the exception of
the lightest and the heaviest neutral Higgs scalars, S, and

S3, all the other scalars become asymptotically degen-
erate with P in the large mass region. The mass of the
S3 depends essentially only on U&, even for rather small
values of m w . Therefore, S3 always remains almost ex-

actly degenerate with Z2. There is an obvious "level
crossing" between S2 and S3 which takes place at
m p m PQ There is also a "level crossing" between S2S3 P'
and S, which occurs at large values of tanOL .

Remarkably, the mass of the lightest neutral Higgs sca-
lar S& is in this model bounded from above, and remains
always within the —100 GeV range. This has already
been shown analytically by the authors of Ref. 9. By
studying the properties of the neutral scalar mass matrix,
Eq. (15), they derived an absolute upper limit on the mass
DfS .

m o +2mw
Sl L

For mw =80 GeV this gives m p & 113 GeV. This abso-
L Sl

lute upper bound actually corresponds to very large
values of tanOL (more precisely to 1/tan6IL =uL /u =0)

m o ~m o'"=1.22mw =97.7 GeV, (37)

which is stronger than the limit (34). The numerical
analysis confirms this new bound on m p. I find that for

1

mw =1 TeV the maximum of the S& mass is equal to
96.5 GeV, and is reduced to 74.8 GeV when ma, =0.5

R

TeV. In summary, depending on the actual value of
tanOL, the lightest neutral scalar S, is likely to have a
rather small mass. The value of m p, at which this max-

imum is achieved, is roughly equal to msp'" independently
1

of the mass of 8'z.
For a given value of mw, in principle one can also

R

place an upper limit on the masses of all the considered
scalars. This is caused by the fact that the upper limit on
the S, mass, after reaching its maximum, decreases with
increasing mpQ and tends asymptotically towards zero.
For the adopted lower bound of 1 GeV on the Higgs-
boson masses, this upper bound on m PQ depends strongly

on the choice of the mass of 8'z, and is equal to about
1.97 TeV when mw =0.5 TeV, and is shifted up to

R-4.04 TeV for mw =1 TeV. For a given choice of mw
R R

the upper bound on m pp can be strengthened even further

by considering the dependence on tanOI. As Fig. 3
shows, the limit becomes stronger with increasing tanOL.
There are actually two competing effects: for smaller
values of tanOL the bound from the squared mass of S

&

becoming negative is dominant. However, as tanOL in-
creases the condition m &0 becomes stronger, and in

T

the most interesting limit of large tanOL gives mpQ & 72.4
GeV for mw =0.5 TeV and m 0&246.6 GeV for

R P

mw =1 TeV. Finally, one should mention also that if
one allows for m p below 1 GeV then the upper limit on

1

m 0, which is inverse proportional to tanOL, grows rapid-
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1 —4x
m y)mw

2(1—2x)
=21.8 GeV, (38}

independently of the choice of mw . This bound is ap-
R

proached at small m p where p essentially vanishes. As

m p grows, the H* mass increases, and for m Q~80

GeV, it becomes practically degenerate with P and

ly. For each finite value of U-tan8r there is a point
above which there are no more solutions. However, by
decreasing u one can always evade this limit and find
solutions for arbitrarily large m p, which correspond to
asymptotically small m Q. In conclusion, in this model it

1

is possible to derive upper bounds on the masses of all the
Higgs bosons and the third-generation sleptons by requir-
ing that the mass of S, be not unreasonably small. These
bounds become much stronger in the preferred region of
large tan81. The existence of such upper bounds is cer-
tainly not common in supersymmetric models. For ex-
arnple, in a recently popular superstring-inspired model
with the low-energy gauge group SU, (3)XSUt (2}
XU„(1)XUr(1) a priori there are no upper bounds on
the masses of neither the light nor on the heavy scalars. "
(However, in this model one can derive such upper
bounds by applying additional theoretically motivated
constraints. } Similarly, in the minimal supersymmetric
standard model' only the lightest Higgs boson has to be
always lighter than the Z . A comprehensive summary
of the properties of Higgs sectors in various interesting
models can be found in Ref, 2.

For the adopted lower bound of 1 GeU on the masses
of the Higgs bosons, it is also possible to put a stronger
lower limit on m p, and therefore on the masses of the

other Higgs bosons and the sleptons, which depends on
tanOL. This limit is stronger for smaller values of tanHL,
as Figs. 1 and 2 indicate. One should stress, however,
that this lower bound disappears for all values of tan8L if
one requires only that m p &0. Indeed, the determinant

1

(27) vanishes for p=0, which corresponds to massless I' .
Several further remarks on the Higgs-boson-mass spec-

trum are also in order. The mass of the second scalar Sz
generally increases with mpQ. In the lower regions of

mpP it may be as small as about 16 GeV. As mpQ grows,

it quickly increases and narrows to become degenerate
with P until it reaches the "level crossing" with S3
where it becomes degenerate with Z2.

The allowed range of the charged-scalar 8—mass is al-
ways extremely narrow. This charged Higgs boson can
be surprisingly light. Its mass can be smaller than the
mass of the corresponding charged Higgs boson C* in
the minimal supersymmetric standard model (mc ~ m@ )

L

or in an E6 superstring-inspired model with the low-

energy gauge group SU, (3)XSUI (2) XUr(1) XUr.(1)
where mc has been shown"' to be always above -54
GeV. It can be even lighter than the lightest neutral sca-
lar S,. The absolute lower limit on m ~ can be easily de-

rived by combining Eq. (12), (14), and (26). Indeed, since
u~ is always bigger than u, one necessarily has

' 1/2

asymptotically with Sz, v~ and r *. The bound (38) bare-

ly escapes the present TRISTAN limits. ' Direct
searches at LEP and SLC will soon place stronger
(model-dependent) lower bounds on the masses of new

charged scalar particles. Further study is needed' to
determine precisely this limit in the presented model.
However, any bound above 21.8 GeV will imply also
lower bounds on the masses of S2 and P, and in the large
tan8L limit, also on S„independently of the mass of WR.

The mass pattern of the sleptons is closely related to
the Higgs-boson-mass spectrum. The mass range of r + is
quite constrained. At small m p it narrows to about 136
GeV for m =0.5 TeV and to -272 GeV for mw =1

WR R

TeV. This can be easily explained in a similar fashion as
in the case of H*. Indeed, at the lower end of m 0 where

p is very small, the second term in Eq. (11) is negligible
and one obtains

1 —4x
2(1—2x)

=0.27m w (39)

C. Limit of large tan8L,

Having explored the general structure of the Higgs-
boson and slepton mass spectra, let us now focus on the
important limit of large v /UL which follows from Eq. (29)
if one wants to allow for the mass of the Wz below —1

TeV. As pointed out before, the considered mass spec-
trurn is essentially insensitive to varying tanOL above
tan8& —10. This leads to a great simplification of the
mass pattern since, for a given value of mw, the scalar

R

masses form in this limit curves in the parameter space
and not extended regions as before. First, note in Fig. 3
that in this limit the mass of one neutral scalar always

which approximately reproduces the quoted numbers.
As one moves along the m Q axis, p grows and m + al-

lows for some variations, depending on whether tan8L is
less or more than 1, but asymptotically increases and nar-
rows to become degenerate with Higgs bosons.

The mass of the r sneutrino V, can vary considerably.
At sma11 m p, where p is negligibly small, m is always

V

bigger than zero but in the intermediate region of mpQ it

can be very light. At asymptotically large values of m „
the range of allowed v, mass narrows rapidly and v, be-
comes degenerate with P . Notice that for smaller values
of tan8L, m is always positive, as discussed previously.

The value of tan8L above which the second term in Eq.
(19) becomes negative is given by inequality (33} and is
equal to 0.993 when mw =500 GeV and 0.998 at

R

mw =1 TeV. As Fig. 3 shows, for not much larger
R

values of tan8L () 1.07 for mar =500 GeV and & 1.15
R

for ma, =1 TeV} and for larger values of m O-p, the

second term in Eq. (19) starts becoming dominant and

m„ is indeed driven down towards negative values. As

tanOL grows, m becomes negative at smaller values of

m pp.
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(40)

remains very close to 97.7 GeV which is just the absolute
upper bound (37) on m o derived earlier. The other light

1

Higgs boson is degenerate in mass with the P . There is
an obvious "level crossing" close to 97.7 GeV. The state
degenerate with the P is always predominantly
v'2 ReHLO and the other Higgs boson is mainly &2 Re/&i.
A third neutral scalar S3 remains completely degenerate
in mass with the Z2 and consists of essentially pure
&2 ReHz. As mentioned before, for large taneL (in fact,
for tan&L ~ 1), the mass of v, becomes at some value of
m p negative, putting an upper limit on the masses of all

the bosons except for the S3. This limit becomes stronger
with growing tanOI and tends asymptotically to -72.4
GeV at m~ =0.5 TeV and -246.6 GeV at m~ =1

R R

TeV. Any sizable experimental lower limit on m will
T

immediately put a stronger bound on the mass of the 8'R.
The masses of the charged states are bounded both

from above and from below. In this limit it is easy to give
approximate expressions for the Higgs-boson masses
which even in the crudest approximation of vanishing UL

reproduce the numerical results quite accurately. First,
the mass of the pseudoscalar P grows approximately
linearly with A, :

m po —i pvR

extracting from the mass matrix Ms, given in Eq. (15),
the "unperturbed" part containing only terms propor-
tional to vR and treating the remaining terms as a
"small" correction. However, because p is typically very
small, terms such as pvR can be quite small and the for-
mulas derived previously are also applicable only in the
large-tan OL limit.

IV. HiGGS-BOSON PRODUCTION
IN e +e ACCELERATORS

In general, both S& and S2 as well as H+—can be light
enough to be searched for at LEP and SLC. It is there-
fore worthwhile to consider prospects for their discovery.
I will focus here on the limit of large tan81 in which S2
becomes too heavy to be even produced. On the other
hand, the lightest neutral Higgs scalar S, can be
discovered in the Bjorken process Z, ~/ I S, . In as-
sessing the possibility of producing the S„it is crucial to
establish what fraction of the standard-model coupling it
shares. The S,Z,Z, coupling is

gs, z, z,
=

2
~i(1)[gLZ'i(1) —

gii Z'i(2)]'

+ —4', (2)[gL Z, (1)—g'Z, (3)]

The masses of the neutral scalars are given by

m p-—m p,
1

(41)
+ —(t)(3)[gii Z )(2)—g'Z ((3)]

2
(47)

m m max
Sp gp

2 1

(42)

mp-—mp,
3 2

(43)

where m p'" is the absolute upper limit on the mass of the
1

S, given in Eq. (37), and finally

where 4& denotes the eigenvector of S
&

in the basis
V 2 Re/», &2ReHL, and &2ReHli, and Z, is the Z&

eigenvector in the basis spanned by VL, VR, and V'. The
following sum rule for the Higgs couplings is also obeyed

gS)Z)z) +gS~Z)z) +gS3Z Z (gHZZ )
2 2 2 SM 2

'2
where m o has been given in Eq. (8). The expression for

2

the mass of v„

gmz

cos0~
(4&)

(44)

2 1 —4X 2 (46)

Given the fact that vR is always much bigger than the
other two VEV's, one might be tempted to derive approx-
imate analytic expressions for the masses of the neutral
scalar Higgs bosons in the region of nonvanishing vt by

reproduces quite well both the value of m at vanishing

m o (-72.4 GeV for mii =0.5 TeV and —246. 6 GeV

at m ~ = 1 TeV) and the upper limit on m o (which is ob-
R P

viously equal to just quoted numbers, since it corresponds
to vanishing m ). The masses of the charged scalars are

T

in the limit of vanishing vL given by

1 —4x 2m + — m gr +mpp2(1 —2x)

and

Unfortunately, as mentioned before, in the large tanOL
limit the S, state consists mainly of &2ReHI and the
relevant coupling in the region of msp &mzp/2 is very

1 1

small, independent of the mass of WR. It is equal to
-0.1gzzz when S& is very light and increases only
slightly ( -0.12g&zz) when m o-—40 GeV which is con-

81
sidered as an upper limit for the standard-model (SM)
Higgs-boson mass range to be explored by LEP and SLC.
The whole strength is essentially "absorbed" by S2 whose
mass is close to 98 GeV. It is only in the region of S

&
ap-

proaching the "level crossing" with S2 where the cou-
pling grows significantly. Obviously, the chances of pro-
ducing S

&
are very small, even if it is very light, and alter-

native processes have to be studied. ' However, it is very
likely that the region of small m p will be ruled out by

1

failure to discovery pairs of H+H whose coupling to
Z& is not suppressed. This would eliminate the region of
m p-m p below -45 GeV. The prospects for produc-

1

ing S& at LEP II are more promising: as the mass of S&
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grows and approaches 98 GeV, the S, coupling to Z,
pairs becomes very close to the SM coupling.

V. CONCLUSIONS

Left-right models provide an appealing extension of the
standard model. In particular, the model introduced by
Ma has several features which make it distinct in this
class of theories. In this paper, I have studied the com-
bined Higgs-boson-slepton sector in this model, and
found that its structure is remarkably simple and con-
strained. In general, one neutral Higgs boson must al-
ways remain in the —100 GeV mass range, one is always
nearly degenerate in mass with the Zz, and all the
remaining scalars are typically degenerate in mass, except
for smaller masses. There exists an upper bound on all
the scalar masses which may lie in the TeV region. How-
ever, in the phenomenologically required limit of large
tan8L, all the scalars (except for the S3 ) have
significantly smaller masses, depending on the specific
value of m ~ . For example, if m ~ =0.5 TeV they are

R

always below —135 GeV and typically much smaller.
The mass of one neutral Higgs boson is in this limit very
near 98 GeV. The charged Higgs boson can be as light as
22 GeV. Expected experimental limits from LEP and
SLC will very likely produce a stronger bound on the
charged-Higgs-boson mass constraining significantly the
allowed parameter space. The lightest neutral Higgs sca-
lar S& couples to Z, pairs with a significant strength only

when its mass approaches its absolute upper bound of
about 98 GeV, and therefore will have to wait until LEP
II is built to be discovered. Clearly, in this model the
properties of the light Higgs bosons are very different
from the ones in the minimal supersymmetric standard
model. In particular, the discovery of a light neutral
Higgs boson at LEP or SLC will be a very strong indica-
tion against the alternative left-right model considered in
this paper. The masses of the scalar partners of ~ and v,
are closely related to the masses of the Higgs bosons.
While 7 is always heavy enough to escape even the ex-
pected bound from LEP, v, can be even massless. Any
sizable lower limit on the mass of m will in the large

tanHL limit place a stronger bound on the mass of the
W~.
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