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Abstract. A review of the Higgs and neutralino sector of supersymmetric models is presented. This
includes the upper limit on the mass of the lightest Higgs boson in the minimal supersynunetric
standard model, as well as models based on the standard model gauge group SU(2)r x U(1)r with
extended Higgs sectors. We then discuss the Higgs sector of left-right supersymmetric models, which
conserve R-parity as a consequence of gauge invariance, and present a calculable upper bound on the
mass of the lightest Higgs boson in these models. We also discuss the neutralino sector of general
supersymmewic models based on the SM gauge group. We show that, as a consequence of gauge
coupling unification, an upper bound on the mass of the tightest neutralino as a function of the gluino
mass can be obtained.
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1. Introduction
The standard model (SM) of elementary particle physics, which is extremely successful
in describing the experimental data, is based on two fundamental principles, i.e. gauge
invariance and Higgs mechanism. From recent experiments it is clear that strong and
electroweak interactions are described by an SU(3)c x SU(2)L x U(1)r gauge theory.
On the other hand, little is known about the mechanism of electroweak gauge symmetry
breaking. In the standard model, the electroweak SU(2)L x U(1)r gauge symmetry is
broken through the Higgs mechanism via the vacuum expectation value (VEV) of the
neutral component of the Higgs doublet [1], leaving behind a remanant in the form of an
elementary scalar particle, the Higgs boson, which has so far not been observed. Apart
from the fact that the VEV is an arbitrary parameter in the SM, the mass parameter of the
Higgs field suffers from quadratic divergences, making the weak scale unstable under
radiative corrections [1].
One of the central problems of particle physics is, then, to understand how the electroweak scale associated with the mass of the W boson is generated, and why is it so small
as compared to the Planck scale associated with the Newton's constant. Supersymmetry
[2-4] is at present the only known framework in which the weak scale is stable under
radiative corrections, although it does not explain how such a small scale arises in the first
place. As such, considerable importance attaches to the study of supersymmetric models,
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especially the minimal supersymmetric standard model (MSSM), based on the gauge
group SU(3)c • SU(2)~. x U(1)r, with two Higgs doublet superfields (HI,H2) with
opposite hypercharges: Y(H1) = -1, Y(H2) = +1, so as to generate masses for up- and
down-type quarks (and leptons), and to cancel gauge anomalies. In general, supersymmetric extensions of SM have extended Higgs sectors leading to a rich penomenology
of Higgs bosons.
In this talk I will discuss the Higgs sector of supersymmetric models. This will include
the minimal supersymmetric standard model, as well as models having extended Higgs
sectors, based on the SM gauge group. I will then explore supersymmetric models based
on extended gauge groups, e.g. the left-right gauge group SU(2)L x SU(2)R x U(1)R_L,
pointing out the relevance of extended gauge symmetries in the context of supersymmetric models, and discuss the Higgs sector of these models.
In supersymmetric gauge theories, each fermion and boson of the standard model is
accompanied by its supersymmetric partner, transforming in an identical manner under the
gauge group. In supersymmetric theories with R-parity conservation, the lightest supersymmetric particle (LSP) is expected to be the lightest neutralino, which is the lightest
mixture of the fermionic partners of the neutral Higgs and neutral electroweak gauge
bosons. The lightest neutralino, being the LSE is the end product of any process involving
supersymmetric particles in the final state. In this talk, I will also discuss the neutralino
sector of the general supersymmetric models based on the SM gauge group.
2. The Higgs sector of the minimal supersymmetric standard model

The Higgs sector of the minimal supersymmetric standard model, based on the gauge
group SU(3)c x SU(2)L x U(1)r, contains two Higgs doublet superfields (//1,//2) with
opposite hypercharges: Y(H1) = -1, Y(H2) = +1, so as to generate masses for up- and
down-type quarks (and leptons), and to cancel gauge anomalies. The tree level scalar
potential of Higgs bosons in MSSM can be written as (rni are related to supersymmetry
breaking parameters)

Vn = ml2lHll2 + m22 IH212- m2(H1 9H2 + h.c.)
g2 + g,2

+----V-- ( ] e l l

2 -

[H212)2 + l g 2 In;H212,

(1)

where g and g' are the SU(2)I. and U(1)y gauge couplings, respectively. We note that, as a
consequence of gauge invafiance and supersymmetry, the quartic couplings of Higgs
bosons in MSSM are fixed in terms of electroweak gauge couplings. After spontaneous
symmetry breaking induced by the neutral components of H1 and//2 obtaining vacuum
expectation values, (H1) = vl, (//2) = v2, tan fl = 7)2/'Ol, the MSSM contains two neutral
CP-even (h~ Ha), one neutral CP-Odd (A), and two charged (H • Higgs bosons [1].
Although gauge invariance and supersymmetry fix the quartic couplings of the Higgs
bosons in MSSM in terms of SU(2)L and U(1)r gauge couplings, there still remain two
independent parameters which describe the Higgs sector of the MSSM. These are usually
chosen to be tan fl and ma, the mass of the CP-odd Higgs boson. All the Higgs masses and
the Higgs couplings in MSSM can be described (at tree level) in terms of these two
parameters. From (1) it follows that the lightest CP-even neutral Higgs boson has a tree
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level upper bound of mz (the mass of Z~ boson) on its mass [5, 6]. However, radiative
corrections [7-10] weaken this tree level upper bound. In the one-loop effective potential
approximation, the radiatively corrected squared mass matrix for the CP-even Higgs
bosons can be written as [11]
.A42 = [ m2 sin2/3 + m2 COS2 ]~ - ( m 2 + m2) sin flcos/3"
- ( m 2 + m2) sin/3 cos/~ m2 cos2/3 + m2zsin2/3

L

3g2 [ All m12]
q 16~r2m2 A12 A22 '

(2)

where the second matrix represents the radiative corrections.
The functions A 0 depend on, besides the top- and bottom-quark masses, the Higgs
bilinear parameter # in the super-potential, the soft supersymmetry breaking trilinear
couplings (At, Ab) and soft scalar masses (mQ, my, mn), as well as tan ft. We shall ignore
the b-quark mass effects in Aij in the following, which is a reasonable approximation for
moderate values of tan/3 _< 20 - 30. Furthermore, we shall assume, as is often done,

A

--'--At = A b ,
--- mQ =

mrs = mn.

(3)

With these approximations we can write (mr is the top quark mass) [11]
A11 = m4 (/.z(a+#cotB)~ 2

\

A22=

~ l _~m ~

m4 (log ~
\

2

2

g(m~l,mi2),

(4)

+ 2A (--Am~2-+-#-~t fl) log ~ )
m,

,,-

,2

,2/

m4 f # ( A + # c o t f l ) ~ 2 ,m2 m2 ,
+ sin2fl~
""t
-rn~,
T _ - ~n~2
' T "] gl i1' /2)'
m4 #(.4+#cotfl) (
~
Aa2=sin2
~
n~t2 _m~2 , l o g ~ +

A(A +#cotfl)
~-m~2

(5)
2

2

g(m~,m~2),j

(6)

where ~ and n~t22 are squared stop masses, and g ( ~ 2' ~z)
2 is a function of stop masses,
given by (we have ignored the small D-term contributions to the stop masses)
m_2
tl~ = mt2 + rh2 4- mt(A + # cot ~),

g(mi,,mi2 ) = 2 <

-

m22log n~t~.

(7)
(8)

The one-loop radiatively corrected masses (mh, raft; mh < mlt) of the CP-even Higgs
bosons (h~ H ~ can be obtained by diagonalizing the 2 x 2 mass matrix (2). The radiative
corrections are, in general, positive, and they shift the mass of the lightest Higgs boson
upwards from its tree-level value. We show in figure 1 the resulting masses of the CPeven Higgs bosons, mh and ran, as well as the charged Higgs boson mass, as a function of
mA for two different values of tan/3 = 1.5, 30. With a wider range of parameter values, or
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MSSM (with mixing)
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Figure 1. Masses of the CP-even Higgs bosons h~ ~ and of the charged Higgs
particles H • as a function of the CP-odd Higgs mass mA for two values of tan
/~ = 1.5, 30.
when the squark mass scale is taken to be smaller, the dependence on/z and tan fl can be
more dramatic [12-14].
Although radiative corrections can be appreciable, these depend only logarithmically
on the SUSY breaking scale, and are, therefore, under control. In particular, the mass of
the lightest neutral scalar is bounded from above:
m2 _< mE cos2(2/5) + e(mt, m~,, m~2,At , # , . . . ) ,

(9)

where e parameterizes the effect of the radiative corrections described above. Note that e
is approximately independent of tan fi; for large mA, rnt = 175 GeV and rni~.2 = 1 TeV it
amounts to about 0.9m 2 (1.6m2w) for no (maximal) stop mixing. It is important to note
that the bound (9) can only be saturated for large rnA. This results in an upper bound of
about 125-135GeV on the one-loop radiatively corrected mass of the lightest Higgs
boson of MSSM [15].
The Higgs mass falls rapidly at small values of tan/~. Since the LEP experiments are
obtaining lower bounds on the mass of the tightest Higgs boson, they are beginning to rule
out significant parts of the small-tan fi parameter space, depending on the model assumptions.
For tan~ >1, ALEPH finds mh >62.5 at 95% C.L. [16]. (For a recent discussion on how
the lower allowed value of tan/3 depends on some of the model parameters, see ref. [17].)
The two-loop corrections to the lightest higgs mass are typically (9(20%) of the oneloop corrections, and are negative. For the dominant two-loop radiative corrections to the
Higgs sector of MSSM, see, e.g. [18, 19].
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3. The Higgs sector of the non-minimal supersymmetric standard model
If we concentrate on the Higgs sector, the MSSM is special because the Higgs self couplings
at the tree level are completely determined by gauge couplings. Although the MSSM is the
simplest, and, thus, the most widely, studied model, there are several viable extensions of
the supersymmetric version of the SM. A simplest extension of the Higgs sector of the
MSSM is to postulate the existence of a SU(2)L X U(1)r Higgs singlet superfield N in the
spectrum [20]. This model, referred to as the non-minimal supersymmetric standard model
(NMSSM), does not destroy the unification of coupling constants achieved in the MSSM,
since the new light particles do not carry SM quantum numbers.
Even if we restrict ourselves to purely cubic terms in the superpotential W, gauge
symmetry allows one to introduce two different I-Iiggs self-couplings:
Wnigss = ANH1/'/2 -- ~k N 3,

(10)

where we have used the notation of ref. [21]. Together with the corresponding soft breaking
terms, there are six free parameters in the Higgs sector, even after we fix the sum of the
squares of the VEVs of the SU(2) doublets to reproduce the known mass of the Z boson.
Moreover, the spectrum now contains three neutral CP-even fields Hi and two CP-odd
fields Ai in addition to the charged Higgs field H +.
Because of the presence of the tfilinear coupling proportional A in the superpotential
(10), the tree-level Higgs-boson self-coupling in the NMSSM depends on )~ as well as the
gauge couplings. Nevertheless, one can still derive [22-28] an upper bound on the mass of
the lightest CP-even Higgs boson of the NMSSM. Including radiative corrections, one has
2A2 m 2w 2m21 < m2 c o s 2 ( 2 / 3 ) + - - 7 - - s i n (2fl)+ ,,

(11)

where E parametrizes the effect of radiative corrections, which are similar in nature to the
corresponding corrections in the MSSM. Because of the presence of the term proportional
to the coupling A in (11), no definite upper bound on the mass of the lightest CP-even
Higgs boson in NMSSM can be given unless a further assumption on the strength of this
coupling is made. If we require all dimensionless coupling constants to remain perturbative upto the GUT scale, we can calculate the upper bound on the lightest CP-even
Higgs-boson mass. The resulting upper bound is shown in figure 2, and is compared with
the corresponding bound in the MSSM [25, 26, 29]. The top-quark-mass dependence of
the upper bound is not significant compared to the MSSM case because the maximally
allowed value of A is larger(smaller) for a smaller (larger) top mass.
One can study the implications of introducing higher dimensional Higgs representations on the upper bound for the mass of the lightest Higgs boson in supersymmetfic
models. Because of the presence of the additional wilinear Yukawa couplings, a tight
constraint on the mass of the lightest Hiss boson need not a priori hold in such extensions
of MSSM based on the gauge group SU(2)L x U(1)r with an extended Higgs sector.
Nevertheless, it has been shown that the upper bound on the lightest Higgs boson mass in
these models depends only on the weak scale and dimensionless coupling constants (and
only logarithmically on the SUSY breaking scale), and is calculable if all the couplings
remain perturbative below some scale A [30, 31]. This upper bound can vary between 150
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Figure 2. The upper bound on the mass of the lightest CP-even Higgs bosun in the
non-minimal supersymmetric standard model (solid line). We have taken stop mass to
be 1 TeV. The dotted line shows the corresponding upper bound in the MSSM.
to 165 GeV depending on the Higg s structure of the underlying supersymmetric model.
Thus, nonobservation of a light Higgs boson below this upper bound will rule out an
entire class of supersymmetric models based on the gauge group SU(2)L X U(1)r.
4. Supersymmetric models with extended gauge groups
The existence of upper bound on the lightest Higgs boson mass in MSSM (with arbitrary
Higgs sectors) has been investigated in a situation where the underlying supersymmetric
model respects baryon (B) and lepton (L) number conservation. However, it is well known
that gauge invariance, supersymmetry and renormalizibility allow B and L violating terms
in the superpotentioal of the MSSM [32, 33]. The strength of these lepton and baryon
number violating terms is, however, severely limited by phenomenological [34--42] and
cosmological [43, 44] constraints. Indeed, unless the strengthof baryon-number-violating
term is less than 10-13 , it will lead to contradiction with the present lower limits on the
lifetime of the proton. The usual strategy to prevent the appearance of B and L violating
couplings in MSSM is to invoke a discrete Z2 symmetry [45] known as matter parity, or
R-parity. The matter parity of each superfield may be defined as
(matter parity)= ( - 1 ) 3(B-z).

(12)

The multiplicative conservation of matter parity forbids all the renormalizable B and L
violating terms in the superpotential of MSSM. Equivalently, the R-parity of any
Pranmna - J. Phys., Vol. 51, Nos 1 & 2, July/August 1998
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component field is defined by Rp

(--1) 3(B-L)+2S, where S is the spin of the field. Since
(-1) 2s is conserved in any Lorentz-invariant interaction, matter parity conservation and
R-parity conservation are equivalent. Conservation of R-parity then immediately implies
that superpartners can be produced only in pairs, and that the lightest supersymmetric
particle (LSP) is absolutely stable.
Although the minimal supersymmetric standard model with R-parity conservation can
provide a description of nature which is consistent with all known observations, the
assumption of Rp conservation appears to be ad hoc, since it is not required for the internal
consistency of MSSM. Furthermore, all global symmetries, discrete or continuous, could
be violated by the Planck scale physics effects [46-50]. The problem becomes acute for
low energy supersymmetric models, because B and L are no longer automatic symmetries
of the Lagrangian, as they are in the standard model. It is, therefore, more appealing to
have an supersymmetric theory where R-parity is related to a gauge symmetry, and its
conservation is automatic because of the invariance of the tmderlying theory under this
gauge symmetry. Fortunately, there is a compelling scenario which does automatically
provide for exact R-parity conservation due to a deeper principle. Indeed, Rp conservation
follows automatically in certain theories with gauged (B-L), as is suggested by the fact
that matter parity is simply a Z2 subgroup of (B-L). It has been noted by several authors
[51-53] that if the gauge symmetry of MSSM is extended to SU(2)L X U(1)t3RX U(1)B_L,
or SU(2)L x SU(2)R • U(1)B_L, the theory becomes automatically R-parity conserving.
Such a left-right supersymmetric theory (SLRM) solves the problems of explicit B and L
violation of MSSM, and has received much attention recently [54--62]. Of course leftright theories are also interesting in their own fight, for among other appealing features,
they offer a simple and natural explanation for the smallness of neutrino mass through the
so called see-saw mechanism [63, 64].
Such a naturally R-parity conserving theory necessarily involves the extension of the
standard model gauge group, and since the extended gauge symmetry has to be broken, it
involves a 'new scale', the scale of left-fight symmetry breaking, beyond the SUSY and
SU(2)z • U(1)r breaking scales of MSSM. It is, therefore, important to ask whether the
upper bound on the lightest Higgs mass in naturally R-parity conserving theories depends
on the scale of the breakdown of the extended gauge group. We now consider the question
of the mass of the lightest Higgs boson in left-right supersymmetric models so as to
answer this question [65].
We begin by recalling some basic features of the left-fight supersymmetric models used
in our study. Further details can be found, e.g., in [61,65]. The quark and lepton doublets are
included in 0(2, 1, 1/3); Q~(1,2,-1/3); L(2, 1,-1); LC(1,2, 1), where Q and Q~ denote
the left- and right-handed quark superfields and similarly for the leptons L and Lc. Note that
since left- and right-handed fermions are placed symmetrically in doublets, also the fight
handed neutrinos are included. The Higgs superfields consist of AL(3, 1, -2); AR(1, 3, --2);
6L(3, 1,2); 6R(1,3,2); 4(2,2,0); X(2,2,0). The numbers in the parentheses denote the
representation content of the fields under the gauge group SU(2)L x SU(2)Rx U(1)B_L.
The two SU(2)R Higgs triplet superfields AR(1,3, --2) and 6R(1, 3, 2) with opposite (B-L)
are necessary to break the left-right symmetry spontaneously, and to cancel triangle gauge
anomalies due to the fermionic superpartners of Higgs bosons. The left-right model also
contains the SU(2)t" triplets At. and 6L in order to make the Lagrangian fully symmetric
under the L ~ R transformation, although these are not needed phenomenologically for the
=
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symmetry breaking or the see-saw mechanism [63, 64] for neutrino mass generation. The
two bi-doublet Higgs superfields & and X are required in order to break the SU(2)LX
U(1)y and to generate a non-trivial Kobayashi-Maskawa matrix.
The most general gauge invariant superpotential for the model can be written as

W = h ~ Q r i r 2 ~ Q c + hxQQrir2xQ ~ + h6LLTiT2&Lc + hxLLTi'c2x Lc
4- h6LLTi'r26LL 4- hAkLCr i~'2ARLc + #1 (i'r2~r i'r2x) 4- #/1 (i'r2~r i'r2(~)
I!

9

T.

+ #a (rr2X ,T2X) + (#2zAL6L + #z~AR6R).

(13)

From the superpotential, the scalar potential, and the CP-even Higgs mass matrix, can be
calculated via a standard procedure. Using the fact that for any Hermetian matrix its
smallest eigenvalue must be smaller than that of its upper left comer 2 x 2 submatrix, we
obtain from this mass matrix the upper bound on the mass of the lightest Higgs boson in
the left-right supersymmetric model:
m2 < 1$(gL
2 4- gk)(~l
2 2 + /,~2)c0s22fl,
-

(14)
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Figure 3. The tree-level upper bound on the lightest Higgs mass as a function of the
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where gL and gR are the SU(2)L and SU(2)R gauge couplings, respectively, and nl and n2
are the VEVs of the neutral components of ~(2, 2,0) and X(2, 2, 0), respectively, with
tariff = ~;2/~q. We note that the upper bound (14) is not only independent of the supersymmetry breaking parameters (as in the case of supersymmetric models based on
SU(2)L x U(1)y), but it is independent of the SU(2)R breaking scale, which, a priori, can
be very large, and also independent of any R-parity breaking vacuum expectation value.
The upper bound is controlled by (h E + ~2) and the dimensionless gauge couplings (gL
and gR) only. Since the former is essentially fixed by the electroweak scale, the gauge
couplings gL and gR determine the bound (14). Since the fight-handed gauge coupling gR is
not known, the upper bound on the right-hand side of (14) comes from the requirement [65]
that the left-fight supersymmetric model remains perturbative below some scale A. The
resulting tree level upper bound is shown in figure 3. The tree-level bound can be considerably larger than in MSSM, if the difference between the high scale A and the
P r a m a n a - J. Phys.,
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intermediate scale MR is small. The radiative corrections to the upper bound from top-stop
and bottom-sbottom sector are sizable and of the same form as in the MSSM. In figure 4,
we show the radiatively corrected upper bound as a function of top quark mass in the
range 150 < mt < 200GeV, and compare it with the corresponding upper bound in
the MSSM. The upper bound increases with increasing MR scale, and becomes less
restrictive as this scale is increased. For MR = 10TeV and mtop = 175 GeV. the bound
remains below 155 GeV while for MR = 10 l~ GeV it remains below 175 GeV. It is seen
that the mass limits, except for large #1, /z~,
' #l,
" are somewhat higher in SUSYLR than in
the MSSM.
5. The neutralino sector of supersymmetric models

In supersymmetric theories with R-parity conservation, the lightest neutralino is expected
to be the lightest supersymmetric particle. In MSSM the fermionic partners of the Higgs
bosons mix with the fermionic partners of the gauge bosons to produce four neutralino
states )~0, i = 1,2, 3, 4, and two chargino states ~/~, i = 1,2. An upper bound on the squared
mass of the lightest neutralino X~ can be obtained by using the fact that the smallest
eigenvalue of the mass squared matrix of the neutralinos is smaller than the smallest
eigenvalue of its upper left 2 • 2 submatrix
M + m 2sin 20w

_m2 sinOwcosO w

- m 2sinOwcosOw]
MZ2 + m2 cos2 0w j

(15)

thereby resulting in the upper bound [66]
Mx20 < min(M 2 + m2sin 20w,M 2 + m2cos 20w),

(16)

We note that the upper bound (16) is controlled by, in addition to mz and Ow, the soft
SUSY breaking gaugino masses, M1 and M2. This is in contrast to the Higgs sector of
MSSM, where the corresponding bound on the (tree level) mass of the lightest Higgs
boson is controlled by mz, and not by supersymmetry breaking masses. However, the
upper bound can become meaningful in theories with gauge coupling unification.
We recall that, as a consequence of the renormalization group equations (RGEs) satisfied
by the gauge couplings and the gaugino masses in the MSSM, we have (ai = g2i/47r,
o~u =

gZ /47r),
MI(Mz)/oq(Mz)= M2(Mz)/e~2(Mz)= M3(Mz)/Oz3(Mz)= mU2/ow,

(17)

where M1/2 is the common gaugino mass at the grand unification scale, and e u is the
unified coupling constant. It is important to note that (17), which is a consequence of oneloop renormalization group equations, is valid in any grand unified theory irrespective of
the particle content. It reduces the three gaugino mass parameters to one, which we
choose to be the gluino mass m~, which is equal to IM3]. This results in an upper bound on
the mass of the lightest neutralino as a function of the gluino mass:
M20 < M~ + m~sin 20w ~- (0.02m~ + 1924.5) GeV 2.
XI

(18)

--

For a gluino mass of 200 GeV, the upper bound (18) on the mass of the lightest neutralino
is 52GeV, which increases to 148GeV for a gluino mass of 1 TeV. The radiative
P r a m a n a - J. P h y s . ,
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corrections to the upper bound can vary between 5% and 20% depending upon the
composition of the lightest neutralino.
Although the upper bound (18) on the lightest neutralino mass has been obtained in the
MSSM, a similar upper bound can be obtained in the more general models based on the
gauge group SU(2)L x U(1)y with an extended Higgs sector [67]. Numerically the upper
bound in these extended models can be typically higher than the one in MSSM.
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