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Abstract. A review of the Higgs and neutralino sector of supersymmetric models is presented. This
includes the apper limit on the mass of the lightest Higgs boson in the minimal supersymmetric
standard model, as well as models based on the standard model gauge group SU (2), x U1}y 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
sapersymmetric 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 neutraliro 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, ie. gauge
invariance and Higgs mechanism. From recent experiments it is clear that strong and
clectrowenk interactions are described by an SU{3). x SU(2), x U(1)y 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), * U{1}, gauge symmeiry is
broken through the Higgs mechanism via the vacuum expectation value (VEV) of the
neutral component of the Higgs doublet {1], leaving behind a remapant 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 {11. .

One of the centra} problems of particle physics is, then, to understand how the electro-
weak scale associated with the mass of the W boson is generated, and why is it s0 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 uader
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 x SU{2), x U(1)y. with two Higgs doublet superfields (H;,H,) with
opposite hypercharges: Y(#;) = —1, Y(H,) = +1, so as to generate masses for up- and
down-type quarks (and leptons), and to cancel gauge anomalies. In general, super-
symmetric extensions of SM have extended Higgs sectors leading to a rich penomenology
of Higgs bosons.

In this talic 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 expiore supersymmetric models based
on extended gauge groups, e.g. the left-right gauge group SU(2), x SU(2), x U(1),_,,
pointing out the relevance of extended gauge symmetries in the context of super-
symmetric models, and discuss the Higgs sector of these models.

In supersymmetric gauge theories, each fermion and bosen 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 super-
symmetric 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 LSP, is the end product of any process involving
supersymmetric particles in the final state. In this talk, 1 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). x SU(2); x U(1)y, contains two Higgs doublet superfields (Hy, H,) with
opposite hypercharges: ¥(H,) = —1, ¥{H;) = +1, so as o 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 (m; are related to supersymmetry
breaking parameters)

Vy = mﬂH] Iz +m% ‘H’_)_Ez — m%{Hl - Hy 4 hC)
g2+g12
8

where g and g’ are the SU(2), and U/(1), gauge couplings, respectively. We note that, as a
consequence of gauge invariance and supersymmetry, the quartic couplings of Higgs
bosons in MSSM are fixed in terms of electroweak gauge couplings. After spontaneous
symmeiry breaking induced by the neutral components of #; and H, obtaining vacuum
expectation values, (H;) = vy, {Ha) = vy, tan 8 = v /vy, the MSSM contains two neutral
CP-even (A°, H"), one neutral CP-odd (A), and two charged (H*) Higgs bosons [1].
Although gauge invariance and supersymmetry fix the quartic couplings of the Higes
bosons in MSSM in terms of ST/(2), and U(1), gauge couplings, there still remain two
independent parameters which describe the Higgs sector of the MSSM. These are usually
chosen to be tan 7 and my, 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

+

2, 1 B
(0 = PP 52 5 1)

Pramana — J. Phys., Vol. 51, Nos 1 & 2, July/August 1998
170 Special issue on “Proceedings of the WHEPP-5



Particle mass limits

level upper bound of my (the mass of Z% boson) on its mass [3, 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]

M = m3 sin® B+ mi cos? B —(m -+ my ) sin fcos 3
—(mk +m})sinfeosf m}cos® B+ mg sin® 3

3% {A” An], 2)

FASURAV )

where the second matrix represents the radiative corrections.

The functions A; depend on, besides the top- and bottom-quark masses, the Higps
bilinear parameter ;¢ in the super-potential, the soft supersymmetry breaking trilinear
couplings (A, Ap) and soft scalar masses {mgp, My, mip), as well as tan 0. We shall ignore
the b-quark mass effects in Ay in the following, which is a reasonable approximation for
moderate values of tan 3 < 20 — 30. Furthermore, we shall assume, as is often done,

_].. —_—
)
16m2mmy

AEAriAb,
ﬁ’tEmQﬁmU = Mp. (3)

With these approximations we car write (. is the top quark mass) [11]

2
4
my [ A -+ poot §) 3 o
Dy =t me, ms ), 4
i1 Sil’lzﬁ ( mi Mm?zz g( TR ( )
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Agy = == | log— = + 3 s log—
sin” 3 m; my; — e
2
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my [ (A + peot3) 2 2 .
mi Wiz}, 3
sinzﬁ( m%l mmi gl )
mi p(A+ pcotf) m: A(A 4+ peotf)
Ap =—r log 3 + — 5" g(m 1) ], 6
T sin’p m; —m gm?; e —m 8l i) ©)

where m? and m? are squared stop masses, and g{m3 ,m2 ) is a function of stop masses,
given by {we have ignored the small D-term contributions to the stop masses}

m?ﬂ - m? 4t m{A + pcot 3), {7
o) 2 2
me S+ my
gl ) =2 = Hlog - ®

— 2
m71 mfz mfz

The one-loop radiatively corrected masses (my, my, my < my) of the CP-even Higgs
bosons (A7, HY) 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 CP-
even Higgs bosons, my, and my, as well as the charged Higgs boson mass, as a function of
my for two different values of tan 8 = 1.5,30. With a wider range of parameter values, or
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Figure 1. Masses of the CP-even Higgs bosons KO, H° and of the charged Higgs
particles = as a function of the CP-odd Higgs mass my for two values of tan
8 =1.5,30.

when the squark mass scale is taken to be smaller, the dependence on p and tan 4 can be
more dramatic [12—-14].

Although radiative corrections can be appreciable, these depend oaly logarithmically
on the SUSY breaking scale, and are, therefore, under control. In particular, the mass of
the lightest neutral scalar is bounded from above:

m;, < ni cost(28) + e(my,m;, n, A ), (9)

where € parameterizes the effect of the radiative corrections described above. Note that e
is approximately independent of tan J; for large my, m; = 175 GeV and my, = 1TeV it
amounts to about 0.9m3, (1.6m3,) for no (maximal) stop mixing. It is important to note
that the bound (9) can only be saturated for large m,. 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 5. Since the LLEP experiments are
cbtaining lower bounds on the mass of the lightest Higgs boson, they are beginning to rule
out significant parts of the small-tan 3 parameter space, depending on the model assumptions.
For tan # > |, ALEPH finds my, >62.5 at 95% C.1L. [16]. (For a recent discussion on how
the lower allowed value of tan & depends on some of the model paramsters, see ref. [17].)

The two-loop corrections to the lightest higgs mass are typically O(20%) of the one-
loop 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 gange 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), » U(1}, Higgs singlet superfield & in the
spectram [20]. This model, referred 1o as the non-mintmal supersymmetric standard model
(NMSSM), does not destroy the unitication 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 Higgs self-couplings:

k
- Winiggs = ANH Hy — 3 N, (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 H; and two CP-odd
fields A; in addition to the charged Higgs field H.

Because of the presence of the trilinear coupling proportional A in the superpotential
(10), the tree-level Higgs-hoson seli-coupling in the NMSSM depends on A 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

ZAZ 2
8’2”“’ sin(24) + ¢, (11)

myy, < m3 cos*{20) +

where € 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 pertur-
bative 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 sigrificant compared to the MSSM case because the maximally
allowed vatue of \ is larger(smaller) for a smaller (larger) top mass.

One can study the implications of introducing higher dimensional Higgs representa-
tions on the upper bound for the mass of the lightest Higgs boson in supersymmetric
models. Because of the presence of the additional trilinear 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), x U(1}, 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 boson in the
non-rinimal supersymmetric standard model (solid line). We have taken stop mass to
be 1TeV. The dotted line shows the corresponding upper bound in the MSSM.

to 165 GeV depending on the Higgs 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 ULy

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, supersymroetry and renormalizibility aliow 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 strength of baryon-number-violating
term is fess than 107", 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 [, violating
couplings in MSSM is to invoke a discrete Z; symmetry [45] known as matter parity, or
R-parity. The matter parity of each superficld may be defined as

(matter parity) = {(—1)* 1), (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
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component field is defined by R, = (~1)3€3—m+25, where § 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 minimat supersymmetric standard model with R-parity conservation can
provide a description of nature which is consistent with all known observations, the
assumption of Ry conservation appears to be ad hoc, since it is not required for the internak
consistency of MSSM. Furthermore, all global symmetries, discrete or continuous, could
be violated by the Planck scale physics effects [46-50]. The problem becomes acuie for
low energy supersymmetric models, because B and [ 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 underlying theory under this
gauge SymUNELTy. Fortunately, there is a compelling scenario which does automatically
provide for exact R-parity conservation due to a deeper principle. Indeed, R, conservation
follows automatically in certain theories with gauged (B-L), as is suggested by the fact
that matter parity is stmply a 7, subgroup of (B-L). 1t has been noted by several authors
[51-53] that if the gauge symmetry of MSSM is extended to SU(2),,% U(1)y, = Ul gps
or SU(2), x SU(2)g * (1), 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 [534-623. Of course left-
right theories are also interesting in their own right, for among other appealing features,
they offer a simple and patural explanation for the smallness of neutrino mass through the
so called see-saw mechamism [63, 641

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-right symmetry breaking, beyond the SUSY and
SU(2), % U(1)y breaking scales of MSSM. It is, therefore, important ta 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 gange 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 hasic features of the left-right supersymmetric models used
in our study. Further details can be found, e.g.,in [61,65]. The quark and lepton doublets are
included in ©(2,1,1/3); 2°(1,2, —1/3) L(2,1, 1) 1(1,2, 1), where Q and (¢ denote
¢he Jeft- and right-handed quark superfields and similacly for the leptons L and L°. Note that
since left- and right-handed fermions are placed symmetrically in doublets, also the right
handed neutrinos are included. The Higgs superfields consist of A (3,1, -2); Ar(1,3, -2}
6.(3,1,2); Sr(1,3,2); ${2,2,0); x(2,2,0). The numbers in the parentbeses denote the
representation content of the fields under the gauge group SU(2), x SU (2)px U1
The two SU(2},, Higgs triplet superfields Ag(1,3,—2) and 8g(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), triplets & and &, in order to make the Lagrangian fully symmsfric
under the L <+ R transformation, although these are not needed phenomenologically for the
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Symmetry breaking or the see-gaw mechanism [63, 64] for neutrino mass generation, The
two bi-doublet Higgs superfields @ and y are required in order to break fhe SU(2), x
U(1), and to generate a non-trivial Kobayashi-Maskawa matrix.

The most general gauge invariant Superpotential for the model can be written as

W = fzqr,QQTiT?_(I)QC + hXQQT.sz)(QC -+ fIqr)LLTI'Tz(I)LC 4+ thLTl-TQXLC
o+ he LT i d, 1 + hL\RL“TiTgARLf + i1 (£T2<15Tir2,\{) + i {imy &’ ir, &)
+ (i iy + (20 D0, + 12 A ply). (13)

From the superpotential, the scajar potential, and the CP-even Higgs mass matrix, can be
caleulated via a standard procedure. Using the fact that for any Hermetian matrix its
smallest eigenvatue must be smaller than that of its upper left corner 2 x 2 submatrix, we
obtain from this mass marrix the upper bound on the mass of the lightest Higgs boson in

the lefi-right supersymmetric mode}:

my < gl + g2 K2 + 12) cos? 24, (14)

300
250 |
200

150

Figure 3. The tree-level upper bound on the lightest Higgs mass as 2 function of the
scale A up to which the &r coupling remains pertirbative. The plotted
SUQR)g x U{1),_, breaking scales are My = 1TeV, 10°GeV and 101 Gey.
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Figare 4. The radiatively corrected Uppet 1imit on the mass of the lightest Higgs
boson as & function of 7 with A = o' GeV and A, = Ap = 1 =TeV. The solid line
corresponds 1o the SU{2)x scale of 10 TeV and the Jashed Yine to the SU(2)g scale of
1010 GeV. The dotted curve corresponds © MSSM Tlimit for tan 3 = 90 and p = M-
In {a) = = =0, in (B) M= = P = 500 GeV, and in (© M ™ =

where g1 and gr 81¢ the SU(2), and SU(2)g gaUES couplings, respectively: and k1 and K2
are the VEVS of the neutral componerts of ®(2,2,9) and x(2,2,0), respectivelys with
tan 3 = K2 [k We note that the upper bound {14} 18 not only independent of the super-
SymInetry breaking parameters (as in the case of supersymmetric models hased of
SU(2);, * U{1)y), bt it is independent of the SU(2}x preaking scale, which, a priori, CAD
be very lazge and also independent of any R-parity breaking vacuum expectation value.
The upper bound 1 controlled by (k7 + k%) and the dimensionless gauge couplings (g0
and gg) ORY- Qince the former is essentially fixed by the electroweak scale, the gauge
couplings 8L and gr determine the bound (14)- Since the right~handed gauge coupling g& is
not known, the upper bound on the right_hand side of (14) comes from the requirement 1651
that the jeft-right supersymmetric mode) Temains perturbative pelow sOme scale A. The
resulting tree level upper bound is showa in figure 3. The tree-level wound can be consi-
derably 1arger than in MSSM, if the difference between e high scale A and the
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in[‘ermediate Scale My, ig Small. The radiative Lartections yg he Upper bougg from top-stop
and bottomksbottom sector are Sizable apq of the Same form g in the MSSM. In figure 4,
we show (he radialwe!y Corrected Upper bound a4 & function of op quarg Mass in the
fange 150 < < 200 GeV, ang Compare jt iy the comesponding Upber bound i
tha MSSM. The Upper boung creaseg With increasing My scale, ang becomeg lesg
restrictive g this scaje is increased. For Mo =1 0Tevy angd Mgy = 175 GeV, the bound
femaing pelgy, 155 Gev while for Mp = 01 Geay it remaing below 175 GeV. It i seen

that the mass limits, except for large 5, 1 1L, 1Y are Somewhgr higher ip g USYLR than i
the MSSM.

5. The Reutraling Sector of supersymmetric modelg

In SUPErsymmetric theorieg Wwith R-parity tonservatiop, the lightegt hentraling jq EXpectad
to be the lightest SUpersymmeryic Particle, Ip MSSM the fermionije Pariners of the Higgs
bosong MiX with the fermionjc partmers of e gauge bosong g Produce foyp neutraling
States 79 ;. 1,2,3,4, anqd tWo charging States 7 ; _ 1,2 An HPper bound oy (e Squared
Mass of the lightest nentralipg XY can be obtaineg by Using the fact thae the smallest
eigenvalye of the mass squareq Matrix of (e Deutralinpg jg Stnaller thap the Smallegy
eigenvalye of ity Upper left 2 x o Submatrix

sz - mé sin? By —m% 8 8y, cog Gy (]5)
=7 sin @y, cog By M4 M cos? By
thereby tesolting in (he Upper boung f66]
/kf;’? = min(a? . 3 sin? G, Mf + m cog? By, (16)

We note that the uppef bdund {16} is controlled by, in addition ¢ Mz and By the soft
SUSY breaking &auging masses, M, ang M. This i M conrag o the Higgg Sector of
MSSn, Where the corresponding bound oq the (iree Tevel) mags of the lightest yj

We recaly that, ags o COnsequence of the fenormaltizasiop 81OUp equatinng (RGEy) satisfied
by the Zauge Couplings and the gauging Mmasses in the MSSM, we have (a; = gf/4?r,

Mi (M) /a, (Mz)= 1, (Mz)/QB(Mz) = M3 (8,) /e, (Mz)= /o, (17)

where M is the Comiman gauging mass at the grand un_ification scale, ang Qs the

untified Coupling Constant, It i5 Importapg to note thay (17), which ig tonsequence of ofle- -
loop renorma_lization group €quations, ig valid ip any grand unifieg theory irrespective of

the particfe Content, It reduces (he three gaugino mgagg Parameters g one, which we

choose (g pe the gluing ass g, which 13 equaj 1o IM3). This tesults in ap Upper bound g

the masg of the lightest Reutraling g 4 function of the gluing Inags:

Mo < a2 4. 1 5102 gy, (0.02m2 4 1924.5) Gey2. (18)

For a gluino mass of 200 GeV, the upper bognd (18) on the Mass of the lightest Nettraling
is 52 Gev, which INcreases to 148 Gay for a gluino magq of 1Tev, The radiative
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correciions to the upper bound can vary between 5% and 20% depending upon the
composition of the lightest neutraling.

Although the upper bound (18) on the lightest neutsalino 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), x ULy with an extended Higgs sector r67]. Numerically the upper
bound in these extended models can be typically higher (han the one in MSSM.
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