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Higgs boson mass bounds separate models of electroweak symmetry breaking
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Vacuum stability and metastability imply lower limits on the mass of the Higgs boson in the standard model
(SM). In contrast, we present an improved calculation of the lightest Higgs boson mass in supersymmetric
(SUSY) models, by summing to all orders in perturbation theory the leading and next-to-leading logarithms
with a renormalization group equation technique, and by including finite two-loop QCD corrections. We
believe our result to be the most accurate available in the literature. The mass calculation leads to an upper
bound on the Higgs boson mass when the SUSY-breaking scale is sensibly restristed®V. In particular,
our improvements to the SUSY Higgs boson mass calculation lower the minimal SUSY standard model
(MSSM) upper limit by about 10 GeV. We study the possibility that these SM and MSSM bounds do not
overlap, in which case a single Higgs boson mass measurement will distinguish between the two models. We
find the following: (i) A gap emerges between the SM Higgs boson and the lightest MSSM Higgs boson at
~120 GeV for m~175 GeV andag(M2)=0.118, and form~180 GeV and more generous values
~(0.130) ofag, and between the SM and the minimal plus singlet SUSY mgdié#-1)SSM] Higgs bosons
if the independent scalar self-coupling of the latter is perturbatively small or if the pamameter is small;
these mass gaps widen with increasing (ii) the mass gap emerges witly 10 GeV lighter if only vacuum
stability and not metastability is imposegij ) restricting ta to the values 1-2) preferred in supersym-
metric grand unified theories, the lightest MSSM Higgs boson mass upper bound is reduced by at least 10 GeV
(which implies no overlap between the SM and the MSSM bounds at even smaller valuag; dbr
my~175 GeV, the bound im,<110 GeV. Thus, a measurement of the first Higgs boson mass will serve to
exclude either the MSSM diM+1)SSM Higgs sectors or the SM Higgs sector. In addition, we discuss the
upper bound on the lightest Higgs boson mass in SUSY models with an extended Higgs sector. Finally, we
comment on the discovery potential for the lightest Higgs bosons in these m@ie$&6-282(96)00821-]

PACS numbgs): 14.80.Cp, 12.15.Lk, 12.60.Fr, 14.80.Bn

I. INTRODUCTION will rule out one of the two main contenders for the elec-
troweak theory: the SM, with no new physics belew0™
The simplest and most popular possibilities for the elec-GeV, or the MSSM with supersymmetry-breaking scale
troweak (EW) symmetry-breaking sector are the single Mg gy<1 TeV. Here, we improve our previous calculation
Higgs doublet of the minimal standard mod&M), and the [5] of the renormalized MSSM Higgs boson mass by includ-
two Higgs doublet sector of the minimal supersymmetricing two-loop QCD corrections and then summing to all or-
standard model(MSSM). Experimentally, very little is ders in perturbation theory the leading and next-to-leading
known about the Higgs sector of the electroweak modellogarithms with a renormalization group equatiORGE)
However, theoretically, quite a lot of Higgs physics has beenechniqug 7,8]. We also use the improved stabilit§,9] and
calculated. The electroweak symmetry-breaking scale isnetastability[10] lower bounds on the SM Higgs boson
known: the vacuum expectation valMEV) of the complex mass(which we summarize in Sec.)ll
Higgs fieldd is (0|®|0)=vgy/\2=175 GeV. This value is In the limit where the masses of the pseudoscalar, and
remarkably close to the top quark mass of £®+ 10 GeV  heavy and charged Higgs bosofikese arem,, my, and
(which itself is very consistent with the values inferred from my=, defined in Sec. I)l are large compared t¥, (of the
precision electroweak data, assuming the $\=164+25 order of a TeV for examp)e the Feynman rules connecting
GeV in [1], and more recentlym,=156+15 GeV in[2]) the light Higgs bosons in the MSSM to ordinary matter are
announced by the Collider Detector at Fermi(@DF) Col-  approximately equal to the SM Feynman ru[é4]. There-
laboration at Fermilaly3]. Higgs boson mass bounds have fore, in this limit, the MSSM light Higgs boson looks very
been calculated, including loop corrections. One aspect afuch like the SM Higgs boson in its production channels
the mass boundst] which we quantify in this paper is the and decay modes; the only difference, a vestige of the un-
following: inputing the CDF value for the top quark mass derlying supersymmetry, is that the constrained Higgs boson
into quantum loop corrections for the symmetry-breakingself-coupling requires the MSSM Higgs boson to be light,
Higgs sector leads to mutually exclusive, reliable bounds omwhereas SM vacuum stability requires the SM Higgs boson
the SM Higgs boson mass and on the lightest MSSM Higg$o be heavy. Thusit may only be possible to distinguish
boson mask5,6]. From this we infer thaindependent of any between the SM Higgs boson and the lightest Higgs boson of
other measurement, the first Higgs boson mass measuremeviSSM (with Myysy=<1 TeV) by their allowed mass values.
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We demonstrate these allowed mass values in our Figs. 1 and
2. Furthermore, the mass of the lightest MSSM Higgs boson
rises toward its upper bound as the “other” Higgs boson
masses are increasedhus, for masses in the region where
the SM lower bound and the MSSM upper bound overlap,
the SM Higgs boson and the lightest MSSM Higgs boson
may not be distinguishable by branching ratio or width mea-
surementg 13]. Only if the two bounds are separated by a
gap is this ambiguity avoided.

In the SM and even in supersymmetric models the main
uncertainty in radiative corrections is the value of the top
guark mass. With the announcement of the top quark mass,
this main uncertainty is greatly reducékhe radiatively cor-
rected observable most sensitive to the value of the top quark
mass is the mass of the lightest Higgs particle in SUSY mod-
els[14]: for a large top quark mass, the top and scalar-top
(t) loops dominate all other loop corrections, ahe light
Higgs boson mass squared grows aglmfng/m).? We
guantify this large correction, including two-loop QCD cor-
rections and summing to all orders in perturbation theory the
leading and next-to-leading logarithms, in Sec. lIl.

In addition to contrasting the MSSM with the SM, we
also consider in Sec. IV supersymmetric models with a non-
standard Higgs sector, in particular the minimal-plus-singlet
SUSY standard mode](M+1)SSM] containing an addi-
tional SU?2) singlet, and the low energy effective theory of
SUSY models with a strongly interacting electroweak sector.
A discussion of supersymmetric grand unified theories
(SUSY GUT’y is put forth in Sec. V; SUSY GUT's impose
additional constraints on the low energy MSSM, leading to a
lower upper bound on the lightest Higgs boson mass. The
discovery potential for the Higgs boson is analyzed in Sec.
VI, and conclusions are presented in Sec. VII.

II. STANDARD MODEL VACUUM STABILITY BOUND

It has been shown that when the newly reported value of
the top quark mass is input into the renormalized effective
potential for the SM Higgs field, the broken-symmetry po-
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The saturation of the MSSM upper bound with increasing

“other” Higgs boson masses is well known in the tree-level rela- MSSM Higgs particle vs ta, for top quark mass values () 163
tions (the boundny,=M|cos(38)| approaches an equality as Higgs ey (b) 176 Gev, and(c) 189 GeV. Three extreme choices of

boson masses increagé2]. The MSSM upper bound still saturates g|;gy parameters are invoked: the solid curve is for
with increasing “other” Higgs boson masses even when O”e'|°°p,u=A[=Ab=0, the dashed curve is far=A,=A,=1 TeV, and
corrections are included. . the dot-dashed curve is far=—1 TeV, A=A,=1 TeV. In all

It is no_tdn‘fncult to understand this foqrth power dependence; thecases,mA=ma=1 TeV andmy(M;)=4 GeV are assumed. The
contribution of the top loop to the SM Higgs self-energy also scaleshorizontal dotted lines are the (i@sindependent SM lower
asm{ However, in the SM the Higgs boson mass is a free parampounds on the Higgs boson mass; the more restrictive stability
eter at the tree-level, and so any radiative correction to the Shhound derives from requiring that the EW VEV sits in an absolute
Higgs boson mass is not measurable. In contrast, in the MSSM thminimum, while the less restrictive metastability bound derives
lightest Higgs boson mass at the tree level is fixed by other obserrom requiring that the VEV lifetime in the local EW minimum
ables, and so the finite renormalization is measurable. exceeds the age of the Universe.

FIG. 1. The curves reveal the upper bound on the lightest
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150 T — . ] bound on the Higgs boson mass relaxes when the cutoff for
new physics is reduced. In fact, it has been pointed @6

that the discovery of a Higgs boson with low mass would
place an upper limit on the scale of new physics.

This lower mass bound and the related “triviality bound”
[15-17 are based on the physical requirement that the run-
ning Higgs self-coupling remains positive and finite up to the
energy scale\. Below this energy scald the SM is sup-
posed to be valid. If the Higgs boson mass, given by
V2\vgy, is too small compared to the top quark mass, then
the running Higgs self-coupling turns negative at a scale
F | | | e below the cutoffA [18]. On the other hand, if the Higgs

s 1o 50 100 500 1000 boson mass is too large, then the running Higgs self-coupling
tan() \ diverges at a scale below the cutdff Thus, for a given
cutoff scaleA and top quark mass,, the Higgs boson mass

FIG. 2. Upper bound on the lighte@+1)SSM Higgs boson vs  is bounded from below by the vacuum stability bound, and
tang, for the top quark mass valués) 163 GeV,(b) 176 GeV, and  bounded from above by the triviality bound. For large values
(c) 189 GeV. All superparticles and Higgs bosons beyond the lightof the Cutoff’Azlolo GeV, these bounds are only weakly
est are assumed to be heavy, of order of the chosen SUSY-breakir&pendent on the value of [19,6]. By comparing Eq(3)
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scale of 1 TeV. The GUT scale is taken ag®1GeV. with Egs. (1) and (2), we see that for a top quark mass

m,=176 GeV anda;=0.118, an increase in from 10
as—0.11 GeV to the Planck mass 10'° GeV raises the vacuum sta-
my=>139+2.1(m,~ 176)_4'5( 0.006 8) bility bound by only 5 to 8 GeV. To put it in simple terms: if
the running Higgs self-coupling. is going to diverge or
A=10"° GeV. (1)  become negative, it will do so at a relatively low energy

scale.

In this equation, mass units are in GeV, andis the strong It has been known for some tinj@0] that the SM lower

coupling constant at the scale of thenass. The accuracy of bound rises rapidly as the value of the top quark mass in-
the bound is estimated to be5-10 GeV. A similar but creases througM; below M, the bound is of order of the

slightly lower bound is found in Ref6]: Linde-Weinberg value;- 7 GeV[21]. So what is new here is
011 the inference from the large reported value for that the
B B as— Y. SM Higgs boson lower mass bound dramatically exceeds
My>136+1.92m,~176) 425( 0.006 8) 100 GeV. Adding the statistical and systematic errors of the

CDF top quark mass measurement in quadrature gives a top
A=10"° GeV, (2)  quark mas$Swith a single estimated error afi,=176+13
GeV. The DO Collaboration has also announced discovery of
valid in the range 150 Ge¥m;<200 GeV. These equa- the top quark[23], with a top quark mass estimate of
tions are the result of an analysis of the one-loop SM effec199+30 GeV, consistent with thébetter-determinedCDF
tive potential using two-loogs functions and the appropriate value. The main uncertainty in the SM vacuum stability
matching conditions. Here, the estimated accuracysB  bound remains the exact value of the top quark mass. The
GeV from the theoretical calculation, amell GeV from the  CDF 1o uncertainty of 13 GeV in the top quark mass trans-
linear fit resulting in Eq(2). lates into a 22 GeV & uncertainty in the bound of Eq3).
The definition of the SM which we use requires no newThe bound’s dependence on the uncertaintyrin a better
physics(i.e., a desejt“only” up to the scaleA~10°GeV.  known parameter, is more mild.
We use thany vs m, curves for various cutoff values in Ref. It is possible that the observed vacuum state of our Uni-
[6] to determine the coefficient of tha, term atA~10  verse is not absolutely stable, but only metastable with a
GeV; and we run the SM renormalization group equationssmall probability to decay via thermal fluctuations or quan-
(RGE's) to determine the coefficient of theg term at tum tunneling. If metastability rather than absolute stability
A~10' GeV. The resulting lower bound fok~10'° GeV s postulated, then a similar but weaker bound re$a In
is an accurate calculation of this metastability bound, next-to-
leading logs are included in the effective potential and one-
As— 0-1157 loop ring graph contributions to the Debye mass are summed
0.006 |’ [10].
SM metastability bounds are given in REL0] in tabular
A=10% GeV. (3)  form for as=0.124 and various values df, and in analytic
form for A =10'"° GeV with various values ofi. To derive
The accuracy of this bound should approximate that of Eq.
(2), =4 GeV. Because the parameter space for a smaller SM™—
desert is necessarily contained within the parameter space fofA top quark mass limit independent of the top quark decay
a larger SM desert, a smaller desert implies weaker commodes is provided by an analysis of tié boson width:m,>62
straints on the model; accordingly, we see that the loweGeV at 95% confidence levgR2].

my> 131+ 1.7Qm,— 176)—3.47(
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the metastability bound for our cutoff value=10° GeV  ues of the top quark mass;, the two bounds will inevitably
and variousag values, we do the following: We first obtain overlap. In addition, for low values afy the two bounds
the bound fora,=0.124 andA =10'° GeV by extrapolating may overlap. For example, for very large or very small val-
the values given in Table ¢f.0]. The a;-dependent term at ues of taB the MSSM upper bound is at ledst,, but the

A =10 GeV is obtained from Eq(30) in [10]. Based upon SM lower bound is only 60 GeV fom,=130 GeV[31].

our experience with running the SM RGE’s from=10'  However, form, heavy, but not too heavy, there may be no
GeV down toA =10 GeV for the SM stability bound, we overlap. In what follows, we show that in fact for, around
note that the coefficient of the,-dependent term is renor- the value reported by the CDF Collaboration, there is little
malized down by 20%compare Eq(3) to Egs.(1) and(2)]. (as=0.130) or no @s=0.118) overlap between the SM
So we reduce the coefficient of; by 20%. The change in Higgs boson mass lower bound and the MSSM upper bound.
the Higgs boson mass bound effected by this renormalizatiofhus, the first measurement of the lightest Higgs boson mass
is small,~1 or 2 GeV or less. The resulting metastability will probably suffice to exclude either the SM Higgs sector,
bound atA =10'° GeV is or the MSSM Higgs sector.

as—0.11 m
my> 123+ 2.05m,— 176)—3.% s 8)( t ) [ll. THE LIGHTEST HIGGS BOSON IN THE MSSM

0.006 |\176)’ . . :
The spectrum of the Higgs sector in the MSSM contains

A=10 GeV. (4) two CP-even neutral Higgs bosonsh and H, with
m,<my by convention, oneCP-odd neutral Higgs boson
According to Eq.(2), the linear fit is valid to better than 1 A and a charged Higgs boson p&l“. A common conve-
GeV for m,>60 GeV, and the overall theoretical error is nience is to parametrize the Higgs sector by the mass of the
negligible compared to the experimental errors indheand ~ CP-odd Higgs bosom, and the VEV ratio taf=vr/vg.
m; values. These two parameters completely specify the masses of the
In our figures, we will present both the stability and the Higgs particles at the tree level
metastability lower bounds. The metastability bound is nec- I
essarily lower than the stability bound. A comparison of Eqs.  MH.h=2 (ma+m3)
(3) and (4) shows that the ordering is maintained in time 1 2 7% 2 AV
region of interest, below 200 GeV; beyong= 200 GeV the = 3(ma—m3)*cos2 5+ (M + my) *sir’2p,
fitted equations are no longer valid. The CDF top quark mass 2 5 9
values including & allowances are 163, 176, and 189 GeV. My = Ma+ My, ®)
The vacuum stability bounds following from Eg3) for
these top quark masses with=0.118 are 109, 131, and 153
GeV, respectively, whereas the metastability bounds are 9@,
123, and 150 GeV, respectively. - mp<|cog2p)|Mz, (6)
As is evident in Eqs(1)—(4), the vacuum stability and
metastability bounds on the SM Higgs boson mass are semhat the lightest Higgs boson mass vanishes at the tree level
sitive to the value otrs(M 7). We have takemrs=0.118(the  if tang=1, and that the masses,, m,, andmy- all in-
central value in the work of9]) to produce the bounds dis- crease together as any one of them is increased. However,
played in Fig. 1. The 1994 world average derived by theradiative corrections strongly modify the tree-level predic-
Particle Data Group26] is 0.117-0.005. The value derived tions in the neutrdl14,32—34 and charged35,33,36 Higgs
from fitting SM radiative corrections to precision elec- sectors. Some consequences are that the charged Higgs bo-
troweak data from the CERN*e™ collider LEP or SLAC  son can be lighter than the&/ gauge bosor36], that the
Linear Collider(SLO) is ag(Mz)=0.124-0.005 in[2], and  tanB=1 scenario, in whictn,=0 at the tree level, is viable
ag(Mz)=0.122+-0.005 in [27]. Other LEP analyses, and due to the possibility of a large radiatively generated mass
deep inelastic leptoproductidiEuclidean data extrapolated [34], and that the upper bound on the lightest Higgs boson
to theM; scale give lower values-0.112; a comparison of mass is increased by terms proportional‘ﬂﬁn(nﬁ/n}), as
low Q? deep-inelastic data to the Bjorken sum ri{i28] mentioned in our introducticr{14].
yields [29] ag(M5)=0.116"33. The LEP working group An important mechanism for the production of the neutral
[30] quotes a world average ofag(Mz)=0.120 Higgs bosons ire*e™ colliders is the bremsstrahlung of a
+0.006=0.002, assuming the SM. If we use the generous
value as=0.130, the stability bound on the SM Higgs boson—————
mass decreases by about 9 GeV fiqr>160 GeV, and the  SNote that in the SUSY limitm,=my, and the fermion- and
metastability bound decreases by about 8 GeV. boson-loop contributions cancel each other. However, in the real
The vacuum stability bound on the SM Higgs boson massvorld of broken SUSY m#my, and the cancellation is incom-
rises roughly linearly withm,, for m;=100 GeV, whereas plete. The top quark gets its mass from its Yukawa coupling to the
the upper limit on the lightest MSSM Higgs boson masselectroweak VEV, whereas the scalar top quark mass arises from
grows quadratically withm,. Therefore, for very large val- three sources, fror® terms, from the top quark Yukawa coupling,
but mainly from the insertion into the model of dimensionful soft
SUSY-breaking parameters. The interplay of these diverse masses
4LEP experiments have established thenexistencef the SM leads to the dramatic correction. Note that the correction grows
Higgs particle below a mass value of 64 GE35). logarithmically asm; gets heavy, rather than decoupling.

implying for example thatny->m,y, that the upper bound
n the lightest Higgs boson mass is given by
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Higgs boson by & gauge boson. Relative to the coupling of Ref. [39] by summing to all orders in perturbation theory

the SM Higgs boson to twd@ bosons, th&ZZH coupling is  these leading and next-to-leading logarithm terms. In order

cos(B—a) and theZZh coupling is sin—«), wherea is the  to do this, we solve the two-loop RGEO] with a supersym-

mixing angle in theC P-even neutral Higgs boson mass ma- metric boundary condition at the scalégysy to obtain the

trix. The angle is restricted te- w/2< a<0, and is given at quartic Higgs self-coupling constant at the weak scale. In

the tree level by this way, the running Higgs boson mass squared is equal to
2 V2, Wherevz=v$+v§ (vt andvg are the VEV's of the

(ma+m3) two Higgs doublet3. This RGE improvemeni34,39,

tan2a= 2—t

( A Z)

From Eq.(7) it is seen that the limitny,—c is important for

three reasons. First, it requires— 8— /2, implying that depends of course on the value of the top quark mass. Here,

cos(3—a)—0, i.e., the heavy Higgs boson decouples from(Amp) iy contains the logarithmic part of the one- and two-

the Z gauge boson. Second, it requires that 8ing)—1, loop corrections, the so-called leading and next-to-leading

i.e., the light Higgs boson behaves such as the SM Higg¥garithms. For example, at,~176 GeV, we find the RGE

boson. And thirdm,—c is the limit in which the tree level ~correction to be-2 to —3 GeV for large tag and —5 to

my, saturates its maximal value given in E§) for any value —7 GeV if tang is small. We include this correction in all of

of tanB. our plots.

We use the diagrammatic technique with an on-shell We choosem, and all squark mass parameters to be
renormalization scheme to calculate the renormalized lightlarge, equal to 1 TeV,in order to find the maximum light
est MSSM Higgs boson mass), [7]. We include the full Higgs boson mass. With respect to the squark mixing, we
one-loop corrections from the top or bottom quarks andvork in three extreme scenarioga) no mixing, i.e.,
squarks, the leading-log corrections from the remainings=A;=A,=0, whereyu is the supersymmetric Higgs boson
fields (charginos, neutralinos, gauge bosons, and Higgghass parameter andy, i=t,b, are the trilinear soft
bosony® the dominant two-loop corrections, and the full Supersymmetry-breaking terms; and maximal mixiriig)
momentum dependence of the Higgs self-energies. We thenith u=A=A,=1 TeV; (c) andu=—1 TeV,A=A,=1
perform a renormalization group equatiRGE) improve-  TeV.
ment[38] of these results in order to include the resummed We mention again that our chosen definition for the
leading and next-to-leading logarithms. The result is a highlyMSSM is the conventional one, withl s,sy, all of the soft
accurate calculation of the lightest MSSM Higgs bosonsupersymmetry-breaking terms, apd having a magnitude
mass, perhaps the most accurate available in the literatureof at most 1 TeV. One of the motivations for this choice is

We find the renormalized neutral Higgs boson masses bthat in supergravity models the electroweak symmetry can be
looking for the zeros of the determinant of the inverse propabroken radiatively without fine-tuning the initial parameters,
gator matrix, including the loop correctio8]. The two if Mgysy iS not too largg44].
solutions to The resulting lightest Higgs boson mass as a function of

tanB is shown in Fig. 1 for the CDF central value of the top

SX(PP)2AAp?) =[24(pH) ]2, (8)  quark mass and the 1o mass values. Since the difference

between the one- and two-loop bound calculated before the
are the pole Higgs boson masggs=mj andp?=m7. The  RGE resummation is-10 GeV, the accuracy of our bound
propagators are calculated in a basis in which@f-even can be conservatively estimated to$&0 GeV. For the case
Higgs fields x; and x, are unmixed at the tree level. We tan3~1, the SM lower bound and the MSSM upper bound
renormalize each matrix element of the inverse propagatosire separated already @ =163 GeV. Were it not for the
matrix first, and later diagonalize it nonperturbatively. Fur-SM metastability lower bound, the gap would exist for all
thermore, we keep the full momentum dependence of th@alues of ta. However, with the SM metastability bound,
self-energies in Eq(8). This is equivalent to defining a it is not untilm,~175 GeV that a gap exists for all values of
momentum-dependent mixing angl¢p?). With this proce-  tang. In particular, for the preferred CDF value of,=176
dure, we avoid the introduction of a mixing-angle counter-GeV, the two bounds do not overlap, making it possible to
term, which allows us to calculate directly the renormallzedd|st|ngu|sh the SM and the MSSM solely on the basis of a
mlxmg angle at the two physically relevant scalgn?) and  determination of the Higgs boson mass. Even rige 189
a(mH) [8]. GeV the gap is still increasing with increasing top quark

Two-loop corrections are negative and decrease the uppenass, indicating that the eventual closing of the gap occurs at
bound of the Higgs boson mass by several G&89]. We still higher values ofmn;.
include the dominant two-loop corrections of RgB9] Shouldag turn out to be closer to 0.130 than to the value
which include the leading and next-to-leading logarithms.0.118 assumed here, then the separation of the SM Higgs
Finally, using an RGE technique, we extend the results oboson mass region from the MSSM Higgs boson mass region

is not quite complete. We have seen that the stability and
metastability lower bounds on the SM Higgs boson mass

n2B. (7)
(AM})ree=Av2—MZC0$28— (AMP) 1y, 9

SCalculations of full one-loop corrections from all particlgg¥]
have shown that finitgi.e., nonlogarithmig corrections due to
loops with particles other than the top or bottom quarks and squarks ‘We note thats1 TeV emerges naturally for the heavier super-
are very small. particle masses when the MSSM is embedded into a (G11F43.
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decrease ag; is increased. The MSSM mass upper boundincorporate both the important finite corrections at the two-
also decreases with increasimg, but at a much smaller loop level and the resummed leading and next-to-leading
rate. We find that raising from 0.118 to 0.130 shifts the logarithmic corrections.

MSSM Higgs boson mass bound by 0.5 GeV for The second popular technique is the effective potential
m,=163 and by—0.8 GeV form,=189 GeV. The result is method. In Ref[34] the effective potential method is com-
that the gap apparent for all values of ganin the pared with the diagrammatic technique. Working in an on-
as=0.118,m;=176 GeV casgdisplayed in our Fig. ()],  shell scheme in both methods, it is shown that the two tech-
remains a gap in the,=0.130 case only in the t@~~1-2  niques reproduce the same answer when the tree-level Higgs
region. However, the overlapping mass region for the reboson mass is zero and when all supersymmetric particles
maining tarB values is small. The region of overlap is inter- are included in the effective potential. However, in the more

esting only if the observed Higgs boson mass turns out to ligealistic case where the tree-level Higgs boson mass is non-
in this region. With a small overlap region, such an occur-zero, the effective potential answer has to be corrected using

rence isa priori unlikely. A further (interesting complica-  diagrammatic methods. With these diagrammatic correc-
tion is that the best fit value fas, when MSSM radiative ~ tions, the two methods become indistinguishable.
corrections are assumed and fitted to precision datf@5k The effective potential method is used in Ref7]. There
ag(M5z)=0.114-0.007. This lower value suggests that it the MS renormalization scheme is also used and so the com-
may be best to compare SM bounds with a given value agparison with our on-shell diagrammatic method is not
sumed fora, to MSSM bounds with a slightly lower value simple. A nontrivial ambiguity for the choice of the arbitrary
assumed forg. scale is present in this method. A further limitation in this

In Fig. 1 we can see that scenafit) gives us a signifi- calculation is the inclusion in the effective potential of only
cantly larger range of Higgs boson mass values close t&M particles. Important log terms arising from SUSY par-
tan8~ 1. This can be understood in the g1 approxima- ticle loops are, therefore, absent. When the SUSY particles
tion: there are nonleading logarithmic contributions to theare ignored, the only connection with supersymmetry is in
Higgs boson mass from loops involving the top quark andhe boundary condition fox at the scaleMg,gsy. A partial
squarks that are proportional to powers pf{ A;)/m, [34].  compensation is made by including the threshold effects of
Also in Fig. 1 we see that scenariil® and(c) offer a larger SUSY particles in the form of step functions. What would be
value for them,, maximum than does scenafi@, except for ~ a full Veltman’s function in the diagrammatic method is ap-
the region tap>1. The reason is that among the additionalproximated in the effective potential method by a step-
light Higgs boson mass terms ib) is a negative term pro- function shift [48] in the boundary condition:x= 3
portional to— (xm, /cos8)*, which becomes largg8] when  (g%+g’'?)cos28+A\.
tan8>1. More significant is the fact that the extreme values In our diagrammatic method these approximations are not
in (a), (b), and(c) yield a very similar absolute upper bound present since the effects of the nonlogarithmic terms are in-
in the region of acceptable t@nvalues, thereby suggesting cluded in the full expressions of the Veltman's functions. For
insensitivity of the MSSM upper bound to a considerableexample, important nonlogarithmic effects are included, such
range of the squark mixing parameters. as the decreasing of the Higgs boson mass whefi-tam,

In the literature there are three popular methods to calcux~1 TeV, andA=0, as explained above and seen in Fig. 1.
late the renormalized Higgs boson mass. These are the RGHso, the effect of large splitting in the masses of the top
technique, the effective potential method, and the diagramsquarks is automatically taken into account in our diagram-
matic technique. It is informative to compare these techimatic method. These effects are not included in R&T].
niques, and to point out the advantages of the approach we There are two further improvements that we have
have undertaken. The RGE technique is used for example iachieved. The first improvement is the use of different
Ref. [40], where the leading and next-to-leading logarithmsRGE’s above and below the top quark mass. Betoythe
are summed to all orders in perturbation theory to give thé¢op quark mass decouples and the RGENaloes not con-
running Higgs boson mass. This technique is based on thigin the top quark Yukawa coupling. This effect can be im-
fact that the Veltman functionf46] which appear in the portant. In principle, the RGE for the gauge couplings should
diagrammatic method can be approximated by logarithmg&lso be modified. In practice, it is a negligible effe€this
when there are two different scales in the problem. The RGEnodification is more complicated, since the electroweak
technique sums these logarithms to all orders, but drops afjauge symmetry is broken. A careful analysis can be found
nonlogarithmic, finite terms. These terms are often very im4in Ref.[38].) The second improvement is the consideration
portant[34,36. Moreover, the reliability of the RGE treat- of the running of tap. In practice, this effect is numerically
ment of the logarithmic terms decreases if the two scales aremall[38].
not very far aparfas is the case here, where the two scales We finish this section with some comments on the decay
are the EW and SUSY-breaking scaleblumerically, the b—sy. It is known that the branching ratiB(b—sy) has a
Higgs boson mass calculated with the RGE method can difstrong dependence on the SUSY Higgs paramé#gs51.
fer by 10 GeV or more compared to the diagrammaticHowever, when all squarks are heavy, as here, the contribu-
method, even if two-loop RGE's are used. tion from the chargino or squark loops B{b—svy) is sup-

The renormalization group improvemdisee our Eq(9)] pressed. In the case of heavy squarks, the charged-Higgs-
we use in our work replaces the logarithmic part of the cor-boson—top-quark loop may seriously alter the rate, and
rections obtained with the diagrammatic method by the restrong constraints on the charged Higgs boson minimum
summed logarithmic corrections as obtained with the renormass result{52,51. This constraint does not affect the
malization group technique. Our results, thereforepresent work, where we take, and thereforem,- and
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my large in order to establish the light Higgs boson upperguark massn,. We have adopted a SUSY-breaking scale of
bound: in the largam,, large squark mass limit, the ratio Mg,gy=1 TeV; this value is consistent with the notion of
B(b—sy) approaches the SM value, consistent with thestabilizing the weak-to-SUSY GUT hierarchy, and is the

CLEO bound[53]. value favored by RGE analyses of the observable$dgin
andm,/m_. The bounds in Fig. 2 are quite insensitive to the
IV. THE LIGHTEST HIGGS BOSON choice ofMgysy, increasing very slowly abl gy increases
IN NONSTANDARD SUSY MODELS [55]. We have assumed that all superpartners and all Higgs

bosons except for the lightest one are heavy, i.e.,

The MSSM can be extended in a straightforward fashion~M gysy. For low values of the top quark mass M), the
by adding an S(®) singletS with vanishing hypercharge to mass upper bound on the Higgs boson in ¢(he+1)SSM
the theory[54]. As a consequence, the particle spectrum conwill be substantially higher than in the MSSM at & a
tains an additional scalar, pseudoscalar, and neutralino. Thigw. This is becausk(m,,) is large for lowm,, and because
extended model, the so-calléld +1)SSM, features four pos-  siP28=cos2 for tand=< a few. However, for a larger top
sible additional terms in the superpotential. Two of theseyyark mass, as in Fig. 2, the difference between the MSSM
terms,\SHgeHr and i«S3, enter into the calculation of the  and (M+1)SSM upper bounds diminishes. This is because
lightest Higgs boson mask; enters directly, whilec enters ) (m y falls with increasingm, , although there is an increas-
through the RG equations.is the usual antisymmetric 2 by ing minimum value for Siﬁ=gtSM/gt [from the second of
2 matrix. . Egs.(11)], and therefore, for tg®, whenm,<g>" is raised

At the tree level, a study of the eigenvalues of the scalar dg, is held to be perturbatively small up to the GUT
mass matrix gives an upper bound on the mass of the Iightescalegt This increasing minimum value of t@nis evident in

Higgs boson: the curves of Fig. 2. A comparison of Figs. 1 and 2 reveals
A2 that the(M+1)SSM and MSSM bounds are very similar at
m2<M2{ co$2B+2———sirf23;. (10 tan3=6. For m; at or above the CDF value, only this
9119 tan3=6 region is viable in théM+1)SSM model.

. . . In a fashion very similar to théM+1)SSM, perturbative
The first term on the right-hand side is just the MSSM result, ificaton yields a bound on the mass of the lightest Higgs

0)‘ Eq.(6). The second.term gi_ve_sapositive contribution, andyysons in “more complicated extensions of the MSSM. In
since the parametex is a priori free, weakens the Upper general, the lowest eigenvalue of the scalar mass matrix is
bound considerably55,56. However, there are two sce- nded hyM, times a factor which depends on the dimen-

narios in which the bound proves to be very restrictive. INgjqniess coupling constants in the Higgs sector. The renor-
the first scenario tgh is small, and therefore, ctBg is NEC- malizaton group equations force these coupling constants to
essarily>sir?2g. In the second scenario the valueXofis  a55yme relatively low values at the SUSY-breaking scale,

limited by the assumption of perturbative unification. In this 54 a5 a consequence the mass bound on the lightest Higgs
latter scenario, even X assumes a high value at the GUT ,5c0n is of the order o, .

scale, the renormalization group equations drive thg evolving Although a bound on the mass of the lightest Higgs boson
value of\ to a moderate value at the SUSY-breaking scaleeyists in perturbative SUSY models, this is not the case in
The exact Higgs boson mass upper bound depends on tk§;sy models with a strongly interacting symmetry-breaking
value of the top Yukawa coupling, at the GUT scale gector. The low energy physics of this class of theories is
through the renormalization group equations. Ab8eysy  described by a supersymmetric nonlineamodel, which is

the running of the coupling constants is described by thg)iineq by imposing the constraH&eHB:%véMsinZZ,B on
(M+1)SSM renormalization group equations, whereas below, 4ction of the MSSMI57]. This constraint is the only one
this scale the SM renormalizgﬁon group equations are Va"dpossible in the MSSM Higgs sector that obeys supersymme-
At Msusy the boundary conditions try, is invariant under S(2) X U(1), and leaves the VEV in a

1 \2 global minimum® As a result of this constraint one of the
ASM=C(g2+g2)| co2B+2 sirt2g |, scalar Higgs bosons, the pseudoscalar, and one of the neu-
8 1 2 2 2 .
11t9>2 tralinos are eliminated from the particle spectrum. The re-

maining Higgs boson has a massmi=M3
grV'=g,sing, (1)  +(m2+m3)sirf2B, and the charged Higgs bosons have

incorporate the transition from th@M+1)SSM to the SM.

Here, \™ and g7 are the standard model Higgs self- 8Keepingg, perturbatively small up to the GUT scale implies
coupling and top quark Yukawa coupling, respectively. Them < its pseudo-fixed-point value of 200 sing. Therefore, a mea-
value of the Higgs boson mass is determined implicitly bysured top quark mass as large as that reported by CDF requires
the equation XSM(mh)v§M= mﬁ This RGE procedure of tans>1 in the GUT scenario, and suggests saturation of the fixed
running couplings fromM g,y down to the weak scale takes point.
into account logarithmic radiative corrections to the Higgs °This MSSM nonlinears model is not the formal heavy Higgs
boson mass, including in particular, those caused by theoson limit of the MSSM, but is a heavy Higgs boson limit of the
heavy top quark. (M+1)SSM; the MSSM does not contain an independent, dimen-
In Fig. 2 we show the maximum value of the Higgs bosonsionless, quartic coupling constantin the Higgs sector which can
mass as a function of t@hfor the chosen values of the top be taken to infinity, whereas tH#1+1)SSM (and the SM does.
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massesn’ . =M+ (M2+m3). Here,m? and M3 are soft, CDF top quark mass value is within the estimated range of

dimensionful, SUSY-breaking terms; they may be positive othe pseudo-fixed-point value. Thus, it is attractive to assume

negative. the pseudo-fixed-point solution. With the additional assump-
In order for the notion of a supersymmetric nonlineartions that the electroweak symmetry is radiatively broken

model to be relevant, the SUSY-breaking scale is required t660] (for which the magnitude of the top quark mass is cru-

be much smaller than the chiral symmetry-breaking scal&ial) and that the low energy MSSM spectrum is defined by

4mvgy. The natural magnitude for the parametég and @ Small number of parameters at the GUT sdéte SUSY

m?2 is, therefore, of the order dfl2 Consequently, both the Hi9gs boson mass paramejer which is also the Higgsino

neutral and the charged Higgs bosons have masses of at mgagss, and four universal soft SUSY-breaking mass param-
a few multiples ofM, in the nonlinear model. This formal- eters: the scalar mass, the bilinear and trilinear masses, and

ism of the effective action allows a description of the low the gaugino magstwo compact, disparate ranges for fan

energy physicsndependentf the particular strongly inter- €Merge: 1.&tans<1.4 [59], and a large tafi solution
acting underlying theory from which it derives. Thus, we ~Mt/My .~ Reference to our Figs. 1 and 2 shows that the
believe that the nonlinear MSSM model presented here i92P between the SM and MSSM is maximized in the small
probably representative of a class of underlying strongly in{&"3 region and minimized in the large tamegion, whereas
teracting SUSY models. The lesson learned then is that medSt the opposite is true for the gap between the SM and
suring a value fom, at =300 GeV cannot validate the SM, (M+1)SSM models. Moreover, thé+1)SSM model is an
MSSM, (M+1)SSM, or any other electroweak model. How- inconsistent theory in the small t@nregion if m= 160

ever, the premise of this present article remains valid, thaPPeV- . . . :
such a measurement should rule out one or more of these !N fact, a highly constrained low tghregion~1 and high
popular models. tanB region =40-70 also emerge when bottom quark-

Yukawa unification at the GUT scale is imposed on the ra-
diatively broken mode[61-64. Bottom quarks Yukawa
coupling unification is attractive in that it is natural in SUSY
Supersymmetric grand unified theoriéSUSY GUT'S  SU(5), SA(10), and E;, and explains the low energy relation,
are the only simple models in which the three low energymp~3m,. With bottom- unification, the low to moderate
gauge coupling constants are known to merge at the GUTanB region requires the proximity of the top quark mass to
scale, and hierarchy and parameter-naturalness issues ai% fixed-point value[65], while the high tap region also
solved. Thus, it is well motivated to consider the grand uni-requires the proximity of the bottom quark amdYukawa
fication of the low energy SUSY models. At low energies,couplings to their fixed point; the emergence of the two
SUSY GUT models reduce to the MSSM, but there are adtang regions results from these two possible ways of assign-
ditional relations between the parametéd?]. The addi- ing fixed points.
tional constraints must yield an effective low energy theory The net effect of the Yukawa-unification constraint in
that is a special case of the general MSSM we have jusBUSY GUT's is necessarily to widen the mass gap between
considered. Therefore, the upper botthdn my, in such the light Higgs MSSM and the heavier Higgs SM, thus
SUSY GUT models is, in generalpwer than that in the strengthening the potential for experiment to distinguish the
MSSM without any restrictions. The assumption of gaugemodels. The large tghregion is disfavored by proton sta-
coupling constant unificatiorfwith its implied desert be- bility [66]. Adoption of the favored low to moderate fan
tweenM gy and M 1) presents no significant constraints region leads to a highly predictive framework for the Higgs
on the low energy MSSM parametd#2,58. However, the boson and SUSY particle spectry68,64]. In particular, the
further assumption that the top quark Yukawa coupling refixed-point relation sig~m/(200 GeVj fixes tarB as a
mains perturbatively small up 9l 1 leads to the low en- function of m;. For a heavy top quark mass as reported by
ergy constraint 0.98tanB. This is because the RGE evolves CDF, one has tgh~ (1, 2) for m;= (140, 180 GeV. Since
a large but perturbative top quark Yukawa coupling attan8~1 is the value for which then, upper bound is mini-
Mgyt down to its well-known infrared pseudo-fixed-point mized (the tree-level contribution ton,, vanishey the top
value atM g5y and below, resulting in the top quark mass quark Yukawa fixed-point models offer a high likelihood for
value~ 200sirB GeV. If the bottom quark Yukawa coupling h° detection at LEP200. Reduced, upper bounds have
is also required to remain perturbatively small upMe, 7, been reported i162,63. The reduction in these bounds is
then taB<52 [59] emerges as a second low energy con-due to the small tgB restriction, an inevitable consequence
straint. of assigning the top quark mass, but not the bottom quark
The pseudo-fixed point solution is not a true fixed-point,mass, to the pseudo fixed point. These bounds are basically
but rather is the low energy Yukawa value that runs to be-our bound in Fig. 1 for ta@~ 1, when allowance is made for
come a Landau pol@an extrapolated singularity, presumably small differences resulting from different methods and ap-
tamed by new physigsnear the GUT scale. The apparent proximations.
Even more restrictive SUSY GUT’s have been analyzed.
These include the “no-scale” or minimal supergravity mod-
0n fact, the additional restrictions may be so constraining as to
also yield alower limit on the lightest Higgs boson mass, in addi-
tion to the upper limit. For examplen,>85 GeV for tag>5 and it may be noteworthy that a fit of MSSM radiative corrections to
m;=170 GeV is reported in Ref42], and a similar result is given the electroweak daturR,=I'(Z—bb)/T'(Z— hadrons) reveals a
in [43]. preference for just these two t@mregions[45].

V. SUPERSYMMETRIC GRAND UNIFIED THEORIES
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els [67], in which the soft mass parameters, (universal mass lower bound from absolute vacuum stability is equal to
scalar magsand A are zero at the GUT scale; and its nearthe experimental lower bound ohy=64 GeV, while the
relative, the superstring GUT, in which the dilaton VEV pro- metastability bound allows a mass as low as 43 Ep¥/SM
vides the dominant source of SUSY breaking andngp  mass up to(80, 105, 13D GeV is detectable afLEP178,

A, and the gaugino mass parameter all scale together at th&P200, HLDT); and the MSSM° is certainly detectable at
GUT scale[68]. Each additional constraint serves to further LEP178 for tag~1-2, and certainly detectable at LEP200
widen the SM or MSSM Higgs boson mass gap. for all tang. (ii) If m;~163 GeV, then the aboluf@netasta-

In radiatively broken SUSY GUT'’s with universal soft bility) SM lower bound rises to 1006) GeV, so the SM
parameters, the superparticle spectrum emergeslaifeV.  Higgs boson cannot be detected at LEP178 and probably not
If the spectrum, in fact, saturates the 1 TeV value, then as wat LEP200, but is still detectable at the HLDT if its mass is
have seen the Feynman rules connectiigo SM particles  below 130 GeV; the lightest MSSM Higgs boson is certainly
are indistinguishable from the Feynman rules of the SMdetectable at LEP178 if t#his very close to 1, and is cer-
Higgs boson. Thus, it appears that if a SUSY GUT is thetainly detectable at LEP200 if tghis <3. (iii) if m~176
choice of nature, then the mass of the lightest Higgs bosorGeV, then the SM Higgs boson is above 1323 GeV, out
but not the Higgs boson production rate or dominant Higgsf reach for LEPII and probably for the HLDT as well; the
boson decay modes, may provide our first hint of grand uniMSSM Higgs boson is certainly detectable at LEP200 if

fication. tanB~1-2.(iv) if m;~189 GeV, then the SM Higgs boson
is above 153(150) GeV in mass; at any tgh value, the
VI. DISCOVERY POTENTIAL FOR THE HIGGS BOSON MSSM Higgs boson is not guaranteed to be detectable at

LEP200, but is certainly detectable at the HLDT if

The Higgs boson discovery potential of LEHB9,70  tan8~1-3.
depends on the energy at which the machine is run. An SM For these mass bounds the valug=0.118 has been as-
Higgs boson mass up to 105 GeV is detectable at LEPII wittsumed. The MSSM mass upper bound is relatively insensi-
the \'s=200 GeV option(LEP200, while a SM Higgs boson tive to changes inxg, whereas the SM mass lower bounds
mass only up to 80 GeV is detectable with LEP178. As wedecrease about 3 GeV with each 0.005 increasesinlt is
have shown, with the large value wf reported by CDF, the interesting that théa® mass range most accessible to experi-
upper limit on the MSSMh® mass is~120 GeV. This limit  ment is taB~1-3, just the parameter range favored by
is ~10 GeV lower than that reported in our previous work SUSY GUT's.
[5], as a result of the inclusion of RGE-resummed leading
and next-to leading logarithms and two-loop finite QCD cor-
rections. Near this upper limit the MSSM Higgs boson has
the production and decay properties of the SM Higgs boson. For a top quark mass-176 GeV, the central value re-
Discovery of this lightest MSSM Higgs boson then arguesported by CDF, and ar, value of ~0.118, a measurement
strongly for the LEP200 option over LEP178. Furthermore,of the mass of the Higgs boson will distinguish the SM with
for any choices of the MSSM parameters, associated produer=10'° GeV desert from the MSSM with a SUSY-breaking
tion of eitherh®Z or h°A is guaranteed at LEP200 as long asscale of about 1 TeV. For th@Vl+1)SSM with the assump-
m7=<300 GeV[69]. Even better would be LEP230, where tion of perturbative unification, conclusions are similar to
detection ofZhC is guaranteed as long as;<1 TeV [69]. those of the MSSM. Fowg above 0.120 andh,~ 176 GeV,
At an NLC300(the Next Linear Collider detection ofZh® a small overlap of the SM and MSSM mass regions exists,
is guaranteed for MSSM or faM+1)SSM[69]. Turning to  but it is a priori unlikely that the Higgs boson mass will be
hadron colliderd 71,72, it is now believed that while the found in this small range. Accordingly, the first Higgs boson
SM Higgs boson cannot be discovered at Fermilab’s Tevamass measurement can be expected to eliminate one of these
tron with its present energy and luminosity, the mass rang@opular models.
80 GeV—-130 GeV is detectable at any hadron collider with  Most of the range of the lightest MSSM Higgs boson
Js=2 TeV and an integrated luminositjdt£=10 fo~* mass is accessible to LEPII. The lightest MSSM Higgs bo-
[72]; the observable mass window widens significantly withson is guaranteed detectable at LEP230 and at the LHC; and
increasing luminosity, but very little with increasing energy. the lightest(M+1)SSM Higgs boson is guaranteed detect-
For brevity, we will refer to this High Luminosity DiTeva- able at a NLC300 and at the LHC. Since there is no lower
tron hadron machine as the “HLDT.” If the SM desert ends bound on the lightest MSSM Higgs boson mass other than
not too far above the electroweak scale, then the SM Higgthe experimental bound, the MSSM is possibly detectable
boson may be as heavy as600-800 GeV? (but not even at LEP178 for all tg®, but there is no guarantee. In
heavier, according to the triviality argumenin which case contrast, the SM Higgs boson is guaranteed detectable only
only the LHC(and not even the NLC50@uarantees detec- at the LHC; ifm;~176 GeV, then according to the vacuum
tion. stability (metastability argument, the SM Higgs boson mass

We present our conclusions on detectability for the CDFexceeds 131123 GeV, and so likely will not be produced
centralm; value, for them;* 1o values, and for an,—30  until the LHC or NLC is available.
value of 137 GeV1{i) If m;~137 GeV, the SM Higgs boson Thus, one simple conclusion is that LEPII has a tremen-

VIl. DISCUSSION AND CONCLUSIONS

Theorists would prefer an even lower value 5800 GeV, so BRecall that for the SM vacuum stability and metastability
that perturbative calculations in the SM convef@a]. bounds we assume a desert up~ta0° GeV.
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dous potential to distinguish MSSM arii+1)SSM sym-  right squark mixing. It can be seen in their figures that these
metry breaking from SM symmetry breaking. If a Higgs bo- further squark parameters do not affect the upper bound.
son is discovered at LEPII, the Higgs sector of the SM with
a large desert is ruled out.
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