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We consider general supersymmetric models with: a) arbitrary matter content; and, b) gauge

coupling Uni�cation near the String scale � 1017 GeV, and derive the absolute upper limit on the

mass of the lightest Higgs boson. For a top-quark mass Mt= 175 GeV, and depending on the

supersymmetric parameter tan �, this mass bound can be as high as � 200 GeV.
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Low-energy supersymmetry [1] is a key ingredient
of the candidate best quali�ed models to supersede
the Standard Model (SM) at energies beyond the TeV
range. The extensive experimental search of the (super)-
partners of SM elementary particles predicted by super-
symmetry (SUSY) has been so far unsuccessful, challeng-
ing [2], with the rise of experimental mass limits, the nat-
uralness and relevance of SUSY for the electroweak scale
physics.
In this context, the sector of the theory responsible

for electroweak symmetry breaking has a special sta-
tus. While all superpartners of the known SM particles
can be made heavy simply by rising soft SUSY-breaking
mass parameters in the model, the Higgs sector neces-
sarily contains a physical Higgs scalar whose mass does
not depend sensitively on the details of soft masses but
is �xed by the scale of electroweak symmetry breaking.
This important fact follows simply from the spontaneous
breaking of the electroweak gauge symmetry [3,4] and it
is not speci�c to supersymmetric models. More precisely,
the general statement is that some Higgs boson must ex-
ist whose mass-squared satis�es m2

h � �v2, where v is
the electroweak scale (v = 174:1 GeV) and � is the di-
mensionless quartic coupling of some Higgs state in the
model. In other words, the mass of the light Higgs can
be made heavy only at the expense of making the cou-
pling � very strong. The role of supersymmetry is to �x
� in some models. For example, in the Minimal Super-
symmetric Standard Model (MSSM), which includes two
Higgs doublets

H1 =

�
Ho

1

H�

1

�
; H2 =

�
H+

2

Ho
2

�
; (1)

to give masses to quarks and leptons, � is related to the
SU(2)L �U(1)Y gauge couplings (g and g0 respectively)
and the following (tree-level) bound on the mass of the
lightest Higgs boson holds

m2
h �M2

Z cos2 2�; (2)

where tan� = hH0
2 i=hH

0
1 i. This represents a very strin-

gent prediction which, as is well known, gets signi�cantly
relaxed when radiative corrections to � are included [5{7].
These corrections depend logarithmically on the soft-
masses and push the upper mass limit for the lightest
Higgs boson of the MSSM up to 125 GeV (for a top-
quark mass Mt = 175 GeV).
The fact that � is calculable in terms of gauge cou-

plings in the MSSM is due to supersymmetry and to the
fact that the superpotential does not contain cubic terms
of the form W = hXXHiHj (with i; j = 1; 2) as no X
�eld exists with the appropriate quantum numbers to
form a gauge invariant object. In extended models, the
presence of such �elds and couplings modi�es the quartic
Higgs self-interactions which can ultimately have an im-
pact on the tree-level upper bound on m2

h, which receives
corrections proportional to h2Xv

2. The Yukawa coupling
hX is unknown but asymptotically non-free, and so it can
be bounded from above if it is further required to remain
in the perturbative regime up to some large energy scale
(where GUT, String or Planck physics takes over).
As there is no reason to believe that low-energy su-

persymmetry is realized in nature in the form of the
MSSM, the experimentalist willing to test SUSY via
Higgs searches would like to know what is the absolute
general upper limit that should be reached on mh to rule
out low-energy SUSY. This is the important question we
set ourselves to answer in this letter.
1. To give a precise answer we have to assume that all

couplings in the theory remain perturbative up to a very
large energy scale. This is particularly well motivated in
low-energy SUSY models from the successful uni�cation
of gauge couplings in the simplest MSSM model, the best
(indirect) evidence we have so far for Supersymmetry. In
considering extensions of the MSSM, we will always re-
quire that this remarkable feature is not spoiled. The
addition of extra gauge singlets or complete SU(5) repre-
sentations are the natural possibilities for extended mod-
els where minimal uni�cation is automatically preserved
(at the one-loop level). In our search for the upper Higgs
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mass limit we do not restrict ourselves to these possibili-
ties but consider other options. Although splitted SU(5)
representations are di�cult to arrange in GUT models,
they can easily arise in string models and may even help
in solving the mismatch between the MSSM uni�cation
scale and the String scale [degenerate full SU(5) multi-
plets do not modify (at one-loop) the uni�cation scale].
We assume that any model must contain at least the

two minimal Higgs doublets H1;2 required to give quarks
and leptons their masses. In principle, more than two
Higgs doublets could be involved in SU(2)L � U(1)Y
breaking, but in such a case a rotation in �eld space can
be made so that onlyH1;2 have non-zero vacuum expecta-
tion values. Additional higher Higgs representations are
generally very constrained by � =M2

W =M2
Z cos2 �W ' 1.

In addition, if they contribute signi�cantly to the W�

and Z0 masses, the Higgs bound, sensitive to the dou-
blet contribution, gets weaker and, in addition, other
light Higgses appear in the spectrum [4]. It is thus
conservative to assume that hH0

1;2i are responsible for

all the breaking and thus, the known Z0 mass �xes
hH0

1 i
2 + hH0

2 i
2= v2.

To maximize the upper bound on mh we next assume
that the model also contains extra chiral multiplets with
the appropriate quantum numbers to give couplings of
the formW = hXXHiHj . Thus, X can only be a singlet
(S) or a Y = 0;�1 triplet (TY ). From the gauge-invariant
trilinear superpotential

W = �1H1 �H2S + �2H1 � T0H2

+ �1H1 � T1H1 + �2H2 � T�1H2; (3)

the tree-level mass bound follows (we correct here a nor-
malization error in Refs. [8,9]):

m2
h=v

2 �
1

2
(g2 + g02) cos2 2� + (�21 +

1

2
�22) sin

2 2�

+ 4�21 cos
4 � + 4�22 sin

4 �: (4)

The di�erent dependence of the various terms with tan�
will make them important in di�erent regimes. In partic-
ular we already anticipate that, in the large tan� region,
the �2 contribution will be crucial for the upper limit. S
and T0 have the same dependence while it can be shown
that the e�ect of �1 is always be more important than
that of �2. For this reason we will not take into account
the possible e�ect of T0 representations.
2. As the next step, one should impose triviality

bounds on the extra couplings entering (4) by assuming
they do not reach a Landau pole below the uni�cation
scale. As stressed in [10,11], large values of the gauge
couplings slow down the running of Yukawa couplings
with increasing energy and so they can be larger at the
electroweak scale. To get numerical values for these up-
per bounds we then have to specify further the particle
content of the model, imposing gauge coupling uni�ca-
tion and making the gauge couplings as large as possible.
For the renormalization group (RG) analysis we consider

that all superpartners can be roughly characterized by
a common mass MSUSY below which the e�ective the-
ory is just the SM and, restricted by naturalness, we
take MSUSY = 1 TeV. No such constraint should be im-
posed on extra matter in vector like representations, like
(5+�5) SU(5) pairs, which could be present at intermedi-
ate scales. By setting their masses down to 1 TeV we are
enhancing their e�ect on the running of gauge couplings,
which being stronger will also tend to increase the mh

bound.
To achieve uni�cation with only one scaleMSUSY �xed

to 1 TeV is not completely trivial. When the MSSM
is enlarged by one singlet S and a pair fT1; T�1g (to
cancel anomalies) the running g21 = 5g02=3 and g2 meet
at MX � 1017 GeV. Interestingly enough, this is closer
to the Heterotic String scale than the MSSM uni�cation
scale. Of course, g23 fails to unify unless extra matter is
added. This can be achieved, for example, by adding 4
(3+�3) [SU(2)L�U(1)Y `singlet quark' chiral multiplets]
or one (3 + �3) plus one SU(3)c octet. In addition to
this, one can still have one (5+�5) SU(5) pair, which will
not change the uni�cation scale. The uni�cation of the
couplings is shown in Figure 1 (solid lines).

FIG. 1. Running �i's (= g2
i
=4�) for the model discussed in the

text (solid lines) and upper perturbative limit (dashed lines) with

t = log(Q=MSUSY ).

For comparison, dashed lines show the running cou-
plings when their beta functions are chosen in such a
way that all couplings reach a Landau pole at the uni�ca-
tion scale. In this case the low-energy couplings are fully
determined by the `light' matter content of the model,
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which determines the RG beta functions. This behaviour
is dubbed non-perturbative uni�cation [12] and was long
ago proposed as an alternative to conventional uni�ca-
tion, with the attractive feature of having less sensitivity
of the low-energy couplings to high-energy physics (In
addition, the choice of ki normalization factors for gauge
coupling uni�cation is now immaterial). The dashed lines
can be considered as the perturbative upper limit on
the gauge couplings and comparison with the solid lines
shows that our model is close to saturation and repre-
sents a concrete realization of the most extreme scenario
to maximize the mh bound. The emphasis here should
lie in this fact rather than in the plausibility or physics
motivation of the model per se.
The particular model we use serves the purpose of il-

lustrating the fact that the Higgs mass bound can be sat-
urated. The model includes exotic representations with
non-canonical charge assignment, which can nevertheless
appear in string models. (3; 1)0 and (�3; 1)0's can appear
in general embeddings [13] of the Standard Model group
other than the usual embeddings in grand uni�ed groups
like SU(5) or E6. On the other hand, SU(2) triplets
are possible if the SU(2) Ka�c-Moody level is larger than
1 (as we have seen, the e�ect of this on the uni�ca-
tion condition is not important in the limiting case of
non-perturbative uni�cation). While these triplets are
the key ingredient to go beyond the Higgs mass lim-
its of the MSSM, the additional representations included
to ensure uni�cation are not uniquely determined. Dif-
ferent representations of exotic matter at intermediate
scales, as e.g color octets with canonical charge assign-
ment, could equally well give correct uni�cation. In such
cases, the lightest Higgs can well be much heavier than in
the MSSM even if the general upper limit is not reached.
Having optimized in this way the most appropriate

running gauge couplings, we turn to the running of �1
and �1;2. The relevant RG equations can be found in
Refs. [8,9]. Inspection of this set of coupled equations
teaches that the low-energy values of each Yukawa are
maximized when other Yukawas (and self-interactions
among TY 's and S) are shut o�. So, we consider each
coupling in turn (setting the others to zero, which is a
RG-invariant condition) and compute its maximum value
at 1 TeV as a function of tan� (which inuences the
top and bottom Yukawa couplings entering the RGs)
for Mt = 175 GeV. This physical top-quark mass is
related to the Yukawa coupling ht by the MS relation
htv sin�=

p
2 =Mt=[1+4�s(Mt)=3�]. Plugging the max-

imum values of �1, �1 or �2 in the tree-level bound (4)
we obtain then three di�erent upper limits on the tree-
level Higgs mass. To add the important radiative cor-
rections we follow the RG method, as explained e.g. in
Refs. [14{16], which includes two-loop RG improvement
and stop-mixing e�ects.
3. Before presenting our results, it is worth discussing

in more detail the bound presented in Eq. (4). If the ex-
tra �elds responsible for the enhancement of mh sit at 1
TeV, should their e�ect not decouple from the low-energy

e�ective theory? Indeed, in a simple toy model with an
extra singlet S coupled to H1 �H2 as in (3), when a large
supersymmetric mass is given to S, the F -term contri-
bution (� �21) to the Higgs doublet self-interactions is
cancelled by a tree diagram that interchanges the heavy
singlet, thus realizing decoupling. If, on the other hand,
we lower the mass scale of the extra �elds S and TY to
the electroweak scale to avoid decoupling, it is generi-
cally the case that more than one light Higgs appear in
the spectrum. A complicated mixed squared-mass ma-
trix results whose lightest eigenvalue does not saturate
the bound (4). Is then this mass limit simply a too con-
servative overestimate of the real upper limit? It is easy
to convince oneself that, in the presence of soft breaking
masses, the perfect decoupling cancellation obtained in
the large SUSY mass limit does not take place (we are
assuming here that SUSY masses, if present for the extra
matter, are not larger than 1 TeV) and the �nal lightest
Higgs mass depends in a complicated way on these soft
mass-parameters. The interesting outcome is that soft-
masses can be adjusted in order to saturate the bound
(4) and so, the numbers we will present can be reached
in particular models and no limits lower than these can
be given without additional assumptions (which we will
not make here, in the interest of generality).

FIG. 2. Radiatively corrected upper bounds on mh when dif-

ferent Yukawa couplings are present in the model and for di�erent

assumptions on the running of gauge couplings. The short-dashed

line gives the upper bound in the MSSM.

The �nal bounds, with radiative corrections included,
are presented in Figure 2. Solid lines are the mass lim-
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its when the particular model described previously is as-
sumed to determine the running of the gauge couplings.
Long-dashed lines are instead obtained when all gauge
couplings reach a Landau pole at MX � 1017GeV and
show that the particular model we used practically satu-
rates the absolute bounds.
Below tan� � 1 (beyond tan� � 60), ht (hb) reaches a

Landau pole belowMX and that region is thus excluded.
Lines labeled `�1' show the e�ect of the singlet coupling
�1. The maximal value of this coupling depends on tan�
through ht. For small tan�, ht is large and forces �1
to be small. With increasing tan�, ht becomes smaller
and �1 can get larger values. This e�ect, combined with
the sin2 2� dependence of the �1-contribution to m2

h ex-
plains the shape of these lines. At large tan�, the �1
contribution to the mass limit shuts o� and the MSSM
limit is recovered. [A limit similar to the �1-bound has
been recently obtained [11] in the MSSM with a singlet
�eld S and pairs of SU(5) (5 + �5) saturating the gauge
couplings.] The same happens for the lines labeled `�1'
which give the �1-bound. The upper triviality bound on
this Yukawa coupling is basically independent of tan�.
The interplay between the minimal (cos2 2�) piece of the
bound (4) and the �1 piece explains the shape of these
lines. It is interesting how the e�ect of the �2 coupling
is instead more important for large tan�, where it rein-
forces the minimal contribution, providing the absolute
upper limit. This is given by the lines labeled `�2' and
can be as large as 205 GeV. We remark that these lines
assume that only one of the couplings �1, �1 or �2 is non-
zero. If two couplings di�er from zero simultaneously the
bound is reduced.
4. In conclusion, we calculate a numerical absolute

upper limit on the mass of the lightest supersymmetric
Higgs boson for any model with arbitrary matter con-
tent compatible with gauge coupling uni�cation around
(and perturbativity up to) the String scale. With this as-
sumption, we show that this light Higgs mass can be as
high as � 200 GeV, signi�cantly heavier than previously
thought. The model saturating this bound has asymptot-
ically divergent gauge couplings and points toward non-
perturbative uni�cation. Besides being of obvious inter-
est to the experimentalists, this result has interest for
theorists too. If Higgs searches reach the MSSM bounds
without �nding a signal for a Higgs boson, this could
be taken, if one is willing to stick to low-energy super-
symmetry, as evidence for additional matter beyond the
minimal model. Without stressing the point too much,
this could be welcome to reconcile the uni�cation scale
with the String scale.
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