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Higgs boson mass bounds in three and four generation scenarios
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In light of recent experimental results, we present updated bounds on the lightest Higgs boson mass in the
standard mode{SM) and in the minimal supersymmetric extension of the standard m@dsEM). The
vacuum stability lower bound on the pure SM Higgs boson mass when the SM is taken to be valid up the
Planck scale lies above the MSSM lightest Higgs boson mass upper bound for a large amount of SUSY
parameter space. If the lightest Higgs boson is detected with avhassl34 GeV(150 GeV for a top quark
massM,,=172 GeV(179 GeV, it may indicate the existence of a fourth generation of fermions. The region
of inconsistency is removed and the MSSM is salvagable for such valldg, @ff one postulates the existence
of a fourth generation of leptons and quarks with isodoublet degenerate fvisse®I Mg such that 60 GeV
<M <110 GeV andMy>170 GeV.[S0556-282(99)04513-0

PACS numbds): 12.60.Fr, 14.80.Bn, 14.80.Cp

[. INTRODUCTION definite and stronger statement about the allowed ranges of
M, . In addition, we use the most recent experimental values
The search for the Higgs boson being one of the majofor Mz anda(Mz). Our presentation is organized as follows.
tasks along with that for supersymmetric sparticle and fourtlBounds onM; are obtained by imposing different boundary
generation fermions at future accelerators such as the CERspnditions on the Higgs self-coupling We present the re-
e*e” collider LEP200 and Large Hadron CollidérHC) sults with three generations of fermions and then we see how
makes it a theoretical priority to examine the bounds on théhe potential measurementsdf, that lead to mutual incon-
Higgs boson mass in the standard mo@&M) and its super- sistencies in the SM and in the MSSM can be accomodated
symmetric extension and to look for any distinctive featuresnaturally in the MSSM4. Our analysis yields a relatively nar-
The actual measurement of the Higgs boson mass coulbw allowed range foM, the mass of the fourth generation
serve to exclude or at least to distinguish between thdéeptons, that is consistent with gauge coupling unification.
SM(3,4 and the minimal supersymetric standard model The method of solving the renormalization group equa-
(MSSM)(3,4 models for electroweak symmetry breaking. tions (RGE’s) [11] and the appropriate boundary conditions
Recently, bounds on the lightest Higgs boson mass were caler the couplings is explained in RdfL]. In this update, we
culated in[1-9]. It was found that for a measurddy, lying  use the same notation and procedure found in Réf.We
in a certain mass range, both the SM vacuum stability lowegalso use the following values foM; and a3(Mz): My
bound and the MSSM upper bound are violated, thus shaking91.1867 GeV andr3(Mz)=0.119.
our confidence in these theories just as the final member of
the mass spectrum is observed. One method of curing this
apparent illness is to take a leap of faith by adding another
fermion generation, to fortify these theories with another rep- We now determine a lower bound on the Higgs boson
resentation of the gauge group. This additional matter conmass in the SM5,12]. We first alert the reader to our phe-
tent, for certain ranges of its mass values, has the desiratbmenologically viable assumption that the physical vacuum
effect of raising the MSSM3 upper bound above that of thecorresponds to a global, not merely a local, minimum of the
SM lower bound and avoids the necessity of being forced t@ffective potential. This assumption is consistent with our
introduce completely new physics. intention to accept the SM as a truly valid theory and com-
Since our previous workl], a new experimental lower pute the consequences; i.e., to zeroth order there is no moti-
bound onMg, the fourth generation bottom-type quark, hasvation to consider the physical vacuum to be anything other
become available from the Collider Detector at Fermilabthan the true vacuum. If one considers the possibility that the
(CDF) Collaboration. The new lower bound oklg of  physical vacuum is a metastable vacuum with a lifetime
~140 GeV necessitates a reevaluation of the analysis in Relonger than the age of the universe, that there exist deeper
[1], in which we considered a completely degenerate fourtiminima of the potential, then the SM lower bounds on the
generation with mas#1, and obtained an upper bound on Higgs boson mass become less stringent in general for cer-
M, of ~110 GeV from considerations of gauge couplingtain choices ofA andM,,,, whereA is the cutoff beyond
unification. In this work, we shall consider a fourth genera-which the SM is no longer valid13]. But for M,
tion of fermions where degeneracy holds among the leptor-177 GeV andA =10'° GeV, the SM3 absolute stability
and quark isodoublets separately. This lifting of the completdower bound is relaxed by only O(5) GeV when one only
degeneracy in the present analysis will enable us to make isnposes metastability requirements, and this small effect
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only becomes diminished with the inclusion of a fourth gen-
eration. We obtain lower limits on the SM Higgs boson mass
by requiring stability of this observed vacuum. It is well
known that lower values oA relax the SM lower bounds
[13], but we note that the lower bounds on the SM Higgs 80
boson mass are insensitive to the precise valu fifr large 170.0
A, i.e., for 10! GeV<A <10" GeV. 160.0
Working with the two-loop RGE requires the imposition g '
of one-loop boundary conditions on the running parametersg 1400
[10]. As pointed out by Shef5] and Casast al. [7], the 1300 f—
necessary condition for vacuum stability is derived from re-

quiring that the effective coupling (x)>0 rather than\ 1000
>0 for u(t)<A, whereA is the cutoff beyond which the 90:0
SM is no longer valid. The effective couplingin the SM4 80.0
is defined as 70.0
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where the three generation case is simply the same as the FIG. 1. The lightest Higgs boson maséy as a function of
above expression without the fourth generation Yukawa cou¢0S(28). The bottom two curves correspond to MSSM upper
pling contributions. ChoosingA =10 GeV and Miop bounds with no threshold corrections, fdr,,=172 GeV and 179
=172 GeV, we arrive at a vacuum stability lower bound onGeV’ respectively. The two upper curves correspond to MSSM up-

My, of ~134 GeV for the SM with three generations. Allow- per_bounds with maximum threshold corrections, bk,
ing; M to be as large as 179 GeV increases t.he Iowe:172 GeV and 179 GeV, respectively. The two horizontal lines are
top

bound oM, to ~ 150 GeV. the cod(2pB)-independent SM3 vacuum stability bounds. The lower

horizontal line corresponds t¥,,=172 GeV, while the other

To compute the MSSM upper bound &y, we assume horizontal line was computed withl;,, =179 GeV.
that all of the sparticles have mas$@$Mg,s,) or greater
and that of the two Higgs isodoublets of the MSSM, one¢ yes are translated upwards by55 — 60 GeV, illustrat-
linear combination is massive, also with a mas®©@Msys)  jng the strong dependence of the upper bound on the precise
or greater, while the other linear combination, orthogonal 19 41e of the threshold corrections. Yet even with such a dra-
the first, has a mass of the order of weak-scale symmetny .y increase in the upper bounds with increasing threshold
breaking. With these two assumptions, it is clear that below,qrections, we observe that the SM lower bound exceeds the
the su_persymmetry_ breaking scaMg,s,, the effective _ MSSM upper bound foM,,,=172 GeV and & co2(28)
theory is the SM. This fact enables us to use the SM effective.q 5 for 41| values of the threshold correction contribution.
potential for the Higgs boson when we treat the lightesiginjary, for Miop=179 GeV, the troublesome situation is
Higgs boson in the MSSM. o only exacerbated, as the SM lower bound exceeds the
_ Inthe MSSM3,4), the boundary condition far atMsusy  \MSSM upper bound for & co€(28)<0.38 independent of
IS the threshold corrections.

In Fig. 2 we present the problem more clearly. Taking
into account the present experimental lower limit Mr, of
~90 GeV at 95% C.L., we find the value of the threshold
correction that gives a smallest upper bound consistent with
the experimental lower limit. Clearly, for this phenomeno-
logically determined lower limit of the threshold contribu-
tions, there is a large area My Xcos(28) space that is

A 1 5 5
§( Msusy) = Z[gl(Msus) + gz(Msusy)]Cos’z(zB)

X; Xt
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2
Msusy 6Mgus
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y

wherex;=3 fori=(t,T,B) and«;=1 fori=(N,E) andX;
is the supersymmetric mixing parameter for tlte fermion.
Zero threshold corrections correspondXp=0. Maximum
threshold corrections occur fof; = 6M§usy.

inconsistent with both the SM and the MSSM. R,
=172 GeV, the region 92 Ge¥ M ;<134 GeV invalidates
both theories independent of &®B), while for Miop
=179 GeV, the range of mutual invalidiation is 92 GeV

In Fig. 1 we present our numerical two-loop results for <M, <150 GeV.
the lightest Higgs boson mass bounds in the SM and the
MSSM3 as a function of the supersymmetric parameter
cos(2B). The bottom two curves correspond to the MSSM3
upper bound for the two cased,,=172 GeV and the To resolve the above conundrum, one would like to either
slightly greater upper bound that results whév,, raise the MSSM upper bounds, lower the SM lower bounds,
=179 GeV and with no threshold corrections. When the caser both. Upon adding a fourth generation, the SM4 lower
of maximum threshold corrections is considered, these twdounds exceed the SM3 lower bounds and are an increasing
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FIG. 2. Same as Fig. 1, but now the MSSM bounds correspond FIG. 3. Plots of the physical Higgs boson mass as a function of
to the minimal threshold corrections consistent with the experimeneog(23). The cod(28)-independent flat line is the MSSM3 vacuum
tal lower limit on M. stability lower bound foM,,=172 GeV. The lower curve is the

MSSM4 upper bound for the same value Mf,,, no threshold
function of the fourth generation masses. If a Higgs boson isorrections and the indicated values fdf andMg, . Similarly for
detected in the region of mutual invalidation of both the SMthe upper curve.
and the MSSM, consideration of SM4 vacuum stability
lower bounds only exacerbates the problem. It is readily ap- In Fig. 3, we present the SM lower bound, the MSSM4
parent that the way out of the area of inconsistency is tapper bound with the fourth generation masses at their ex-
consider the MSSM4 and see if the additional matter of theperimental lower limits and with fourth generation masses
MSSM4 results in MSSM4 upper bounds that exceed théarge enough to remove the problem area for all values of
SM3 lower bounds. cog(2B). The MSSM bounds were calculated with no thresh-

We now discuss restrictions on the possible fourth geneld corrections, andV,, is fixed at 172 GeV. Figure 4
eration fermion massd®,14—-14. The close agreement be- shows the same information foM,,=179 GeV. The
tweeen the direct measurements of the top quark at the TeviSSM4, upper bounds are much more sensitiviétg than
tron and its indirect determination from the global fits of they are toM, . This qualitative behavior is readily under-
precision electroweak data including radiative correctionsstood from inspection of the equation fn@_ For this rea-

within the framework of the SM imply that there is no sig- son, it is necessary to increa, appropriately in order to
nificant violation of the isospin symmetry for the extra gen-

eration. Thus the masses of the four_th generation isopartners Msusy = 1 TeV, Miop = 179 GeV
must be very close to degeneriés]: i.e.,

No Thresh.
180.0 T T
M3—Mgl_ IME- M)
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Recently, the limit on the masses of the extra neutral andm 1600 | Qgﬂz}e“/
charged lepton masseéd,y andMg, has been improved by g ML,gseeV-“‘
LEP1.5 toMy>59 GeV andM>62 GeV[15]. Also, CDF 2
has yielded a lower bound dv g of ~ 140 GeV. £ 1500
In our previous work, we considered a completely degen-¢
erate fourth generation of fermions with mass. We de- & 1400 | R
rived an upper bound om, in the MSSM4 by demanding e\l,“‘c’\
pertubative validity of all the couplings out to the grand uni- e oG
fiet theory(GUT) scale[17]. This constraint led to an upper 130.0 ¢
bound onm, of ~110 GeV. The above experimental lower
limit on Mg naturally forces us to now a consider a fourth 55, ‘ ‘ . ‘ . ‘ . . ‘
generation where degeneracy only holds among the isodou 00 01 02 03 °~4COSZ°(~25ﬁ) 06 07 08 09 10
blets seperately. We therefore consider a fourth generation
with massesM| andMg. FIG. 4. Same as Fig. 3, but witd,,=179 GeV.
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generate a MSSM4 upper bound that is greater than the Sknd thus an explanation of what new physics could be con-
lower bound for all values of cé@p). In fact, keepingMo  sistent with such a Higgs mass measurement is desirable. We
at 146 GeV and allowini1, to be 110 GeV does not resolve propose that such a measurement could be taken as indirect
the problem. But increasing bot, andM | as indicated in  evidence for a fourth generation of fermions. Considering a
the figures does remove the problem. Because all of théourth generation where degeneracy only holds within the
bounds increase &%l and Mg increase, and because the isodoublets individually, we find that a measuremenigf
upper bounds om, from the previous work are saturated in the above range is consistent with the MSSM4 upper
when the masses of the fourth generation reach some criticabunds onM, . In addition, the possibility of gauge cou-
values from below, we can conclude tHdy must still be  pling unification remains intact for 60 GeV<M_
<110 GeV. This conclusion follows because ithg that <110 GeV andMo=170 GeV. Therefore, iMy is mea-
violates pertubative validity; so in the non-degenerate case, #ured to be below the SM3 lower bound, we suggest a search
is M| that must still respect this upper bound if gauge coufor fourth generation fermions with 60 GeWM

pling unification is still to be achieved in the MSSM4. <110 GeV andM =170 GeV.
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