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Lightest Higgs boson mass in the minimal supersymmetric standard model with four generations

Sin Kyu Kang
Center for Theoretical Physics, Seoul National University, Seoul, 151-742, Korea

~Received 18 June 1996!

We study a bound on the lightest Higgs boson mass in the minimal supersymmetric standard model~MSSM!
with four generations by solving the one-loop renormalization group equations. We show how the bound
depends on the fourth generation fermion masses as well as the top quark mass. We also briefly compare the
bound with the one in the MSSM with three generations.@S0556-2821~96!02923-2#

PACS number~s!: 14.80.Bn, 11.10.Hi
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With the discovery of the top quark at the Fermilab Tev
tron @1#, the Higgs boson is now the only unknown sector
the context of the standard model~SM!. Despite the remark-
able successes of the SM in its excellent agreement with
precision measurements at present energies@2#, it is gener-
ally believed that the SM is not the final theory of elementa
particle interactions. The minimal supersymmetric stand
model~MSSM! @3# is one of the most popular extensions o
the SM. Because of the nature of supersymmetry~SUSY!,
the Higgs sector in the MSSM consists of tw
CP-conserving Higgs doublets with opposite hypercharge

In the SM, the Higgs boson mass is usually considered
an adjustable parameter because the quartic coupling of
Higgs potential is arbitrary. Nevertheless if certain theore
cal assumptions are imposed, upper and lower bounds on
Higgs boson mass can be obtained. The requirement of
vacuum stability yields a severe lower bound on the Hig
boson mass which depends on the top quark mass and
cutoff scale beyond which the SM is no longer valid@4#,
while an upper bound follows from the requirement that
Landau singularity appears up to a scale@5#. In the MSSM,
an intrinsic upper bound on the lightest Higgs boson mas
obtained from the quartic Higgs coupling which is no long
arbitrary but is constrained by SUSY@6,7#.

On the other hand, since there is still no experimen
evidence for the absence of extra generations, it would a
be interesting to study how the Higgs boson mass is limi
in the presence of extra generations. In the SM with ex
generations, several authors@8–10# have derived the upper
and lower bounds on the Higgs boson mass as function
the extra fermion masses.

In this paper, we study a bound on the lightest Hig
boson mass in the minimal supersymmetric standard mo
with four generations~MSSM4!. In order to do this we adopt
a basic assumption@11# that all super partners of the SM
particles and another Higgs scalar orthogonal to the light
one have masses of order of the supersymmetry break
scaleMSUSY>1 TeV. Then, the effective low-energy theor
below MSUSY is equivalent to the SM with a single Higg
doublet and four generations. This is the main differen
between Ref.@12# and our analysis.1

1Recently, there are several attempts to regard the top quark
covered at the Tevatron as the fourth generation quark in orde
resolveRb anomaly @13#. In this paper we do not consider thi
possibility.
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Now, we impose the possible constraints on the four
generation fermion masses. The recent precision tests of
SM @14# and the good agreement between the direct me
surements of the top quark mass at the Tevatron@1# and its
indirect determination from the global fits to the electrowea
data@14,15# demonstrate that no significant violation of th
isospin symmetry for the extra generations is observed. Th
the masses of the fourth generation isopartners must
highly degenerate~see, e.g.,@10#!. To reduce the number of
parameters we will consider the fourth generation fermio
with the common massm4. Recently, the limit on the masses
of the extra neutral and charged leptons,mN andmE , has
been improved by the CERNe1e2 collider LEP1.5 to
mN.59 GeV andmE.62 GeV @16#. For the extra quarks,
the direct lower limit on their masses is somewhere near 1
GeV @10#. On the other hand, the upper limits on the fourt
generation fermion masses coming from vacuum stability a
about 250 GeV for the scales ofL5103–104 GeV at which
new physics begins@17,18#. Taking into account these obser
vations, we will restrict the range ofm4 to 50<m4<250
GeV in our analysis. The existence of the degenerate fou
generation with the range of mass as indicated above sho
not spoil the successful description of the electroweak da
@19,9,10#. In addition, we will assume that the fourth genera
tion quarks are not mixed with the known quarks. This
possible since the mixing angles are so small that the n
particles leave Tevatron detectors without decays.

We denote the fourth generation by (T,B) for quarks and
(N,E) for leptons and their Yukawa couplings by
hi ( i5T,B,N,E). Since the low energy effective theory be
low MSUSY is nothing more than the SM with four genera
tions, we can use the SM renormalization group equatio
~RGEs! for the gauge couplings and Yukawa couplings.

The one-loop RGEs for the gauge couplings are

k dgi /dt5bigi
3 ~ i51,2,3! ~1!

with b15( 209 N1 1
6 ), b25( 43N2 43

6 ), b35( 43N211).

HereN is the number of generations of quarks and lepton
k516p2, t5 ln(m/MZ) andgi( i51,2,3) are the gauge cou-
pling constants of U~1!, SU~2!, and SU~3!, respectively.
Upon writing the one-loop RGEs for the Yukawa coupling
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we neglect the contributions of the first two generations a
the bottom quark. Consequently, we can write@17,20#

k dht/dt5ht@
3
2 ht

21S2 17
12 g1

22 9
4 g2

228g3
2#, ~2!

k dhT/dt5hT@
3
2 ~hT

22hB
2 !1S2 17

12 g1
22 9

4g2
228g3

2#, ~3!

k dhB/dt5hB@ 3
2 ~hB

22hT
2!1S2 5

12g1
22 9

4g2
228g3

2#, ~4!

k dhN/dt5hN@ 3
2 ~hN

22hE
2 !1S2 3

4g1
22 9

4g2
2#, ~5!

k dhE/dt5hE@ 3
2 ~hE

22hN
2 !1S2 15

4 g1
22 9

4g2
2#, ~6!

with S53(ht
21hT

21hB
2)1hN

21hE
2 . For the Higgs coupling

constantl, the renormalization group equation~RGE! is

k dl/dt512l214l@3ht
213~hT

21hB
2 !1~hE

21hN
2 !#

24@3ht
413~hT

41hB
4 !1~hE

41hN
4 !#

23l~g1
213g2

2!1 3
4g1

41 3
2g1

2g2
21 9

4g2
4 . ~7!

Note that the Higgs coupling constantl is no longer arbi-
trary but is constrained by the SUSY relation. As a ren

FIG. 1. Plots of the lightest Higgs boson massmH as a function
of m4 for mt5170 GeV; ~a! at MSUSY51 TeV and ~b! at
MSUSY510 TeV. The solid and dotted lines correspond to t
MSSM4 and the MSSM3, respectively. The upper and lower lin
of each correspond toucos2bu51 and 0, respectively.
nd

or-

malization group boundary condition atm5MSUSY, we im-
pose the following SUSY relation on the Higgs couplin
l(m) @21#,

l~MSUSY!5 1
4 @g1

2~MSUSY!1g2
2~MSUSY!#cos

22b, ~8!

where tanb is the ratio of the two vacuum expectation value
(v2 /v1). The initial values atMZ for the gauge couplings are
taken to be

g1~MZ!50.3578, ~9!

g2~MZ!50.6502, ~10!

as~MZ!5g3
2~MZ!/4p50.12. ~11!

Note that the uncertainties of our numerical results due to t
experimental errors ofg1(MZ) and g2(MZ) are negligible
but is not so for the case ofas(MZ). Later, we will briefly
discuss the uncertainty due to the error ofas(MZ). For the
Yukawa couplings of the top quark and the fourth generati
fermions, we impose the mass relation as a boundary con
tion:

mi5hi~mi !v/A2, ~12!

wherev5Av121v2
2, andi5t,T,B,N, andE. In order to cal-

culate the Higgs boson massmH , we will use the relation
@11#

mH
2 /MZ

2 5 4l~mH!/@g1
2~MZ!1g2

2~MZ!#. ~13!

In Fig. 1, we show the lightest MSSM4 Higgs boson ma
mH as a function of the fourth generation massm4 for
mt5170 GeV ~a! for MSUSY51 TeV and ~b! for
MSUSY510 TeV~solid lines!. We have also plotted in Fig. 1,
for the sake of comparison, the corresponding lightest Hig
boson mass in the MSSM with three generations~MSSM3!
~dotted lines!. The upper and lower lines for both, MSSM4
and MSSM3, correspond toucos2bu51 and 0, respectively.
We see that, for small values ofm4, mH is rather insensitive
to m4 and cannot be distinguished from the correspondi
MSSM3 Higgs boson mass for fixed values o
mt , MSUSY, andb. However, for large values ofm4 , mH
rapidly increases asm4 increases and there is a mass ga
between the MSSM4 and the MSSM3. As one can see fro
Fig. 1, the difference ofmH betweenucos2bu51 and 0 be-
comes smaller asm4 increases and is significantly reduced a
bothm4 andMSUSY increase. We can see that, formt5170
GeV andMSUSY51(10) TeV, the upper bound onmH varies
from 120 ~136! to 258 ~355! GeV asm4 is varied in the
range 50–250 GeV. The lowest value ofmH ~which occurs
for m4550 GeV anducos2bu50) is 92 ~116! GeV.

Figure 2 showsmH as a function ofm4 for several values
of mt with ucos2bu51 andMSUSY51 TeV. We regard the
curves in this figure as the upper bounds on the lighte
Higgs boson mass in the MSSM4 as a function ofm4 for
each value ofmt at MSUSY51 TeV. For a givenm4 , mH
increases asmt increases. As one can also see from Fig.
the dependence ofmH on mt becomes weaker asm4 in-
creases.
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Now, we discuss the uncertainties contained in our cal
lation. Our numerical results have been obtained by integ
ing only the one-loop RGEs. For consistency, we also
nored threshold corrections at the SUSY scale whose effe

FIG. 2. Plots ofmH as a function ofm4 for several values of
mt with ucos2bu51 andMSUSY51 TeV.
cu-
rat-
ig-
cts

are of the same magnitude as of the neglected two-loop con-
tributions to the RGE. If we include two-loop contributions
to the RGEs and maximal SUSY scale threshold corrections,
mH can be increased by about 10–25% asm4 varies from 50
to 250 GeV formt5170 GeV andMSUSY51 TeV, while
mH in the MSSM3 by about 10%. Thus, for large values of
m4, we expect quite sizable contributions of those correc-
tions tomH . We will postpone the details of the two-loop
analysis to a future work elsewhere. There is also uncertainty
due to the experimental error of strong coupling constant.
The shift ofmH due toDas(MZ)560.005 is about 5 GeV.

In conclusion, we have studied the upper bound on the
lightest Higgs boson massmH in the MSSM with four gen-
erations by solving the one-loop RGEs. We have considered
the fourth generation of quarks and leptons with the degen-
erate massm4. We have shown how the upper bound on
mH depends onm4 as well asmt . In the region of large
m4, the upper bound onmH increases asm4 increases, while
it is rather insensitive tom4 in the region of smallm4. We
have also compared the bound with the one in the MSSM
with three generations.
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