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Nonsupersymmetric SUsss5ddd Resuscitated by New Quarks and Leptons
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The issue of gauge unification in the (nonsupersymmetric) standard model is reinvestigated.
found that, with just an additional fourth generation of quarks and leptons, SUs3d ≠ SUs2d ≠ Us1d
gauge couplings converge to a common point,3.5 3 1015 GeV (tp , 3.3 3 103462 yr). This result
is due to the non-negligible, but still perturbative, contributions of the top and fourth generation Yuka
couplings to the gauge two-loopb functions, in contrast with the three generation case where such
contribution is too small to play an important role in unification. [S0031-9007(98)05731-7]

PACS numbers: 12.10.Kt, 11.10.Hi, 12.10.Dm, 12.60.– i
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It is a standard lore that present measurements of
gauge couplings at theZ mass appear to indicate that al
three couplings actually do not converge at the same po
if they are to evolve according to the minimal standar
model (SM) with three generations [1]. This is somewh
problematic for the simple idea of grand unification [2,3
and, in particular, the minimal SU(5) model [3]. It is
also a standard lore that, with low-energy supersymme
(generically referred to as MSSM from here on) broke
at around 1 TeV or less, such a unification is possib
and occurs at an energy scale,1016 GeV corresponding
to a proton lifetime of ,1036 yr (roughly 4 orders
of magnitude above the current limit). As such, th
idea of grand unification with a desert (beyond 1 TeV
fits snugly with low-energy supersymmetry. There is
however, a catch. The lightest scalar in MSSM cann
be heavier than,150 GeV [4]. What would happen to
grand unification if no scalar is found below, say,2mZ ,
thus ruling out low-energy supersymmetry (or at least th
simplest version of it)?

It is not entirely clear that one has exhausted a
possibilities concerning the SM. One may ask, fo
example, what role the mass of the Higgs boson,mH ,
has, especially when it is larger than,174 GeV. (For a
lighter Higgs boson in the presence of a heavy fermio
several constraints, especially from vacuum stabilit
have been discussed [5].) It is known from previou
studies that whenmH $ 174 GeV, the Higgs quartic
coupling develops Landau poles below the Planck sca
,1019 GeV [6]. How do these Landau poles influenc
the evolution of the gauge couplings?

One may also ask whether or not the addition o
a fourth generation might change the evolution of th
gauge couplings in such a way as to unify them aga
It is well known that the addition of an extra family
does not change the result at one loop. However, t
two-loop b functions for the gauge couplings contain
contributions from Yukawa couplings. With just three
generations, the dominant Yukawa contribution com
from the top quark. However, it can be seen that th
top Yukawa coupling actuallydecreaseswith energy.
As a result, it practically does not help the convergen
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of the three gauge couplings. With four generatio
and with the fourth generation being sufficiently heav
(an issue explored below), it turns out that all Yukaw
couplings grow with energy, and this can significantly
affect the evolution of the gauge couplings. In fact, whe
the fourth generation quarks and leptons are sufficien
heavy, all Yukawa couplings (including that of the to
quark) develop Landau polesbelow the Planck scale. In
order to make sensible statements based strictly on
validity of perturbation theory, we shall restrict ourselve
to the range of mass where these Landau poles lie ab
a few times1015 GeV.

There are two reasons for doing so. The first one is t
fact that, in order to satisfy the current lower bound o
the proton lifetime, the unification scale (if there is one
has to be larger than1015 GeV. The second reason is th
fact that, if the three gauge couplings were to converge
the same point—with that point being,1015 GeV—due
to the effects of the Yukawa couplings which show up
two loops, we would like it to happen when these Yukaw
couplings arestill in the perturbative domain. (That
does not mean, however, that, if the fourth generation
sufficiently massive so that the Landau poles arebelow
1015 GeV, one could not have unification.)

For the minimal SU(5) [3], the well-known prediction
for the proton lifetime is roughly 2 orders of magnitud
lower than the current experimental lower bound of5.5 3

1032 yr [7]. Is it possible that, if the proton does decay, i
lifetime might be within reach of, say, SuperKamiokand
which presumably could extend its search up to1034 yr?
We would like to point out in this Letter that this might b
possible.

We shall use two-loop renormalization group (RG
equations throughout this paper. For case I, they
well known, and the explicit expressions can be foun
in the literature [8]. For the second case with four ge
erations, we shall write down explicitly the two-loop RG
equations below [9]. To set the notations straight, o
definition of the quartic coupling in terms of the Higg
mass is the conventionalm2

H ­ 2ly2. The RG equa-
tions given below reflect our convention on the quart
coupling.
© 1998 The American Physical Society
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We begin with the minimal SM with three generations
As mentioned earlier, we are particularly interested in t
Higgs mass range,mH $ 174 GeV. In particular, if we
restrict ourselves to the values ofmH where the asso-
ciated Landau poles would lie above1015 GeV, we are
then looking at the range174 # mH # 180 GeV. Fig-
ure 1 shows the evolution of the three gauge couplin
g1, g2, g3 for mH ­ 174 GeV. (The results are practi-
cally the same formH ­ 180 GeV.) One clearly sees
that they do not converge to the same point, a resu
similar to the already well-known one. Here, we actu
ally include the indirect effect of the Higgs mass, namel
its effect on the top Yukawa coupling which feeds int
the RG equations for the gauge couplings. As one mig
have suspected, we have found no effect: the three ga
couplings still do not meet. For heavier Higgs, i.e.,mH .

180 GeV, the Landau poles will appear below1015 GeV.
We cannot say for sure, at least within the context of t
perturbation theory, what influence such a “heavy” Higg
might have on the evolution of the gauge couplings.

We now turn to the second scenario with four gener
tions and one Higgs doublet. These four generations
snugly into 5̄ 1 10 representations of SU(5), except fo
the right-handed neutrinos which we should need if w
were to give a mass to the neutrinos. For example, t
could be incorporated into a 16-dimensional represen
tion of SO(10) which splits intō5 1 10 1 1 under SU(5).
We could then have a pattern of symmetry breaking lik
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FIG. 1. The evolution of the SM gauge couplings square
versus lnsEy175 GeVd for the three generation case.g3,
g2, and g1 are the couplings of SU(3), SU(2), and U(1),
respectively. We have usedg2

3smtd ­ 1.392, g2
2smtd ­ 0.421,

andg2
3smtd ­ 0.2114. The Higgs mass ismH ­ 174 GeV.

SOs10d ! SUs5d, for example. All four neutrinos can
acquire a mass via the seesaw mechanism, for examp
Furthermore there is no reason why the fourth one cann
be much heavier than the other three, namely, its ma
could be at least half theZ mass. These details are,
however, beyond the scope of this paper.

The appropriate two-loop RG equations are given by
16p2 dl

dt
­ 24l2 1 4ls3g2

t 1 6g2
q 1 2g2

l 2 2.25g2
2 2 0.45g2

1d 2 2s3g4
t 1 6g4

q 1 2g4
l d 1 s16p2d21

3 h30g6
t 1 48g6

q 1 16g6
l 2 f3g4

t 1 6g4
q 1 2g4

l 2 80g2
3sg2

t 1 2g2
qdgl

2 6l2s24g2
t 1 48g2

q 1 16g2
l d 2 312l3 2 32g2

3sg4
t 1 2g4

qdj , (1a)

16p2 dg2
t

dt
­ g2

t h9g2
t 1 12g2

q 1 4g2
l 2 16g2

3 2 4.5g2
2 2 1.7g2

1s8p2d21

3 f1.5g4
t 2 2.25g2

t s6g2
q 1 3g2

t 1 2g2
l d 2 12g4

q 2 s27y4dg4
t 2 3g4

l 1 6l2

1 g2
t s212l 1 36g2

3d 2 s892y9dg4
3gj , (1b)

16p2
dg2

q

dt
­ g2

qh6g2
t 1 12g2

q 1 4g2
l 2 16g2

3 2 4.5g2
2 2 1.7g2

1s8p2d21

3 f3g4
q 2 g2

qs6g2
q 1 3g2

t 1 2g2
l d 2 12g4

q 2 s27y4dg4
t 2 3g4

l 1 6l2

1 g2
qs216l 1 40g2

3d 2 s892y9dg4
3gj , (1c)

16p2 dg2
l

dt
­ g2

l h6g2
t 1 12g2

q 1 4g2
l 2 4.5sg2

2 1 g2
1d s8p2d21

3 f3g4
q 2 g2

qs6g2
q 1 3g2

t 1 2g2
l d 2 12g4

q 2 s27y4dg4
t 2 3g4

l 1 6l2 2 16lg2
l gj , (1d)

16p2 dg2
1

dt
­ g4

1hs163y15d 1 s16p2d21 fs787y75dg2
1 1 6.6g2

2s352y15dg2
3 2 3.4g2

t 2 4.4g2
q 2 3.6g2

l gj , (1e)

16p2 dg2
2

dt
­ g4

2h2s11y3d 1 s16p2d21 f2.2g2
1 1 s133y3dg2

232g2
3 2 3g2

t 2 3g2
q 2 2g2

l gj , (1f)

16p2 dg2
3

dt
­ g4

3h2s34y3d 1 s16p2d21fs44y15dg2
1 1 12g2

2 2 s4y3dg2
3 2 4g2

t 2 8g2
qgj . (1g)
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In the above equations, we have assumed for the fou
family, for simplicity, a Dirac neutrino mass and, in orde
to satisfy the constraints of electroweak precision me
surements, that both quarks and leptons are degene
SUs2dL doublets. The respective Yukawa couplings ar
denoted bygq andgl. Also, in the evolution ofl and the
Yukawa couplings, we have neglected, in the two-loo
terms, contributions involvingt and bottom Yukawa cou-
plings as well as the electroweak gauge couplings,g1 and
g2. For the range of Higgs and heavy quark (includin
the top quark) masses considered in this paper, these tw
loop contributions are not important to the evolution ofl

and the Yukawa couplings. Also, as long as the mixin
between the fourth generation and the other three is sm
the results will be unaffected by such a mixing. (We sha
briefly comment on the phenomenological implications o
this fourth generation below.)

In what follows, we shall assume that whatever mech
nism (a right-handed neutrino in this case) that is respo
sible for giving a mass to at least the fourth neutrino wi
not affect the evolution of the three SM gauge coupling
Also there are reasons to believe that this fourth gene
tion might be rather special, distinct from the other thre
and having very little mixing with them. The physics
scenario behind the fourth neutrino mass might be qu
unconventional.

What masses for the fourth generation are we allowe
to use in our analysis? For the quarks, the mass c
even be lower than the top quark mass. As of now
there is no strict limit on the mass of the fourth gene
ation quarks if the fourth family isnonsequential, i.e.,
having very little mixing with the other three. As dis-
cussed in [10], the current accessible but unexplored d
cay length for a long-lived heavy quark to be detecte
is between100 mm and 1 m. As long as a member of
the fourth generation quark doublet (e.g., the down-typ
quark) decays in that range, its mass can even be low
than the top mass. The phenomenology of a near d
generate long-lived doublet of quarks and its detection
discussed in full length in Ref. [10]. As for the fourth
generation leptons, we shall assume that the mass
greater thanmZ .

As we have stated above, we shall restrict ourselv
to the mass range of the fourth generation that will hav
Landau poles only above1015 GeV. We shall require
that, if there is convergence of the three gauge coupling
it should occur when the Higgs quartic coupling an
the Yukawa couplings are still perturbative in the sens
that one can neglect contributions coming from three-loo
(and higher) terms to theb functions.

Figure 2 shows the evolution ofg2
1, g2

2, andg2
3 for one

particular set of masses, namely,mQ ­ 151 GeV, mL ­
95.3 GeV, andmt ­ 175 GeV, wheremQ , mL, and mt

denote the fourth quark, lepton, and top masses, resp
tively. Vacuum stability (l . 0) and the requirement that
ly4p , 1 above1015 GeV, for the fermion masses listed
above, give a prediction for the mass for the Higgs boso
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FIG. 2. The evolution of the SM gauge couplings square
versus lnsEy175 GeVd for the four generation case.g3,
g2, and g1 are the couplings of SU(3), SU(2), and U(1),
respectively. We have usedg2

3smtd ­ 1.392, g2
2smtd ­ 0.421,

and g2
3smtd ­ 0.2114. Also we usemQ ­ 151 GeV, mL ­

95.3 GeV, andmt ­ 175 GeV, wheremQ , mL, andmt denote
the fourth quark, lepton, and top masses, respectively. T
heavy threshold effects are not taken into account here. Th
are discussed in the text and are shown to improve t
unification point.

to bemH ­ 188 GeV which islarger than the fourth gen-
eration quark mass. Two remarks are in order here.

First, Fig. 2 shows the evolution of the gauge coupling
without taking into account the effects of the heavy
particle threshold near the unification point. For exampl
that threshold could come from the 24 and 5 Higgs scala
of SU(5). In fact, as one can see from Fig. 2, the thre
gauge couplings comeclose(to 4% or less) to each other
but do not actually meet at the same point if one does n
include heavy threshold effects. By itself, within errors
it is already a good indication of possible unification. W
would like, nevertheless, to discuss the issues of hea
threshold for completeness. One may ask the followin
question: if we choose a scale,MG , where the uncorrected
couplingsai ; g2

i y4p (i ­ 1, 2, 3) are within, say,4%
of each other, can one bring them together after th
inclusion of heavy threshold effects? As an exampl
let us take the following point (last point in Fig. 2):
lnsEy175 GeVd ­ 30.62 which corresponds toMG ­
3.48 3 1015 GeV. At this point, one hasa3sMGd ­
0.0278, a2sMGd ­ 0.0273, and a1sMGd ­ 0.0285. If
one definesDaya ; salarger 2 asmallerdyalarger , one can
immediately see thatDaya ø 2% 4%.

Let us, e.g., assume the minimal SU(5) with th
following heavy particles: sX, Y d ­ s3̄, 2, 5y6d 1 c.c.
with massMV , real scalarss8, 1, 0d 1 s1, 3, 1d 1 s1, 1, 0d
(belonging to the 24-dimensional Higgs field) with mas
M24, and the complex scalarss3, 1, 21y3d (belonging to
the 5-dimensional Higgs field) with massM5. [The
quantum numbers are with respect to SUs3d ≠

SUs2d ≠ Us1d.] The heavy threshold corrections are
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then [1] D1 ­
35
4p lns MG

MV
d 2

1
30p lns MG

M5
d 1 D

NRO
1 ,

D2 ­ 2
1

6p 1
21
4p lns MG

MV
d 2

1
6p lns MG

M24
d 1 D

NRO
2 , D3 ­

2
1

4p 1
7

2p lnsMG

MV
d 2

1
12p lns MG

M5
d 2

1
4p lns MG

M24
d 1 D

NRO
3 ,

where D
NRO
i ­ 2hkis

2
25pa

3
G

d1y2 MG

MPlanck
, with ki ­

1y2, 3y2, 21 for i ­ 1, 2, 3, is the correction coming
from possible dimension 5 operators present betwe
MG and MPlanck. The magnitude of the coefficienth is
constrained to be less than or equal to 10. The correc
couplings can be written as 1

ãisMGd ­
1

aisMGd 1 Di . There
are, of course, many choices for the different mass scal
As an example, we shall chooseM5 ­ MG , M24 ­ MG ,
MV ­ 0.5MG , and h ­ 10. With this choice and
taking as aG the average of a3sMGd ­ 0.0278,
a2sMGd ­ 0.0273, and a1sMGd ­ 0.0285, we ob-
tain ã1sMGd ­ 0.027 05, ã2sMGd ­ 0.026 62, and
ã3sMGd ­ 0.027 35. From the above values, one can
say that the couplings are practically the same with a
three,0.027 or 1yãG , 37. This little exercise shows
that heavy threshold effects can indeed bring about bet
unification.

The second remark we wish to make is the question
the validity of perturbation theory. The usual requireme
encountered in the literature is thatg2

t y4p , g2
qy4p,

g2
l y4p, and ly4p have to be less than unity. In

particular, lattice calculations suggest that perturbatio
theory breaks down when the Higgs mass is,750 GeV.
With m2

H ­ 2ly2, this translates intoly4p , 0.37.
This criterion is more restrictive than just simply settin
ly4p , 1. What are our corresponding values at th
unification point? At the point that we refer to as
the unification point, namely,MG ­ 3.48 3 1015 GeV,
we found the following values for the Higgs quartic
and Yukawa couplings:g2

t y4p ­ 0.4, g2
qy4p ­ 0.16,

g2
l y4p ­ 0.48, and ly4p ­ 0.19. This is not a strong

coupling regime and perturbation theory is presumab
reliable. A side remark is in order here. For the thre
generation case, the value of the top Yukawa coupling
a similar scale isg2

t y4p , 0.016, a factor of 20 smaller
than in the four generation case. This explains why th
Yukawa couplings are important enough in this case, b
not in the three generation case, to modify the evolutio
of the gauge couplings.

An exhaustive study of different mass combinations fo
the fourth generation is beyond the scope of this paper.

The proton partial mean lifetime as represente
by tp!e1p0 is predicted to be tp!e1p0 syrd ø
1031sMGy4.6 3 1014d4. In our case, we obtain the
following prediction: tp!e1p0syrd ø 3.28 3 103462.
Part of the uncertainty in the lifetime is due to the un
certainty in heavy threshold effects. The central value
larger than the current lower limit of5.5 3 1032 yr and is
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within reach of the next generation of SuperKamiokand
proton decay search.

This scenario made the following predictions: (1) the
proton decays at an accessible rate,3.3 3 103462 yr;
(2) there is a fourth generation of long-lived quarks an
leptons with a quark mass,151 GeV; and (3) the Higgs
mass is predicted to be,188 GeV . 2mZ , a value which
is well suited for the “gold plated” signalH ! l1l2l1l2

at the LHC. All of these features can be tested in
not-too-distant future. For example, the fourth generatio
can benonsequentialand can have exceptionally long
lifetimes. This could provide a distinct signature [10].
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