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The issue of gauge unification in the (nonsupersymmetric) standard model is reinvestigated. It is
found that, with just an additional fourth generation of quarks and lepton§3)SJSU(2) ® U(1)
gauge couplings converge to a common peir&5 X 10 GeV (r, ~ 3.3 X 10*=2 yr). This result
is due to the non-negligible, but still perturbative, contributions of the top and fourth generation Yukawa
couplings to the gauge two-logf functions, in contrast with the three generation case where such a
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

It is a standard lore that present measurements of thef the three gauge couplings. With four generations
gauge couplings at the mass appear to indicate that all and with the fourth generation being sufficiently heavy
three couplings actually do not converge at the same poirfan issue explored below), it turns out that all Yukawa
if they are to evolve according to the minimal standardcouplings grow with energy, and this can significantly
model (SM) with three generations [1]. This is somewhataffect the evolution of the gauge couplings. In fact, when
problematic for the simple idea of grand unification [2,3], the fourth generation quarks and leptons are sufficiently
and, in particular, the minimal SU(5) model [3]. It is heavy, all Yukawa couplings (including that of the top
also a standard lore that, with low-energy supersymmetrguark) develop Landau poldslowthe Planck scale. In
(generically referred to as MSSM from here on) brokenorder to make sensible statements based strictly on the
at around 1 TeV or less, such a unification is possiblevalidity of perturbation theory, we shall restrict ourselves
and occurs at an energy scald0'® GeV corresponding to the range of mass where these Landau poles lie above
to a proton lifetime of ~10% yr (roughly 4 orders a few timesl0'’ GeV.
of magnitude above the current limit). As such, the There are two reasons for doing so. The first one is the
idea of grand unification with a desert (beyond 1 TeV)fact that, in order to satisfy the current lower bound on
fits snugly with low-energy supersymmetry. There is,the proton lifetime, the unification scale (if there is one)
however, a catch. The lightest scalar in MSSM cannohas to be larger that0'> GeV. The second reason is the
be heavier than-150 GeV [4]. What would happen to fact that, if the three gauge couplings were to converge at
grand unification if no scalar is found below, s&,, the same point—with that point being10'> GeV—due
thus ruling out low-energy supersymmetry (or at least theo the effects of the Yukawa couplings which show up at
simplest version of it)? two loops, we would like it to happen when these Yukawa

It is not entirely clear that one has exhausted allcouplings arestill in the perturbative domain (That
possibilities concerning the SM. One may ask, fordoes not mean, however, that, if the fourth generation is
example, what role the mass of the Higgs bosam,  sufficiently massive so that the Landau poles aetow
has, especially when it is larger thani74 GeV. (Fora 10> GeV, one could not have unification.)
lighter Higgs boson in the presence of a heavy fermion, For the minimal SU(5) [3], the well-known prediction
several constraints, especially from vacuum stabilityfor the proton lifetime is roughly 2 orders of magnitude
have been discussed [5].) It is known from previouslower than the current experimental lower bound &f X
studies that whenny = 174 GeV, the Higgs quartic 1032 yr[7]. Is it possible that, if the proton does decay, its
coupling develops Landau poles below the Planck scaléfetime might be within reach of, say, SuperKamiokande
~10" GeV [6]. How do these Landau poles influencewhich presumably could extend its search upl®&* yr?
the evolution of the gauge couplings? We would like to point out in this Letter that this might be

One may also ask whether or not the addition ofpossible.

a fourth generation might change the evolution of the We shall use two-loop renormalization group (RG)
gauge couplings in such a way as to unify them againequations throughout this paper. For case |, they are
It is well known that the addition of an extra family well known, and the explicit expressions can be found
does not change the result at one loop. However, than the literature [8]. For the second case with four gen-
two-loop B functions for the gauge couplings contain erations, we shall write down explicitly the two-loop RG
contributions from Yukawa couplings. With just three equations below [9]. To set the notations straight, our
generations, the dominant Yukawa contribution comeslefinition of the quartic coupling in terms of the Higgs
from the top quark. However, it can be seen that thenass is the conventionah? = 2Av2. The RG equa-
top Yukawa coupling actuallydecreaseswith energy. tions given below reflect our convention on the quartic
As a result, it practically does not help the convergenceoupling.
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We begin with the minimal SM with three generations.
As mentioned earlier, we are particularly interested in the h
Higgs mass rangeny = 174 GeV. In particular, if we 1.25 A\

restrict ourselves to the values ofy where the asso-
ciated Landau poles would lie abou®'> GeV, we are
then looking at the rangé€74 = my = 180 GeV. Fig- -
ure 1 shows the evolution of the three gauge couplings i
g1,82,83 for myg = 174 GeV. (The results are practi- 0.75 [— 8"
cally the same formmy = 180 GeV.) One clearly sees - o
that theydo not converge to the same point, a result
similar to the already well-known one. Here, we actu- R S gf\ ]
ally include the indirect effect of the Higgs mass, namely, i o ]
its effect on the top Yukawa coupling which feeds into 025 | =, ——4—"———""7"1 | {]
the RG equations for the gauge couplings. As one might 0 10 =0 30
have suspected, we have found no effect: the three gauge In(E/175Gev)
couplings still do not meet. For heavier Higgs, iy > FIG. 1. The evolution of the SM gauge couplings squared
180 GeV, the Landau poles will appear beld@'’> GeV. versus IfE/175 GeV) for the three generation casegs,
We cannot say for sure, at least within the context of thes2: @nd g1 are the couplings of SU(3), SU(2), and U(1),
perturbation theory, what influence such a “heavy” Higgg €SPectively. We have used (m,) = 1.392, ga(m;) = 0.421,
. X ) andg;(m;) = 0.2114. The Higgs mass is1y; = 174 GeV.
might have on the evolution of the gauge couplings.
We now turn to the second scenario with four genera-
tions and one Higgs doublet. These four generations fisO(10) — SU(5), for example. All four neutrinos can
snugly into5 + 10 representations of SU(5), except for acquire a mass via the seesaw mechanism, for example.
the right-handed neutrinos which we should need if weFurthermore there is no reason why the fourth one cannot
were to give a mass to the neutrinos. For example, thibe much heavier than the other three, namely, its mass
could be incorporated into a 16-dimensional representacould be at least half th& mass. These details are,
tion of SO(10) which splits inté + 10 + 1 under SU(5). however, beyond the scope of this paper.
We could then have a pattern of symmetry breaking like The appropriate two-loop RG equations are given by

100 [\

|w||\|\|\\|

dA _

1672
7Talt

2407 + 4A(3g? + 6g2 + 2g7 — 2.25g3 — 0.45g}) — 2(3g} + 6g4 + 2¢}) + (167!
X {30g¢ + 48g5 + 16g7 — [3g] + 6gy + 2g/ — 80g3(g7 + 2g;)1A

— 60%(24g; + 48g7 + 16g7) — 3124° — 32g3(g7 + 2g,)}, (1a)

dg? )
1672 d—tl = g%{9g12 + 12g[21 + 4-gl2 — 16g% — 4_5g% — 1.7g%(877-2) 1
X [1.5g7 — 2.25g,2(6g§ +3g2 +2¢7) — 1283 — (27/4)g* — 35 + 6A2

+ g7 (—121 + 36g3) — (892/9)g31}, (1b)
2 dgg 25p 2 2 2 2 2 2002
167> —+ = g2{6g; + 12g; + 4g; — 16g3 — 4.5g5 — 1.7g7(87%) "

dt
X [3g4 — g2(6g2 + 3g7 + 2g7) — 1284 — (27/4)g} — 38} + 617
+ g2 (=16 + 40g3) — (892/9)g3]}, (1c)

dg? _
167 ' = gHl6g? + 12g] + 4g] — 4.5(g3 + g}) (87) !
X [3gg — go(6g; + 387 + 2g7) — 125 — (27/4)g} — 3¢/ + 647 — 16Ag/T},  (1d)

d 2
1672 E8L = g4(163/15) + (1672 1 [(787/75)8% + 6.683(352/15)g2 — 3.4g2 — 44g2 —3.6g11.  (le)

dt
dg3 _

167 <% = g3{=(11/3) + (167") ' [22] + (133/3)g332¢} — 3g7 — 3g; — 2671}, )
dg? _

167° f = g3{—(34/3) + (167%) " '[(44/15)g7 + 12¢5 — (4/3)g5 — 4g; — 8¢, 1} (19)
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In the above equations, we have assumed for the fourth .50 — ' — . .
family, for simplicity, a Dirac neutrino mass and, in order

to satisfy the constraints of electroweak precision mea-
surements, that both quarks and leptons are degenerate
SU(2), doublets. The respective Yukawa couplings are
denoted by, andg;. Also, in the evolution ofA and the 1.00
Yukawa couplings, we have neglected, in the two-loop
terms, contributions involving and bottom Yukawa cou- 0.75
plings as well as the electroweak gauge coupliggsand

g». For the range of Higgs and heavy quark (including
the top quark) masses considered in this paper, these two-
loop contributions are not important to the evolutioniof
and the Yukawa couplings. Also, as long as the mixing o2 |- 4 8B ——"
between the fourth generation and the other three is small, 0 10 20
the results will be unaffected by such a mixing. (We shall In(E/175GeV)
br_iefly comment on the phenomenological implications ofgig 2 The evolution of the SM gauge couplings squared
this fourth generation below.) versus IE/175 GeV) for the four generation case.gs,

In what follows, we shall assume that whatever mechag,, and g, are the couplings of SU(3), SU(2), and U(1),
nism (a right-handed neutrino in this case) that is resporrespectively. We have useg (m,) = 1392, g3(m,) = 0.421,
sible for giving a mass to at least the fourth neutrino willand g3(m,) = 0.2114. Also we usemy = 151 GeV, m, =
not affect the evolution of the three SM gauge couplingstrif f(gjr\t/ﬁ %”u%’ﬁé :IegcsnnGz\é’dV\;gErergans’sg' ?ggp”é’c t(ijveer:)(;te The
A_‘ISO there are reasons to_ bellgv_e that this fourth gel"er‘eh'eavy threshold effects are not taken into account here. They
tion might be rather special, distinct from the other threezre giscussed in the text and are shown to improve the
and having very little mixing with them. The physics unification point.
scenario behind the fourth neutrino mass might be quite

unconventional.

What masses for the fourth generation are we alloweg, bemy = 188 GeV which islarger than the fourth gen-
to use in our analysis? For the quarks, the mass cagation quark mass. Two remarks are in order here.
even be lower than the top quark mass. As of now, g5t Fig. 2 shows the evolution of the gauge couplings
there is no strict limit on the mass of the fourth gener-yinout taking into account the effects of the heavy
ation quarks if the fourth family ismonsequentiali.e.,  article threshold near the unification point. For example,
having very little mixing with the other three. As dis- ¢ threshold could come from the 24 and 5 Higgs scalars
cussed in [10], the current accessible but unexplored deyf SU(5). In fact, as one can see from Fig. 2, the three
cay length for a long-lived heavy quark to be detectedyauge couplings comelose(to 4% or less) to each other
is betweenl00 um and 1 m. As long as a member of pyt do not actually meet at the same point if one does not
the fourth generation quark doublet (e.g., the down-typgnciude heavy threshold effects. By itself, within errors,
quark) decays in that range, its mass can even be lowgfis already a good indication of possible unification. We
than the top mass. The phenomenology of a near deyould like, nevertheless, to discuss the issues of heavy
generate long-lived doublet of quarks and its detection ishreshold for completeness. One may ask the following
discussed in full length in Ref. [10]. As for the fourth question: if we choose a scalé,;, where the uncorrected
generation leptons, we shall assume that the mass ipuplingse; = g?/47 (i = 1,2,3) are within, say4%
greater thamnz. of each other, can one bring them together after the

As we have stated above, we shall restrict ourselvefclusion of heavy threshold effects? As an example,
to the mass range of the fourth generation that will havdet us take the following point (last point in Fig. 2):
Landau poles only abové0'> GeV. We shall require In(E/175 GeV) = 30.62 which corresponds taV; =
that, if there is convergence of the three gauge couplings.48 X 10> GeV. At this point, one hasy(Mg) =
it should occur when the Higgs quartic coupling and0.0278, as(Mg) = 0.0273, and a(Mg) = 0.0285. If
the Yukawa couplings are still perturbative in the sensene define\a/a = (Qjarger — Xsmalier)/ Xlarger, ONE CAN
that one can neglect contributions coming from three-loopmmediately see thaka/a = 2% —4%.

1.25

0.50
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(and higher) terms to thg functions. Let us, e.g., assume the minimal SU(5) with the
Figure 2 shows the evolution @f, g3, andg3 for one  following heavy particles: (X,Y) = (3,2,5/6) + c.c.
particular set of masses, nametyy = 151 GeV, m; = with massMy, real scalarg8,1,0) + (1,3,1) + (1,1,0)

95.3 GeV, andm, = 175 GeV, wheremgy, m;, andm,  (belonging to the 24-dimensional Higgs field) with mass
denote the fourth quark, lepton, and top masses, respettf,,, and the complex scalak8, 1, —1/3) (belonging to
tively. Vacuum stability § > 0) and the requirement that the 5-dimensional Higgs field) with mas¥s. [The
A/4m ~ 1 abovel0" GeV, for the fermion masses listed quantum numbers are with respect to (SU®
above, give a prediction for the mass for the Higgs bosorsU(2) ® U(1).] The heavy threshold corrections are
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then [1] A, = % In(%) - ﬁ In(%—f) + AYRO within reach of the next generation of SuperKamiokande

A=~ + 2 in(i) = Lingi) 4 afko, s, - proton decay search. I

1 7 My 1 Mg i Mg NRO This scenario made the following predictions: (1) the
i T ﬁNll?(gM_v)_ Pz 'ngﬁs)_ %‘In(M_y)fL A3T, proton decays at an accessible rat8.3 x 103*2 yr;
where A" = —nk,-(ZSWg)l/zm, with  k; =  (2) there is a fourth generation of long-lived quarks and
1/2,3/2,—1 for i =1,2,3, is the correction coming leptons with a quark mass151 GeV; and (3) the Higgs
from possible dimension 5 operators present betweemass is predicted to be188 GeV > 2m, a value which
Mg and Mpicx. The magnitude of the coefficient is  is well suited for the “gold plated” signdl — 117171~

constrained to be less than or equal to 10. The correcteat the LHC. All of these features can be tested in a

couplings can be written % = % + A;. There not-too-distant future. For example, the fourth generation
i G i G . .

are, of course, many choices for the different mass scale§an benonsequentialand can have exceptionally long

As an example, we shall choosés = Mg, M,s = Mg, lifetimes. This could provide a distinct signature [10].

My = 0.5Mg, and 5 = 10. With this choice and | thank Paul Frampton and Gino lIsidori for helpful

taking as ag the average of a3(Mg) = 0.0278, discussions and comments on the manuscript. | also
ar(Mg) = 0.0273, and a;(Mg) = 0.0285, we ob- thank the theory groups at the University of Rome “La
tain  @;(Mg) = 0.02705, @ (Mg) = 0.02662, and Sapienza” and at the Ecole Polytechnique, Palaiseau,
@3(Mg) = 0.02735. From the above values, one canfor the warm hospitality where part of this work was
say that the couplings are practically the same with alfarried out. This work is supported in part by the
three ~0.027 or 1/ag ~ 37. This little exercise shows U.S. Department of Energy under Grant No. DE-A505-
that heavy threshold effects can indeed bring about bettéf9ER40518.
unification.

The second remark we wish to make is the question of
the validity of perturbation theory. The usual requirement

encountered in the literature is that /4w, gfl/477,

812/477', and A/47 have to be less than unity. In [1] See, e.g., P. Langacker and N. Polor)sky, Phy;. Rev. D
particular, lattice calculations suggest that perturbation 47 4028 (1993):52, 3081 (1995). Notice that different
theory breaks down when the Higgs mass-i&50 GeV. attempts to rescue nonsupersymmetric SU(5) can be

. . . found, e.g., in U. Amaldiet al., Phys. Lett. B281, 374
With m3 = 2Av?, this translates intoA/47 ~ 0.37. ((iggz)_eg n maldet a ys. L& .

This criterion is more restrictive than just simply setting [2] j.c. Pati and A. Salam, Phys. Rev.8)1240 (1973).

A/4m ~ 1. What are our corresponding values at the [3] H. Georgi and S.L. Glashow, Phys. Rev. Le32, 438
unification point? At the point that we refer to as (1974).

the unification point, namelyM; = 3.48 X 10'° GeV, [4] See, e.g., P.H. Chankowski and S. Pokorski, hep-ph/
we found the following values for the Higgs quartic 9702431 [in “Perspectives on Higgs Physics IlI,” edited by
and Yukawa couplings;gtz/47r = 0.4, g§/477- = 0.16, G.L. Kane (_World Scien?ific, Singapore, to be publi_shed)].
¢2/4m = 048, and A/47 = 0.19. This is not a strong [5] N.V. Krasnikov, Yad. Fiz.28, 549 (1978); N. Cabibbo,

coupling regime and perturbation theory is presumabl L. Maiani, G. Parisi, and R. Petronzio, Nucl. PhyL58
pling reg P yisp Y 295 (1979); P.Q. Hung, Phys. Rev. Let2, 873 (1979):

reliable. A side remark is in order here. For the three H.D. Politzer and S. Wolfram, Phys. Let82B, 242

generation case, the value of the top Yukawa coupling at  (1979): 83B, 421(E) (1979): M. Lindner, Z. Phys. G,

a similar scale ig?/47 ~ 0.016, a factor of 20 smaller 295 (1986): M. Lindner, M. Sher, and H.W. Zaglauer,

than in the four generation case. This explains why the  Phys. Lett. B228 139 (1989); G. Altarelli and G. Isidori,

Yukawa couplings are important enough in this case, but  Phys. Lett. B337, 141 (1994); J. A. Casas, J.R. Espinosa,

not in the three generation case, to modify the evolution  and M. Quiros, Phys. Lett. B42 171 (1995); J. A. Casas,

of the gauge couplings. J.R. Espinosa, M. Quiros, and A. Riotto, Nucl. Phys.
An exhaustive study of different mass combinations for ~ B346 257 (1995); P.Q. Hung and M. Sher, Phys. Lett.

the fourth generation is beyond the scope of this paper. B 374 138 (19d96). idori. Ph

The proton partial mean lifetime as represented [8] P-Q. Hung and G. Isidori, Phys. Lett. £02, 122 (1997).
by 7m0 is predicted to be 7, . qo(yr) ~ [7] Special issue on Reviews of Particle Properties,
1031(Mp(;/4.6 % 10", In our case vCe obtain the L. Montanetet aI.,Phys._Rev. 064, 1 (1996).
followin ediction: V1 ~ 398 X 10%*2 [8] B. Schrempp and M. Wimmer, hep-ph/9606386.

g p N Tper a0yl . . [9] For the general cases, see M.E. Machacek and M.T.

Part of the uncertainty in the lifetime is due to the un- Vaughn, Nucl. PhysB222, 83 (1983);B236, 221 (1984);
certainty in heavy threshold effects. The central value is  B236, 233 (1984).

larger than the current lower limit &5 X 1032 yrandis  [10] P.H. Frampton and P. Q. Hung, hep-ph/9711218, 1997.
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