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The prospects of an alternative method of decoupling the parity and SU(2)g breakings are reex-
amined under the constraints of CERN LEP measurements in the minimal chains of SU(8). xSU(8)r

and SU(16) grand unified theories.

Including the uncertainties in the input parameters, one

chain permits the SU(2)r xSU(2)r x SU(4)c-breaking scale Mc = 10%%%%6 GeV leading to the
A(B — L) = —2 nucleon-decay modes possibly accessible to the ongoing experiments and observable
branching ratios for rare kaon decays. Uncertainties in the Higgs scalar masses near M¢ result in
wider ranges of predictions on the proton lifetime and mixing times for n-7 and H-H oscillations. In
a separate chain the SU(2) xSU(2)r x U(1) -1 xSU(3) c-breaking scale corresponding to the masses
of right-handed gauge bosons could be Mz = 102%%%7 GeV, which seems to be the lowest value
predicted so far in a non-SUSY GUT consistent with minimal fine-tuning of parameters.

PACS number(s): 12.10.Dm, 11.15.Ex, 12.60.Cn, 14.70.Pw

I. INTRODUCTION

Precision measurements at the ete~ CERN LEP have
led to the revival of interest in grand unified theories
(GUT’s) [1,2]. In addition to examining the unifica-
tion of gauge couplings at the GUT scale (My), the
prediction of suitable intermediate scales signifying new
physics beyond the standard model has also been em-
phasized [3,4]. The new physics associated with V + A
interactions in left-right gauge models can be experi-
mentally tested provided the right-handed gauge bosons
(WRi,ZR) resulting from the spontaneous breaking of
SU(2)LXSU(2)R>< U(l)B_LXSU(3)C (E G2213) symme-
try [5] are reasonably light (Mg < 1 TeV). Further, if
the symmetry-breaking scale of the Pati-Salam gauge
group SU(2)LxSU(2)gxSU(4)c (= Ga24) [1], Mc =
105-10% GeV, the relevant physical processes such as
rare kaon decays and new modes of proton decay [6]
might be accessible to verification by the ongoing ex-
periments. In addition, n-i and H-H oscillations can
be predicted with definite rates to be detected in the fu-
ture. In all conventional methods of spontaneous break-
ing of left-right symmetric gauge structures, such as
SU(2)xSU(2)rxSU(4)c X P (= Gaa4p; P, parity, the
left-right discrete symmetry)CSO(10), SU(8)xSU(8)r,
or SU(16), be it via a single step or via multiple steps to
the standard gauge group, the scales of parity breaking
(Mp) and SU(2)gr breaking (Mg) are identical (Mp =
Mpg). This has the consequence that the effective-gauge-
coupling constants of SU(2)r and SU(2)gr are equal to
each other at low energies, barring small radiative cor-
rections (g2, = g2r). Because of this, the GUT’s such
as SO(10), SU(8)xSU(8) g, and SU(16) require sin0y
to be too large (~ 0.26-0.28) compared to the observed
value if Wg and Zgr boson masses are to be near the
TeV scale. But two different methods of decoupling of
the SU(2) g breaking from the parity breaking have been
proposed leading to gor, (1) > g2r(p) for p < Mp which
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significantly lower values of Mp < Mp [7-10].

In SO(10) or SU(16) the eight left-handed fermions
(vr) and their charge conjugates (¢°), are in the same
spinorial representation 16. There exists an element of
gauge transformation, called D [7], which takes ¥ —
(¥°)r and vice versa. The gauge transformation D acts
like parity (P). The decoupling mechanism is imple-
mented [7] in the first step by giving vacuum expectation
values (VEV’s) to the D-odd (or P-odd) neutral compo-
nents of scalars which are singlets under G213 or Gaa4
leading to the spontaneous breaking of P but not SU(2)g
which is broken in the usual manner at a lower scale. In
this approach there is left-right asymmetry in the Higgs
sector only for 4 < Mp. The lowest value of the G2213-
breaking scale obtained in this method in SO(10) has
been found to be Mg ~ 107 GeV [7-9].

The alternative method [10] of decoupling operates
within all GUT’s containing SU(2)rxSU(4)§ xSU(2)r
xSU(4)§ possessing chiral SU(4) color in addition to
the flavor subgroup SU(2);xSU(2)g. Therefore, it op-
erates within SU(8)xSU(8)g, SU(16) [11,12] and also
in [SU(4)]* but not in SO(10). The decoupling is
implemented by following specific symmetry-breaking
patterns where, after the first step, an asymmetry in
the left- and right-handed gauge boson sectors is cre-
ated. For example, the symmetry breaking SU(16),
SU(8),xSU(8)r —SU(8)xSU(2)rxSU(4)§ (= Gsz2a)
yields the symmetry having different left- and right-
handed gauge groups. The subsequent breaking of either
G4 — Ga24 or Ggag — G213 yields the left-right gauge
groups with gaz () > g2r(p); the inequality in the two
couplings being due to the asymmetry in the Higgs scalar
as well as the gauge-boson sectors.

In SU(16) and SU(8) xSU(8) g [11,12] there are trian-
gle anomalies whose cancellation requires the introduc-
tion of the mirror family (¢7*,¥%) corresponding to ev-
ery standard family of quarks and leptons (¢, %r) and
the imposition of mirror symmetry:
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YL & YR, YR S YT .

In order to achieve the standard model phenomenology
at low energies, when an attempt is made to keep only the
three standard families light and the mirror masses near
My, the standard fermions also get bare Dirac masses of
the order My . This is avoided by imposing an additional
discrete symmetry:

YI & Y1, YR ¢ Y .

The purpose of this paper is that the alternate decou-
pling mechanism proposed by one of the present authors
(M.K.P.) and Pati L 0] is capable of achieving Mg and
Mc as low as 102:8+0.7 3pd 105-6+0-6 GeV, respectively,
consistent with the CERN-LEP data. An approximate
one-loop analysis in SU(8);xSU(8)g and SU(16) was
made in [10] using the old input data on sinZ6w (M),
as(Mw), and a~!(Mw). In this work we carry out a
more accurate analysis including two-loop effects and us-
ing the CERN-LEP meaurements and the improved es-
timtion of a~1(Mz) [13]:

sin? Oy (Mz) = 0.2324 + 0.0008 ,
as(Mz) = 0.12 £ 0.007 , (1)
a ' (Mz)=1279+0.1.

We examine the unification of gauge couplings by plot-
ting the coupling-constant trajectories as a function of
mass scale (p) and following an improved procedure
which simultaneously uses analytic formulas for mass
scales derived here and the renormalization-group equa-
tions (RGE’s). While qualitative estimates of the pro-
ton lifetimes and matter-antimatter oscillation rates were
made in [10], quantitative evaluations including impor-
tant uncertainties due to input parameters and the Higgs
scalar masses have been caried out here for the first time.
The uncertainties on the predicted values of mass scales
arising out of the input parameters are evaluated and are
noted to play a crucial role in bringing the A(B—L) = —

J

(A) SU(16),SU(8)z x SU(8) R“I‘Wﬁi” Gs2a
(B) SU(16),SU(8)z, x SU(8)g ‘= 330)G

Instead of SU(8) 7 xSU(8)r it is possible to break SU(16)
directly to Gga4 since the Ggg Higgs multiplets shown in
models (A) and (B) are contained in the corresponding
SU(16) reprsentations.

For the unbroken gauge symmetry G; with coupling
constants g;(u) and a;(p) = g2(p)/4m in the mass range
M, < p < M; the renormalization-group equations
(RGE’s) are

1 1 @ M, 1 c

- iy =P
WO — ainty) T antar, T e (M Me) = 50
(2)

(36 36) Gas

(1.63)L(!>36.36) Gz

proton decay rates within the accessible range of the Su-
perKamiokande experiments, although central values are
4-5 orders larger than the present accessible limit. The
uncertainty due to the Higgs scalar masses near the G324
breaking are found to widen the range of proton lifetime,
further and predicted values of n-72 and H-H oscillation
mixing times.

II. MASS SCALES IN THE MINIMAL CHAINS

In the alternative method of decoupling the parity
and SU(2)g breakings, the asymmetry g2z, (1) > g2r(1)
for 4 < My is created by a specific Higgs mechanism
where SU(16) or SU(8)zx SU(8)r breaks spontaneously
to SU(8)xSU(2)rxSU(4)$ (= Gsa4) at the GUT scale
such that the residual symmetry Gigaq O G224 or G213 as
its subgroup. The SU(8) xSU(8)r Higgs representation
(1,330) containing the Ggz4 singlet achieves this break-
ing. In the second step the popular left-right gauge group
G224 With g21, # g2r is obtained by the spontaneous sym-
metry breaking of Ggz4 through the Ggg Higgs represen-
tation (36,36) containing the Gaz4 singlet. However, to
obtain G213 from Gga4, two of the Ggg representations
(36,36) and (1,63) are needed. Whereas the represen-
tation (36,36) contains the G234 singlet, the representa-
tion (1,63) contains the G324 submultiplet (1,1,15) whose
vacuum expectation value in the G2313 singlet direction
yields the desired left-right gauge group. In the third step
the spontaneous symmetry breaking leads to the stan-
dard gauge group G213 by using the usual G324 submulti-
plet Agr(1,3,10) C (1,36) of Ggs. Finally the low-energy
gauge group is obtained through the vacuum expectation
value of the standard Higgs doublet contained in the Ggg
representation (8, 8).

Thus, in order to obtain the asymmetric groups Ga24
or G213 with gar, # g2r the new mechanism needs spon-
taneous symmetry breaking to the standard gauge group
in at least two steps as illustrated in the minimal models

(A) and (B):
“ 30 ? Gana @, S)U(l)em x SU(3)c ,

36 8,8
= )Gz ¢ )U(l)em x SU(3)c .

8

[
where

PMy, M) = S By 25 82)
(M, M2) = 3 By 1o o

The second (third) term on right-hand side (RHS) of (2)
is the one- (two-)loop contribution. In the last term in
(2) C; is the mass-independent Dynkin index relative to
the subgroup G; of the effective gauge theory (EGT) mul-
tiplied by dimensions relative to other subgroups of the
same EGT which result due to spontaneous symmetry
breaking of the original theory at the higher scale Ms;.
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C; is obtained by summing over all EGT representations
of massive gauge bosons assumed to be degenerate at
M, [14]. Even if mass-dependent terms in the thresh-
old effect at M, are neglected, as in the present paper,
the C; terms are always present. The values of C; at
each boundary is given below for the two models. For

26
ag, = —14, ap=F,a4r =17,

cy =0, Clr=30, C%h =12,

where the superscript U in C’iU stands for the boundary
at My. The other C; coefficients at Mg and M are

the minimal choice of Higgs scalars necessary to imple- 8 s 8 "
ment the spontaneous symmetry breaking for u < Mg, Cor =30, Cyp =12, Cip=0, Cop =
the loop coefficients have been derived earlier [8]. For CS —o. cC -1 (S 1
© > Mg, the new coefficients are given below for mod- 2L =5 MY T 50 30 T 4o
els (A) and (B). In each chain at first the formulas for 281 1845 435
sin?0w (Mz) and a(Mz)/a,(Mz) are obtained in terms T4 108 T
of mass scales following the standard procedure. Using 204 660
each of the two mass scales (My, Mc) or (My, Mg) is Bi; = —45 33 7 )
expressed analytically in terms of sin?0w (Mz), a,(Mz) 225 198
a(Mz), and In(Mg/Mz). -% 13 136
Model (A): For the Gga4 group, 4,7 = 8L,2R, 4R, leading to
My 2421, Mg
1 = 154a/a, — 1 29y — 2421, Ms
nMZ 2035 ———(154a/a 14 sin” 6w — 15) + 20351nMZ
8140{25PY +129PG, — 154P%, + 15P%, — 144P%, + 129P%,
+15P7; — 144P%, + 228PY ) — W , (3)
Mc  on ) 4816, Ms
_— 315 — 48, Ow — 7 ——In—
"Mz T 2035a( sin’fw —T92a/a.) = SoaEingg,
4070 ——{525Py + 267P5] — T92P5 + 315P%, + 267P5, — 582P%,
+315P% — 582P% — 96PY,} — (4)
Model (B):
agy, = —14, asp = 2?6, ayr =17,

C§lL, C¥r, and CYy are the same as in model (A). The coefficients at Mg and Mg are

C3, =30, C§, =13,

Cé =1,

C(BB-L)L = 16, C(SB—L)R =4 y

C3p =0, Cis =0, Cf=¢,
leading to
My n 2 3811
In—— = 104a/a, — 96sin’fy — 3) + ———1In
" 1688 (104a/a sin®Ow —3) + 3376 MZ
6752 ——{125P¢ — 21P5 — 104P5, + 75P8; — 21P%,
1035
+50P5, — 104PJ, + 3P{; — 102P%, + 192P% } + 018 ° (5)
Mg 9 5163, Mg
In>—=2 315 — 48sin%0y — 792 —In—2
"My T 844 840 sin”Ow /%) ~ 1638 " 01,

3376

+210P%; — 792P%, + 315PY, —

———{525PF + 267P%, —

792P5, + 315P%, + 267P5,

703

582P — 1688 -

96P8L} +
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In (3)-(6) we use the notation P? = P;(M,M,) between
two successive mass scales My > M,,.

In models with two intermediate scales, one of the mass
scales (Mpg) is not determined in terms of the input pa-
rameters, but the consistency with the unification scheme
is examined by imposing My > Mg > M¢g or Mg. In
addition to estimating values of mass scales one impor-
tant advantage of formulas (3)—(6) is that uncertainties
in My and M¢ or Mp arising out of the input parame-
ters of Eq. (1) are derivable in a straightforward manner
using the dominant one-loop contributions.

The improved method of solutions for the mass scales
consists of exploiting the analytic formulas and the
renormalization-group equations (RGE’s) together. For
example, in model (A), the first step begins by dropping
the two-loop contributions in (3) and (4) and obtaining
an approximate set of values for (My, Mg, M¢). This
set is used in (2) to obtain o; *(u) as a function of u by
iterative convergence procedure. The values of a;(My),
a;(Msg), and o;(Mc) thus obtained are used to calcu-
late all P; functions and the two-loop contributions in
(3) and (4) resulting in improved values of My and M¢
in the beginning of the second step while Mg remains
fixed throughout. The second step and subsequent steps
are repeated until the values of the mass scales and a;(u)
obtained in two successive steps converge. The process is
repeated for another set of (My, Mg, M¢c). The values of
a; () and mass scales of model (B) are obtained in the
same manner as model (A). For every set of solutions in
both of the chains the ratio o is obtained using

azr(Mz)

U_OézR(MI)’ Mj; = Mg or My . (7
As noted in Sec. I, 0 ~ 1 in the conventional methods
of left-right symmetry breaking where the scales of parity
and SU(2) g breakings are identical. A substantial devia-
tion of o from unity signifies left-right asymmetry in G224
or Ga213 and the possibility of a lower SU(2)g-breaking
scale. In the present model g1 (p) receives renormal-
ization from the full SU(8)r gauge group as p decreases
from My to Mg whereas g is renormalized by SU(2) g x
SU(4)§. For values of p < Mg, the asymmetry in the
Higgs sector also increases the difference between gz1, and
g2r. These lead to values of o ~ 1.8-2.3 as shown in Ta-
ble I and it is this asymmetry which allows G324 breaking

scale Mc < Mp = My.
The solutions for mass scales with the corresponding o
values are presented in Tables I and II for models (A) and
(B), respectively. The unification of the gauge couplings

TABLE 1. Predictions on mass scales and the ratio of cou-
pling constants (o) in model (A) where the uncertainty factor
in My (Mc) is 10%°:%% (10%°-%) due to the input parameters.
ag is the SU(8)r x SU(8)r GUT coupling constant.

Mo (GeV) Mg (GeV) My (GeV) o agt
1.3x10° 3.0x10'8 8.0x10'8 2.3 13.4
2.7x108 3.2x107 5.5x107 2.25 12.7
2.5x 10t 1.8x10'¢ 1.8x10%® 1.8 11.4

TABLE II. Same as Table I but for model (B) where the
uncertainty factor in My (Mc) is 10£°:%¢ (10%°7).

Mg (GeV) Ms (GeV) My (GeV) o aal
6.0%10? 5.5x1018 9.6x10® 1.24 13.0
6.7x10°% 2.5x108 4.0x108 1.22 12.5
1.1x10° 1.0x10'8 1.4x10'® 1.26 12.5
1.26x108 1.0x10'7 1.0x10'7 1.28 11.6

in SU(8)LxSU(8)g in the cases of the two models are
presented in Figs. 1 and 2 where ag represents the GUT
coupling constant.

Compared to SO(10) where the lowest value of the
G213 breaking scale achieved is Mg ~ 107 GeV with two
intermediate gauge symmetries, the alternate mechanism
in the present case successfully achieves much lower val-
ues of Mp = 1028%%7 GeV in model (B). The low-mass
Wlf and Zp gauge bosons and the Higgs scalars A%, Af,
and A;*‘ associated with this scale lead to experimen-
tally detectable V + A currents in neutrinoless double
B decay, muonium-antimuonium transitions, K; — Ks
mass difference, electric dipole moments of the neutron,
and electron 4-5 orders larger than the standard model,
and neutrino mass spectrum of the eV-keV-MeV type
[15]. Also such low-mass right-handed gauge bosons can
be detected at accelerator energies. So far this appears
to be the lowest value of Mg predicted in the context
of any nonsupersymmetric (non-SUSY) GUT consistent
with the CERN-LEP data and minimal fine-tuning of pa-
rameters. In the next section we analyze the implications
of the G324 breaking scale Mg = 108 GeV.

10 14 18.5 189 1|9
logio(p/1GeV)

FIG. 1. Coupling-constant trajectories o '(p) as a func-
tion of mass scale p in model (A) with two intermediate gauge
groups. The scale for In = 18.5-19 has been enlarged to guide
the eye. ag' shows the evolution of the GUT coupling con-
stant.
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FIG. 2. Same as Fig. 1 but for model (b).

III. PREDICTIONS ON RARE DECAYS,
n-in AND H-H OSCILLATIONS

Analytic expressions for observable quantities are given
in the Appendix. Following the analogy of the standard-
model Higgs boson whose mass, theoretically, could be
a factor 10(1/10) above (below) Mw all the components
of Ag(1,3,10) mediating n-72 and H-H oscillations are
now of the order 10¥'Ms. We take the masses to be
10%leg0B8 M with 8 = 1-10. Using the lowest allowed
value of Mc = 10%%7 GeV in model (A), the predictions
for the branching ratios in K; — p*e¥ and the mixing
times for n-7 and H-H oscillations are [15-17]

B(Kg 5 ”iezp) — 10-11-2£2.8 ,

Tn- n

— 108.8:&3.5i10g10ﬁ sec ,

TH-H = 1029.5:t5.6ilog10ﬂ yr . (8)
The ongoing experiments have already probed into the
limit [18]

B(K? — pFeT)exps < 107104, (9)

In (8) the first (second) uncertainties are due to the in-
put parameters (Higgs scalar masses). It is clear that the
central value of the branching ratio predicted is nearly
one order less than the current experimental limit, but
the uncertainty in the input parameters alone makes
it consistent with the limit. The second uncertainty
widens the ranges of the predicted values which can be
readily computed from (8). For example, with 8 = 5,
(Tn-n)max = 1058 sec and (Ty-g)max = 107 yr. This
is for the first time that uncertainties of both types are
taken into account in Higgs mediated processes. The
gauge-boson-mediated rare decay is affected by the un-
certainty in M¢c only.

IV. A(B - L) = —2 PROTON DECAY

The unification mass in both the chains A and B are
high, My > 10'® GeV. Although in the SU(8);, xSU(8)r
model there is no gauge-boson-mediated proton decay,
such decays in SU(16) are suppressed because of the large
values of My. However, it has been suggested that in
SO(10), even with the Gap4 breaking scale as high as
M¢ ~ 103-10'* GeV, the new modes of Higgs scalar me-
diated proton decay corresponding to A(B — L) = -2,
A(B + L) = 0, and AF = —2 (F, fermion number)
could be experimentally detectable provided the color-
triple (£3) and octet (£s) components of £(2,2,15) C 126
of SO(10) are light (mg, ~ mg, ~ 102 GeV) [6]. An
attractive feature of the new model (A’) is that the vac-
uum expectation value (VEV) of the neutral color-singlet
(o) component of £(2,2,15) combined with the standard
Higgs scalar VEV cures the bad mass relation in SO(10).
Since &3 and &g acquire masses of the order of M¢ ~ 1012-
10'% GeV by extended survival hypothesis [16], a special
mechanism has been devised in SO(10) [6] in the presence
of the additional Higgs representation 945 to keep these
masses light. With the addition of £(2,2,15) C (8,8) to
model (A) in SU(8)xSU(8)g or SU(16) the masses of
&3 and £g in model (A) can be easily of the order 10°-10°8
GeV naturally [16] without requiring the special mech-
anism. With the color-singlet component in £(2,2,15)
acquiring a vacuum expectation value ~ 102 GeV, the
loop coefficients for model (A) are the following.

Mz < p < Mc:

5
a; = -3 ,
-7
199 _ 81 _ 44
205 95 35
J— 9 3 _12
Bl:] - 41 19 7
11 27 26
1 19 7
Mec < u < Mg
2
26
a; = 3 )
e
3
_8 _9 135
3 26 34
L _ 584 _ 2295
Bl] - 1 11 46
3 459 _ 643
2 22 46
MB < 12 < MU
_ 38
3
a; = 14 ,
29
3
_ 6407 663 1395
76 56 29
— 1323 2340
B;; = —"10 48 % . (10)

_ 5103 78 3100
38 7 29
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The formula for the mass scales are

nJ]\\ZZZ] = 1163 (T4a/a, — 66 sin? Oy — 3) + %1 #
4652{5PY + 69P5; — TAPS, + T4P§, + 3PS, — T2P%,
+3PJ, — T2P, + 132P%} — 697?8 (11)
ln%—; 1163 (315 — 48 sin® Oy — 792a/as) — ifggln%
~ 1653 —{525PF + 267P5;, — T92P%, + 315P5, + 267PS, — 582P%,
+315P), — 582P%, — 96PY} + zggz (12)

Following the procedure already described, we compute
values of mass scales o '(u) and o presented in Table
III. The coupling-constant trajectories are shown in Fig.
3 for the lowest allowed value of M¢ in model (A):

Mg = 10554206 GeVv | (13)

Taking the masses of {3 and & and the diquark
Higgs scalars in Ag(1,3,10) in the allowed range of
1018108 M and denoting the Higgs-Yukawa couplings
of Ag(1,3,10) and £(2,2,15) as ha and hg, respectively,
with XA as the Higgs quartric coupling, the amplitude for
3q — lqq has the canonical strength

AG3 1 D) ~ AHARZ(AR)
q — 1499 Tagdnrz
MgMZ
— 10—35.5:}:3.0ﬂ:610g10ﬁ GeV—s , (14)
where we have assumed Mg, = M, = M,

g2r(Mc){AY) = Mg, A ~ ha ~ 1, he ~ 10~ 4 for the
first generation of quarks. This leads to the lifetime pre-
dictions

~ 1037.6:{:6.0i1210g10ﬁ yr (15)

for the nucleon decay modes: n — e~ + (n*7), p —
v+ (etv), n = (e~ or p7) + (etv), n — (e~ or
pT)+ete” +(rt or K+), etc. In (14) and (15), the sec-
ond (first) uncertainty is due to those in the Higgs scalar
masses (input parameters). We emphasize that even if
the central value of 7p is 4-5 orders larger, the uncer-
tainty in the input parameters alone brings the lifetime
well within the accessible range of SuperKamiokande
measurements. However, because of large uncertainty in
the predicted value of the Higgs scalar masses it is diffi-

P

TABLE III. Same as model (A) but including £(2,2,15)
in case of model (A). The uncertainty factor in My (Mc) is
10%0-06 (10%0-6)

Mc (GeV) Ms (GeV) My (GeV) o ag!
4.4x10° 3.0x10'® 6.3x10'® 2.35 6.4
1.8%107 5.0x10'7 8.2x10'7 2.21 7.0
1.7x10° 1.8x10' 1.8x10'® 1.85 8.2

[

cult to rule out the model on the basis of proton-lifetime
measurements.

The predictions for rare decays, n-7 and H-H oscil-
lations, and the Majorana neutrino masses [15,17,20,21]
are

B(KL N #:te¥) ~ 10—10-5+2.4 ,
107.4:‘:3.0:i:5 logi083

Thn-n =~ sec ,

TH-I ™ 1027.1ﬂ:4.8:tslogloﬁ yr

m,, ~ 1072:6£06 oy

mv,. ~ 102.4:]:0.6 eV ,

m,, ~ 10°8%06 MeV | (16)

As in model (A), the cosmological bound on neutrino
masses requires that at least v, is made unstable, for
exmaple, by the introduction of an additional global lep-
ton number symmetry [19]. The uncertainty in the pre-
dicted values increases with values of 3. For example,
with 8 = 5,(Th-a)max = 10 sec. (Tg_g)max = 10375
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FIG. 3. Same as Fig. 2 but including £(2, 2, 15) as in model
(A)-



524 SUDIPTA DEY AND M. K. PARIDA 52

yr and (7,)max = 10°2 yr. Thus although consistency of
the model predictions can be checked if such Higgs medi-
ated processes are found experimentally, it is extremely
difficult to rule out such models in the near future.

V. SUMMARY AND CONCLUSION

We have examined the predictions of SU(16) and
SU(8),xSU(8)r GUT’s under the constraints of the
CERN-LEP data using the alternative method of decou-
pling parity and SU(2) g breakings in the minimal chains.
We find that right-handed gauge-boson masses as low as
10%-8+0-7 GeV are allowed in one of the models whereas
in SO(10) models with two intermediate symmetries have
high values, Mg > 107 GeV. This appears to be the
lowest value of Mg predicted in any non-SUSY GUT so
far consistent with the CERN-LEP data and minimal
fine-tuning of parameters. In addition to manifesting
in a number of physical processes such as neutrinoless
double 8 decay, muonium-antimuonium transitions, and
contributing significantly to K; — Ks mass difference,
electric dipole moments of the electron and the neutron,
and Majorana neutrino mass spectrum of the type eV-
keV-MeV for the three generations, such low mass Wﬁ
and Zg bosons could be detected at accelerator energies.

The symmetry-breaking chain for SU(2)xSU(2)gr
xSU(4)¢c gauge symmetry is permitted to be Mg ~
108%9-7 GeV leading to experimentally testable predic-
tions on rare kaon decays, n-i and H-H oscillations. In-
cluding the Higgs scalar multiplet £(2,2,15) cures the
problem of bad fermion mass relation; at the same time
all Higgs scalars mediating A(B — L) = —2 proton decay
naturally acquire the lighter masses M¢c ~ 10%:5%0-6 GeV
without the necessity of invoking a special mechanism as
in the SO(10) model [6]. Although the central value of
the proton lifetime is noted to be 4-5 orders larger than
the current experimentally accessible limit, the uncer-
tainty in the input values of ag(Mz), sin®dy (Mz), and
a~1(Myz) alone makes these predictions consistent with
the limit. However, when uncertainties due to the Higgs
boson masses mediating the proton decay and matter-
antimatter oscillations are taken into account, the pre-
dicted values have a wider range. Although the relevant
experiments might test the consistency of the models,
it is extremly difficult to rule them out on the basis of
matter-antimatter oscillations or Higgs mediated proton
decay experiments.

In this analysis we have not included threshold ef-
fects due to superheavy Higgs scalars and mirror fermions
and higher-dimensional operator effects scaled by the in-
verse powers off the Planck mass. Because of the use
of larger Higgs representations of SU(8);xSU(8)g and
SU(16), the threshold uncertainties are expected to be
larger. Also as My is near the Planck mass, the con-
tribution of higher-dimensional operators could be more
significant compared to may other grand unified theories.
Both the threshold and higher-dimension operator effects
could smear out the predictive power of the models ana-
lyzed here.
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APPENDIX

Here we provide analytic expressions for all relevant
observable predictions relevant to Secs. III-V of this pa-
per.

1. Rare kaon decays [15]

I['(Ki — pte¥)

K+ = o)

_ dr’miai(Mco)R

- G2 sin® fcm?(me + mg)2 M,
a§(Mc)

[Mc(GeV))4

B(Ky — p*re®) =

=6 x 10"R (A1)

where

R~ (M)Wzs (a_sgm_b))%/%

as(ms) as(m)

()

Here my is the K° meson mass; m, , mg, and mq are
the masses of u~, s quark, and d quark, respectively, at
low energies (11 = 1 GeV); R is the renormalization factor
for the quark masses, sinfc ~ 0.22, Gp = 1.166 x 10~5
GeV~2 and a,(u) is the SU(3)¢ coupling at u. We have
used m; = 174 GeV.

2. n-i and H-H oscillations [15-17]
These processes are dominated by the exchanges of the

GglgAR(l,?), 10) C (1,36) of SU(8)LXSU(8)R or 136 of
SU(16). The amplitudes for the two processes are

AR (AR)
Gnn W ’
AR4
Gy.g =~ A
H-H Mg

Here A(ha) is the Higgs quartic (Higgs-Yukawa) coupling
and all the Higgs scalar masses exchanged are assumed
to be degenerate. These lead to the canonical values of
the mixing times:

0.954 x 10721 M§

Tn-n (sec) = Ath <A0R> ’
M3

T-g(yr) =35 x 107192 (A2)
R4

In (A2) all Higgs scalar masses and the VEV (A%) are
in GeV.
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3. A(B-L) = —2 proton decay [16]

The G213 submultiplets of Higgs scalars contained in
Ag(1,3,10) and £(2, 2, 15) mediate this decay mode with
the cannonical amplitude
Ah Ahg(A%)

A(3 19q) ~ —————

(3¢ — 149) MEMZ

where h¢ is the Higgs-Yukawa coupling of { with mass
M¢. The masses of the components of £ and A have been
assumed to be degenerate at M and Ma , respectively.

4. Neutrino masses [20,21]

The Majorana neutrino masses for the three genera-
tions in models with G324 breaking scale Mg ~ 10% GeV
have been computed using the seesaw formula including
radiative corrections:

me .
My, ~Cp 2, i=1,2,3,
Mc
where mg, > My, Mg, ~ M, Mg, ~ my, C,; = 0.05,

C,, = 0.07, and C,, = 0.18.
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