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We investigate possible modifications of SO(10) predictions due to superheavy components of
Higgs scalars, needed for the spontaneous symmetry breaking of the grand unified theory to

effective gauge theories, where parity and SU(2); breakings are decoupled.

Interesting

modifications with low-mass W7 gauge bosons are found to be possible if the superheavy masses are
nondegenerate, but satisfy the Coleman-Weinberg constraint. With the single intermediate symme-
try, SU3)¢c XSU(2);, XSU(2)g XU(1)g_,, even a factor of 10 nondegeneracy is found to lower the
W% and Zp mass prediction by 4 orders, compared to earlier results, yielding My ~100 TeV for

sin?0,, ~0.235.

In the presence of the second

intermediate symmetry, SU(3)c XSU(2),

XU(1)g XU(1)z_,, which could survive down to MZR ~500 GeV, we obtain 1 TeV <MWR <80
TeV for 0.238 >sin?@), >0.231. The values of sin’0y, can be lowered further if the nondegeneracy

factor is allowed to be larger.

I. INTRODUCTION

Several attempts have been made! * during the past
years to obtain a low right-handed scale (My) in grand
unified theories>® (GUT’s) corresponding to the spon-
taneous symmetry breaking (SSB) of the intermediate
gauge group SUQ2), XSUQ)g XU()g_; XSUQ)¢
(=G,,13). Since SO(10) has several attractive features
compared to many other GUT’s (Ref. 6), we confine our-
selves to this model in the present paper. In the con-
ventional embeddings of left-right-symmetric
Gy,13(8,r =8g) in SO(10), where the left-right discrete
symmetry and SU(2)g XU(1)z _; break at the same scale,
the value of My, is high (~10? GeV) for
sin?@,,~0.23-0.24. This rules out any possibility of ob-
serving low-energy signatures of right-handed currents,
including CP violation in K-—27 decays.” Several
cosmological difficulties, such as the inadequate baryon
asymmetry of the Universe,® and the presence of undesir-
able domain walls® have been noted, if the intermediate
symmetry  SU((2); XSUQR)g XSUM@)c XD(gyy4p),  Or
G113 XD (D =left-right discrete symmetry) is allowed to
survive sufficiently below the GUT scale (u < 10! GeV).

In a series of papers,2 Chang, Mohapatra, and one of
the authors (M.K.P.) have suggested a new approach to
left-right-symmetric gauge theories, where the breakings
of parity (P), and SU(2); are decoupled from each other.
The mechanism can be explained in the following
manner. Let 2; (i,j=1,2,...,10) represent the totally
antisymmetric generators of SO(10), where
i,j=1,2,...,6 are the SO(6) indices, and i,j=17,8,9,10
are those of SO(4). There is an element of the SO(10)
gauge group, called D parity, where D =3X,,3,, which
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plays the role similar to charge conjugation (C), or the
parity (P) operator, as the case may be; but, in general, it
cannot be identified with either. Only under special cir-
cumstances can D be identified with C or P. For in-
stange, D changes a fermion (quark or lepton)

¥, —(¥°), =(CPT), which has charge opposite to ¥, ,
but it has also opposite helicity. This is clearly different
from the usual C operation of transforming a particle to
its antiparticle. Denoting A;(3,1,10) and A%(1,3,10) as
the left- and right-handed triplets, respectively, contained
in the Higgs representation 126 C SO(10), with the trans-
formation properties under G,,, specified against each of
them, D can be identified with C undgr the special situa-

tion by demanding that AL(3,1,10)——>A§(1,3,1—6). This
property of D has been exploited to study the creation of
strings, monopoles, and domain walls in the early
Universe.” But, it has been noted in Ref. 2, that D can be
identified with P that takes ¥; —W¥, when all the cou-
plings in the SO(10) invariant Lagrangian are real. It has
been found that certain Higgs representations, such as
210 and 45 of SO(10), contain singlets under G,,; or
G513, which are odd under D parity. When vacuum ex-
pectation values (VEV’s) are assigned in the odd direction
under D, the discrete symmetry D, and hence P, break
spontaneously, but SOQ2)x XU(l);_,;, or SUQ);
XSU(4)c remain unbroken. When such a parity-
breaking scale Mp>10'2 GeV, cosmological domain
walls do not cause a problem.? Adequate baryon asym-
metry of the Universe is generated? if Mp ~ My >>Mp in
the model with G,,,; intermediate symmetry. Within the
constraint of minimal fine-tuning of parameters, and
sin?0y, ~0.22-0.24, the scales My, corresponding to the
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SU(@2)g XU(1)5_, breaking, or M., corresponding to
SU(2)g XSU(4), breaking in SO(10), have been found to
be significantly lower than conventional model predic-
tions. The most profound symmetry-breaking chain has
been noted? to be

54 210 210 126
SO(10) Gaap Gra——Gaun Gas s
My P Mp Mp

(1)

where G,;;3=SU(2),; XU(1)g XU(1)5_; XSU@3), and
G,13=SU(2), XU(1)y XSUB)¢. With Mp=Mz,
=500-1000 GeV, and Mg =M-=10° GeV, this chain
offers the possibility of detection of a low-mass z; at the
super colliders, measurement of signatures of quark-
lepton unification through K; —ue, n-7 oscillations, and
Majorana-neutrino masses (m v, ~1 eV) with proton life-

time barely within the reach of ongoing experiments.
The chain (1) has three intermediate symmetries. Be-
cause of their minimal character, GUT predictions with
one or two intermediate symmetries might be more ap-
pealing. In SO(10) with the decoupling mechanism, pre-
dictions have been made including two-loop corrections
in the chains

45 126

(a) SO(IO)M::;P GzznTR*Gzls )
451 452 126

(b) SO(10) Gois Giis G
v=Mp Mg Mp

with 10® < Mz =MZ <10'! GeV for 0.24 > sin?0y, > 0.23.

In this paper, we investigate possible modifications to
these predictions caused by the superheavy components
of Higgs representations used for SSB in cases (a) and (b).
Such contributions have been estimated in SU(S) GUT
for superheavy-component masses differing by a factor
10~ 4-10* from the GUT scale. Including Higgs repre-
sentations 5, 10, 15, 45, and 50 of SU(5), and imposing
the Coleman-Weinberg!® mass constraint on the assumed
nondegenerate components, Marciano!! has obtained an
increase in the proton lifetime (7,) for the p—eta®
mode by a large factor of 150 with the corresponding in-
crease Asin’0,(My;,)=0.001 as compared to the
minimal GUT predictions.

We find, in cases (a) and (b) of SO(10), that
superheavy-component masses, compatible with the
Coleman-Weinberg constraint, contained in the Higgs
representations necessary for SSB, are capable of lower-
ing the Wp-mass prediction by 4—5 orders of magnitude
as compared to the earlier results. Such masses, besides

il

45,=M,(1,3,0,1)+Mg,(3,1,0,1)+ Mg4(1,1,0,8) + - -
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being detected by the supercolliders, could manifest in
the V' + A structure of neutral-current processes, neutri-
noless double-beta decay, small Majorana neutrino
masses, and CP violation in K decay. We also note that
the right-handed scale could be lowered further if the
nondegeneracy factor is permitted to be larger. Besides,
we point out how the conventional matching equations
for the coupling constants are modified at the intermedi-
ate scales.

The paper is planned in the following manner. In Sec.
II we identify superheavy components of scalar represen-
tations while stating their transformation properties un-
der G,;;3. In Sec. III we obtain modifications to the
renormalization-group equations. We also derive match-
ing functions for the gauge coupling constants using the
effective-gauge-theory approach. Our new solutions are
presented in Sec. IV. A brief summary and conclusions
of this work are stated in Sec. V.

I1I. IDENTIFICATION OF SUPERHEAVY
COMPONENTS

In this section we mention superheavy components of
Higgs representations and their transformation proper-
ties under G,,;3. In the first stage of chain (a) or (b),
when the neutral component of (1,1,15) under G,,4, con-
tained in 45CSO0O(10), acquires VEV, parity is broken
spontaneously. The trilinear coupling 45X 126X 126 al-
lows the right-handed triplet Ag(1,3,v'3/2,1) under
G513 contained in 126 CSO(10) to remain light, whereas
the left-handed triplet A;(3,1,v'3/2,1), and all other
components in 126 acquire superheavy masses
u~My=Mp. At the second stage in (a), the VEV of A,
breaks G,,,3—G,;3. The right-handed neutrino receives
a Majorana neutrino mass'? of the order M. In the
second stage of (b), a second representation 45, C SO(10)
is used. Only its component Yz(1,3,0,1) remains light
with mass u~Mpg, but all other components acquire
superheavy masses u~My. In the third stage of (b), the
component of Ay, singlet under G,;3, remains light with
mass u~M3, but all other components of Ap acquire
mass u~Mpy . Similarly, all other components of 126 ac-
quire mass u~ M. In both chains (a) and (b) the stan-
dard symmetry G,;;—>SU(3)sXU(1),,, when the left-
right-symmetric (LRS) doublet #(2,2,0,1) contained in
10C SO(10) acquires appropriate VEV. The SU(3). trip-
let and its conjugate, contained in 10, acquire superheavy
masses u~ M. All superheavy masses can be specified
more explicitly, along with their transformation proper-
ties under G,,,3, as noted below:

. @)

45,=My,(3,1,0,1)+M$,(1,1,0,8)+M(2,2,V3/21,3)+ M, (2,2, —V'3/21,3)

+Mys(1,1,—V3/22,3)+M§(1,1,V3/22,3)+ -

. 3)
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126=Mj};,(3,1,V3724,6)+ M}, (1,3, —V'3/21,6)+ M};3(3,1,V3/2,1)+ M, (3,1, —V3/21,3)
+Ms(1,3,V3/24,3)+ Mp(2,2, —V3/24,3)+ M};(2,2,V/3/24,3)+ M144(2,2,0,8)
+M}6(2,2,0,1)+ My 0(1,1, —=V/3/724,3)+ My, (1,1,V3/2L3)+ -+, 4)
10=My(1,1,V3/2L,3)+ My, (1,1, —V3/2L,3)+ - - - . (5)

Among the components not explicitly mentioned in (2)—(5) or in (6) specified below, some are singlets under G,;3
which do not contribute to the desired modifications. Others are either absorbed as would-be Goldstone components of
appropriate gauge bosons, or they are light, and the corresponding contributions are included in one- and two-loop
coefficients of the 8 function in the usual manner.’

Several years ago,13 when it was not known that (1,1,15)C45 contains a D-odd neutral component, it was noted that
to break SO(10)—G,,,3, a 54 is also necessary. The SSB is understood by visualizing SO(10)—SO(6) XSO(4) by the
VEYV of 54, and SO(6) XSO(4)— G,, 3 by the VEV of 45 at the same scale. In all considerations of Refs. 2 and 3, where
all superheavy Higgs-boson masses are taken to be M in the most nautral manner, the presence of 54 does not make
any difference in the SO(10) predictions in cases (a) and (b). But when superheavy-component masses are different from
My, the presence of 54 makes some difference as demonstrated in Secs. III and IV. The superheavy components of 54

can be specified in a manner similar to Egs. (2)-(5):

54=M;3,(3,3,0,1)+ M, (1,1, —V'3/22,3)+M§;(1,1,V3/22,3)+M{,(1,1,0,1)

+Mgs(1,1,0,8)+M§(2,2,V'3/24,3) 4+ M§, (2,2, —V3/2L,3)+ - - - . (6)

Even if the superheavy-gauge bosons are assumed to pos-
sess the unification mass, there are nonvanishing thresh-
old corrections to the coupling constants. In order to in-
clude such corrections and obtain the exact matching
constraints at the intermediate scale, we also specify the
masses of various gauge bosons contained in 45, SO(10)
in case (a):

45,=M,(3,1,0,1)+Mg(1,3,0,1)+0(1,1,0,8)
+My(2,2,V3/21,3)+My(2,2,—V3/2

,3)

1
3
+My(1,1,—V3/22,3)+My(1,1,V3/22,3)

+Mg(1,1,0,1) . M

In the next section we show how the superheavy-Higgs-
scalar contributions are taken into account by
renormalization-group equations (RGE’s) to modify
GUT predictions.

III. RENORMALIZATION-GROUP CONSTRAINTS
AND MATCHING FUNCTIONS

In this section we derive modifications to the RGE’s
including contributions of the superheavy-Higgs-scalar
components. We also derive matching functions for
InMy, /My, sin8y,, and the fine-structure constant, not-
ed to be important while computing heavy-particle effects
in effective-gauge theories (EGT’s) from GUT’s. We also
note changes in the matching equations of gauge-
coupling constants at the intermediate scales from those
conventionally adopted. For a general subgroup of the
form G; XG,XG;X - - -, emerging from the SSB of the
GUT at the scale My, the usual RGE’s between the
scales m <pu <My are written as

|
1 1 a My

a,‘(m) N ai(MU) 2T m
1 c .
+Z;§Bijlnxj’ Lji=1,2,..., (8)

where the second (third) terms are the one- (two-) loop
contributions, x;=a;(My)/a;(m), aj(,u)zg,-z(,u)/47r,
and g; is the gauge-coupling constant for G;. In the old
approach, all coupling constants were assumed to unify
with the GUT coupling constant (ag) at p=My; i.e.,
a;(My)=ag. But with the emergence of the effective-
gauge-theory (EGT) approach,'*1¢ it has been found
that the gauge-copuling constants are prevented from
merging together by superheavy-particle effects. Such
threshold corrections arise because of contributions of
heavy gauge bosons (V), Higgs scalars (S), and fermions
(F) to the quantum corrections of lighter gauge-boson
propagators. For u near M,

11 M)

=, i=12,3,..., )
a,(,lt) aG 1277 !
Ap)=CXw)+Ci(w)+CHu) , (10)
S
CS=3 Tr |th,AgyIn— | , (11a)
p 7
MV
Cc/=3 Tr(t},,)—213 Tr |t} In—= | , (11b)
m m ‘LL
F
CF=38Tr |thn—= |, (11c)
» I

where the superscripts ¥V, S, and F represent contribu-
tions due to superheavy gauge bosons, scalars, and fer-
mions, if.any; ¢;,, t;s, and t;; denote the corresponding
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matrix representation of operators; and Ag,, is the pro-
jection operator that removes the Goldstone components
from S. Although Egs. (9)-(11c) have been stated near
the unification mass, such formulas hold at the intermedi-
ate scales where a higher gauge symmetry undergoes SSB
to a lower one, but with suitable replacement of M and
ag. In what follows we assume only three fermion gen-
erations that are light with the top-quark mass m, <80
GeV. We will also assume all superheavy-gauge bosons
to have masses exactly at the grand unifica-
tion mass. These assumptions imply CF=0, and
c/=3,Tr(t},). Using the decomposition of 45,
CSO(10), under G,,,; as shown in Eq. (7), we compute

CYL(My)=5, CY.(My)=Cli(My)=6,

(12)
CY (My)=8 .

Equation (12) implies that, even if all superheavy-gauge-
and Higgs-boson masses are identical to My, the cou-
pling constants do not meet at u=M;, and satisfy the re-
lation

TR U W W
Ag aZL(Mu) 2 aZR(MU) 2
1 5
= +
a3c(MU) 127
-—L 42 3

ap (My) 37

Using Egs. (8)—(11), we obtain expressions for sin’6, and
InM; /My, in cases (a) and (b).

Very recently,'” it has been noted that, while heavy-
particle effects are taken into account in the usual
manner, as described above, the fine-structure constant
extrapolated from the low-energy theory based upon
SU3)¢ X U(1),y, does not match the GUT predictions at
u=My. A method for GUT predictions, by exactly
matching the fine-structure constant, has been also
found.!” Following this method, we compute the match-
ing functions corresponding to the relation

1 _5 1 1
a(MW) 3 ay(Mw) aZL(MW) )

(14)

For the given values of M;, My, and superheavy
masses, iterative convergence approach is used to solve
RGE’s with variation of a;. For a certain value of ag,
the fine-structure constant is found to match exactly. We
now compute matching functions for different gauge-
coupling constants InM; /M, and sin’9,, in the two
cases along with the matching constraints at the inter-
mediate scales.

A. Matching functions with G ,,,; intermediate symmetry

Before obtaining matching functions for u~M,, we
note that the usual matching constraint at u=Mpy, name-
ly,

1 =
ay(MR )

1
ar(Mpg)

21
5 aBL(MR) ’

3
5
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is modified in the EGT approach. The right-handed
gauge bosons Mg(1,3,0,1) under G,,;; carrying
B—L=0_ are decomposed under Gyi3 as
Mg (1,V'3/5,1)+Mg(1,—V'3/5,1)+Mg(1,0,1). The
Y-boson propagator is modified by the quantum correc-
tions due to the heavy gauge bosons M (1,+Vv'3/5,1) in
the loop, as shown in Fig. 1(a), giving rise to

1 _3 1 2 1 Gy 1)
ay(p) 5 ar(Mgp) 5 ag (Mg) 127
for p~ My, with
M
cYVm):g—l_gﬁln»-f . (16)

Here we have taken the Wi gauge-boson mass as My
and neglected possible heavy scalar contributions to
C3(un). Equations (15) and (16) now yield the modified
matching condition

1 _3 1
ay(Mg) 5 ar(Mg)

2 1 1
2 - . a7
5 aBL(MR) 107 an

We use the following values of the a; and B;;, occurring
in Eq. (8), in the respective mass ranges.>>

My <p<Mpg: ay=3%,a,,=—2,a;c=—7,
Y 2L 3C
B;= Y 303 5% %
T
T
(18)
Mp <p <My agL=4%, ay=—3, ap=—3
aye=-T7,
BL 2L 2R 3C
s ¢ -w o
B;= 2L i -3 -3 -l
2R 2 —1 — —z
e T T
(19)
Using the combinations e X(My)—3g;A(My),

e AMy)—3g7%2(My), and o '(My)=3ay(My)
+a;;/(My,), and relations (8) and (17), we obtain
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My 27 |1 8 16, Mg
ln—‘MU 21—7; 2 32 | 51 nM —%(£In nx§+ %‘élnxu 96lfl)(a.c"' lnXBL élnXgI,_¥lnXgR_9—7ﬁlnX§]c)
w s
+ iz HAor +3hpL —FA3c) (20
Gin20. — 12+ 19a /a; _ a _lﬁln__j‘.l_R_
w 51 47 | 6 My
- —130;—77( 5 1nyR 4 32 Iny K + 2410y R — 1y Y + 1BinyY —175 Iny Y + 2y )
a
"‘“—“347T[”7¥2L_%()\2R +%)"BL)_%}"3C] ’ en
1 17 5 1 |112, Mg
= —In——+3%2] #1 31 + 231 Blin
aM,) Tag @ 2la, ' 147 | 3 M, = nyy — #Inyf; — Fnyxic nyp; — XL
2335 lnXZR 345 1nX3C
1
——IE;(KZL +Ar +Ehp — FAsc) - (22)
I
In Egs. (0)-22) XR=aq,(Mg)/a;(My), x’ Ay =6+C5P(My), Ay =6+CSJ (M),
=a;(My)/a;(Mg). It is clear that the matching func- ) )
tion contributions to InMy, /My, sin’6y, and a~ (M) Apr =8+ Cy(My), and A3c=5+C3¢(My),
are given by f,s, f4, and f, respectively: leading to
Sy =15 Aar T Aor T 3Ap —FA5c) (23) a
M 102 \/M2L f :51 fM , fo___ Yo +f(6$) ,
a
fo=— 3477_[%)‘ZL—%()‘ZR_’_%}"BL)_%ASC] , (24) 3T s (26)
, s fa=" 2167 tfa
fa=——12ﬂ(k2L+k2R+7}»BL—5)\3C) . (25) where
Assuming all sgperheavy—gauge bosons to have masses at 18) = lOZ(C(S) )42 C(S) SCQ%’) ,
u=My, and using Eq. (12),
LES): - 34 [ 13 C(S) Z(C(25)+ Zc(S))___g )] , (27)
1
f=- Toq (CHL +CR+T3CH —7C5)

FIG. 1. (a) One-loop diagram in the effective-gauge theory
that modifies the coupling-constant-matching condition at the
intermediate scale My in case (a) of SO(10). (b) One-loop dia-
gram in the effective-gauge theory that modifies the coupling-
constant-matching condition at u=MJ in case (b) of SO(10).

Here C{® represent superheavy-Higgs-scalar contribu-
tions at u=My. Using decomposition of (45),, 54, 126,
and 10, given by Egs. (2)-(6), we compute

CUP=CP=0, Y= CY =yt
CMS) 275, C(z‘}z”:Z??sp C(346§)=377S3’
Cpy'=0, CyP'=C5P=12n,+6nse+6n5, ,

C5&'="5n4,+5ms3+6m'ss+anse+4ns, ,
Chr' =87, + 8053+ 456 +4n5%, (28)

Cy7%=24m}, +aniys+ 127),
+ 60yt 6My, 1605 +20Y, ,
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CY29=24m' + 120}s+ 6n'ye+ 61 CHP®=6mg1 + 60+ 93+ 307,
+16mys+21%y, » +3%us+4uet 40 N0t a0
C4E% =157+ 15}, + 3, + 30 , , ) .
, ) ) ) ) where n; =InM; /M, and n;=InM;/M. Using (28) in
+anget ANy + 2405+ N0t a1 (26) and (27), we obtain
J
)= 1

T02 [2(ng+7ms2) —8ms3—2(ngy F0p2) 2405, — 8(ns, +75;3)
—16m5s+4(nse+157)— 12(ny+05)+ 10173+ 6154 +617s

+ 406+ 47+ Nge) = 3205 — 210 M) (29)
f(S) 612 o[ 7875, +24n5, + 553 +27(m g, +0pg,) — 32475+ 159(ns, +1's3)
+ 114555 — 54(n56+157) — 6030, + 6211}, — 84153 — 38Ty, +2257 s
=54yt 0gr+ 3 MHe) T 240 + 27 (10t 0E1)] (30)
1 ’ ’ i ’ ’
fSIS) = 17 [2(ns1F52) = 3053+ 3 gy +ngy) + 2475, + L5+ 1s3)— s
+ 2 (g6t Ms7) + TNy + 2, + 100y, + 2 FNuat FNast+ $0he
+ s+ st 4nhe+ (N0t )] - (31
[
B. Matching functions with G, BL 1R 2L 3C
and G,,,; intermediate symmetries
B;= BL 3 3 -5 -3
At the intermedlate scale ,u =My, the usual matching 1R B s ry _n
condition aj (Mg )=a;g (Mg ) is modified in the EGT 3 3 19 7
approach due to the quantum corrections of the Zg- 2L N n 3 _n
boson propagator by the Wi bosons in the loop, as 3 o 19 7

shown in Fig. 1(b). Noting that

A T T
My (34)
Clrln)=2—421n (32) )
Mg <p<My: apL =3, @y =73, a}p=-2
a3c = '_7,
for u~ Mg, the modified matching constraint is
BL 2L 2R 3C
1 1 1
= - (33) 6L —3 — 8 —4
alR(M;) aZR(MI;) 6w BL n 2 4 7
B, = 2L 3 —8 —3 —12
Although the EGT modifications at the intermediate Y " ’ ? 7
scales given by Egs. (17) and (33) are not important, nu- 2R S -1 —18 _n
merically we have derived them here for completeness. n 7
The coefficients a; and B;; occurring in one- and two-loop 3C n _3 _s 26
contrlbutlons to RGE’s m different mass ranges are given 1 2 4 7
below.>3 (35)
M w <p<MSy: R Same as Eq. (18). Proceeding in the same manner as in case (a), and using

MR <u<Myg: =%, ap=3,a,,=—L, a3c=-7, Egs. (8), (18), and (33)-(35), we obtain
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oMo _3m(1_ 8 | 1 Mk 17 Mg
My, 26 |a 3 26 M, 52 My
—3(&InXy + 3InXY — £InX 9+ LInXg; +InX ; + SInX; — EinX
+3InX} —inX} — ZInX i — 20InX )+ far (36)
M3 My
sm29W=~3— Sa _ _3a_|1046, Mg +2301 My
13a; 1047 9 My, My
7 6964 (281X )+ 421nX 3, + S21InX + Z0InX 5, + Z0InX { +281nX
+S2InX o+ 28 InX S + 42 InX Y + 28 InX ] +S2InX )+ Sy, 37
1 52 4 7 17, 'y
= +t4o |In L+ S (12InX)— 2InX3, — X InX e + BinX

= +
+ B InX iy — 2InX 3, + X o + RinX

—2InXY —57InX i —8IX L) [+ /, (38)

where X)=a,(M3)/a;(My), X =a,(Mg)/a;(M3), XV=a,(My)a, (Mg ), and

fM‘—‘ﬁ(kzL‘H\zR'*'%)‘BL_gksc)=%+f1(us) ) (39a)

fo= 5;—7(%}%0"'7¥2k +3Ap— 156 &, (39b)

fa= gi—;[%)‘sc — (Ao +Aog +3Ap )] =~ 683—7 +E (39¢)
with

fit=&(C+CiR+2ci)—2cR) , (40a)

r= Sgﬁ(gcgsgntc +2ciP—2cyy), (40b)

b =12Lﬂ(2icgc> cy—CciR—2c)) . (40c)

Compared to case (a), there are additional superheavy-Higgs-scalar components arising from (45),, used at the second
stage of SSB. Thus, instead of Eq. (28), the contribution of 45’s to C| is given by

C(45)—27751 +2n5,+ 3153+ 3054, C(zlg)zznsz+377§3 +3n54

41)
C(45)_3"733+37752"'2"753'*'27734""7:9'5/2+’7§6/2, C 45)’"277:9'3"‘2773'4‘*'277:9'5"'2773'6 .
Using the contributions of 54, 126, and 10, from Eq. (28), and that of 45 from (41), we find
(S = 1(1,4[2(77&""’)52)_87733 2+ 0p2) + 2405 — 8(ns2 Hms3) — 167ms
+4(n's6+0's7) 2151 — 8N, +2(m53 F154) — 1200, +0lga) + 1003+ 67,
+677,HS+4(77'H6+77,H7+7],H9)_3277'118—2(77}110+77'1111)] > (42a)
FE) = —=—[— 128214, + 38415, + 960153+ 448(1n 5, +15,) — 53887, +2624(ns, +7;3)

9984
+ 1920755 — 902756 — 90275, — 12827, + 96075, —451( Ne3tN5s)
FA16(n s 1ite) — 97921y, -+ 101767y, — 14121}, — 634817+ 36487y
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1 '
ff:S) :‘—12# [%("7111'*'771{2)_2("751 +”Isz)+%’733‘247131"
- 292(7756+7757) 275, +4 7”152 146("’)
- ’7112“ 1073 — (77}14‘*‘77'115)_ %7],1-16

In the next section we specify the method for obtaining
new solutions to the RGE’s including superheavy-scalar
effects.

IV. NEW PREDICTIONS WITH SUPERHEAVY
HIGGS SCALARS

Given the RGE’s and the corresponding equations for
InMy /My, and sin’6y,, the latter two can be predicted
for a certain value of My, or Mg and M, provided the
superheavy masses are known. One of the most natural
assumptions, consistent with extended survival hy-
pothesis, is that every superheavy component has mass
pn=My, for which SO(10) predictions have been investi-
gated. Also, we note that no interesting modifications are
possible if all superheavy components are taken to be de-
generate at mass MM . If the Higgs-scalar masses are
taken to be arbitrarily nondegenerate, the predictive
power of the model is lost. A more natural constraint on
nondegenerate Higgs scalars is due to the Coleman-
Weinberg!® mechanism by which a factor of 10 mass
difference can be generated among different nondegen-
erate components. Besides the Coleman-Weinberg mass
constraints, the other constraint, which divides the non-
degenerate scalars into two different classes with unequal
masses, is due to the minimization of the GUT prediction
of sin%6 w» as illustrated below, for the two cases.

A. Predictions with G,,,; intermediate symmetry

For values of My <10'® GeV, this model predicts
sin?6y, > 0.23 when the superheavy-Higgs-scalar contri-
bution is neglected. We expect the superheavy-Higgs-
scalar contributions to reduce the values of sin’0y, so as
to make them compatible with the currently accepted
world average, sin’6, =0.23+0.005.

Using Eq. (30), we first calculate the maximum de-
crease in sin’fy,, excluding and including the contribu-
tions of 54. Excluding 54 (15; =0), maximum decrease in
sin?@,, is possible under the Coleman-Weinberg mass
constraint for

N1 = Na2 = Ns1=Ns3= M2 =NMas
=N = NH10=MH11 = ”l(+)’
) (43)
N2 =M1 = N3 =Maa= N =MH1="NHo=1
with
(%)
=1 (=) =1np' ) M
np'*), g np. ‘5, p M,

leading to
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3 (Ms2+ms3)+3mss
R (sstnse) — P
a7 F Mg~ 4o~ 3t Mot 1)1 - (42¢)
-
P = 10599 ") —13309 "
fo'= 612 <15o (10597 m ),
fid'=35189 ") =529' ")), (44)
®=— L (8279412029,
fa T (8270 n)
where 1'* and %'~ can be related to the maximum non-

degeneracy factor 10 allowed by the Coleman-Weinberg
mass constraint:

[T =9 )| =In =Inl0 . (45)

When 54 is included, the following new constraints, in
addition to (43), are satisfied by the superheavy com-
ponents for obtaining minimum values of sin’,,:

N2 =MNs3=1Nss= 7",
(- (46)
Ns1=Nse=Ns7=n -
Using (43) and (46) gives

f}f’-mz (14919 P —17629' 7)) ,

=_L(50n' 7 —845'*)) , 47

1 -

fﬁzS) p— _E(STT,(-H+ 92817( ))

Having obtained the matching function corrections as
shown in Egs. (44) and (47), it is now easier to estimate
the superheavy masses M‘*) and M~ for which sin?6,
is significantly less compared to the earlier predictions.’
For example, the combination (M'")/My,,M'™) /M)
=(1,10), (2,20), (5,50), and (15 150) gives with '™’
=—In10+%9'"), (fg fy)=(—0.012,0.406), (—0.013,
—0.175), (—0.014,—0.13), and (—0.0155,—0.49), re-
spectively, when the contribution of 54 is neglected

TABLE 1. Acceptable solutions for right-handed gauge-
boson mass Mz, My, and sin?@y, for case (a) of SO(10), exclud-
ing the contribution of 54, as a function of superheavy-Higgs-

scalar masses, M‘*) and M(7), defined in the text, with
p(i)=M(i)/MU.
My My
p't p'”’ (GeV) (GeV) sin%@y,
1 10 8% 10° 3.3%10% 0.234
8 X 10° 8X 10" 0.238
8 x 10* 1.6 X 10" 0.243
5 50 8% 10° 5.2X 10" 0.233
8 X 10° 10'¢ 0.237
8 X 10* 2% 106 0.241
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FIG. 2. New predictions in SO(10) for case (a) including
superheavy-Higgs-scalar contributions. The dashed lines I and
II have been obtained for (p'™’,p'~’)=(1,10), and (5,50), respec-
tively, excluding the contribution of 54. The solid lines III and
IV are the predictions for (p'*,p' ~’)=(1,10), and (5,50), but in-
cluding the contributions of 54.

(175, =0). This results in decreasing the predicted values
of sin%@y, compared to those obtained in Ref. 3. Such a
decrease in sin6,, now permits significantly lower values
of My which were ruled out when® all superheavy masses
were assumed to be the same as M.

Using iterative convergence procedure, solutions are
obtained!” by exactly matching a(Mpy). In this
method,!” for every set of values of superheavy-Higgs-
scalar masses, and assumed values of My and My, itera-
tions are carried out for a given value of a;. When itera-
tions converge, values of ag(My ), a(My ), and sin’6,
are calculated, and the solutions are rejected (accepted) if
the GUT prediction of a '(My) does not match
(matches) with o~ !(My,)=127.54. If a(My,) does not
match iterations are carried out for a different a;, but for
the same M and My. It has been noted that the varia-
tion of ag, for the same set of masses, makes it possible

to match the fine-structure constant. The final solutions
for which the GUT predictions of a(My,) match with the

low-energy extrapolation are presented in Table I for
different combinations of M'*)/M,, and M7’ /M. In
Fig. 2 these solutions, excluding 54, are shown as dashed
lines and compared with the soutions to Ref. 3. Even
without including the superheavy components of 54, the
decrease in sin’@, is found to be significant with
8sin?0,=—0.0115 (—0.0135) for M'~'=10(150)My
and M'P=2(15)M,.

=Ny =Ns1=Ns3 = N2 =Nss=Ns6e = N2 = Ns=

Ns2=Ns1=Ns3=Nsa= N1 = N3 = Naa=Nae= N1~
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Nus=

Neo=
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TABLE II. Same as Table I, but including the contributions
of 54.

p' p! (GeV) (GeV) sin%0y
1 10 8x10° 6.6X10" 0.231
8Xx 10° 1.6 X106 0.235 -
8 X 10* 3.3%x10'¢ 0.239
8Xx10° 5.2X10' 0.243
5 50 8 x 10° 2.6X 10" 0.228
8x10° 6.6 X 10" 0.232
8x10* 1.5x10' 0.236
8Xx10° 2.6X10'° 0.240
Including the contributions of the superheavy com-
ponents of 54 results in the values (fy,fa)

~(—0.0165,1.1), (—0.0173,0.9), (—0.018,0.6), and
(—0.019,0.22) for (M 7)/My,M'*"'/My;)=(10,1),
(20,2), (50,5), and (150,15), respectively. Final solutions
obtained, following the iterative convergence approach
and fine-structure constant matching, are presented in
Table II, and shown by solid lines in Fig. 2. For
sinZOW—O 23 (0.24), the two-loop prediction of Ref. 3 is

~10" GeV (10® GeV). Excluding the contribution of
54 the predictions are now modified as My ~10® (10°)
GeV, when the M'™) components are nearly 10 times
heavier than My, but M‘*'~M,,. Including 54, we ob-
tain My =~10" (10°) GeV, and 10° (10*) GeV for
(M /M, M(")/MU)':( 1,10), and (5,50), respectively,
with the same value of sin’0y,,~0.23 (0.24). It is clear
that for larger values of M'™)/My,, but with
M) /M) =10, the decrease in M g is larger. Also, we
have noted that if the nondegeneracy factor is larger than
10 with

Ipt =57 >ml10,

the decrease in My, is still larger for the same sin’0,

B. Predictions with G22 13 and G 2113
intermediate symmetries

Compared to case (a), the Higgs representation due to
a second 45CSO(10) contributes to the superheavy-
Higgs-scalar effects. Excluding 54, (75 =0), and
confining to the Coleman-Weinberg constraint on the
nondegeneracy factor, we obtain a minimum value of
sin?0y, for

(+)

)

Na10="Na11="

(48)

(—)

’

]
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TABLE III. Acceptable solutions for Wi mass (Mg ), My,
and sin®@y, for case (b), excluding the contribution of 54, as a
function of superheavy-Higgs-scalar masses, M‘*’ and M),
defined in the text with p'®’=M'*/M,, and MJ =500 GeV.

M" My
ptt p ) (GeV) (GeV) sin%6y,
1 10 8X 10 1.5X10' 0.228
8% 10° 2.6X10' 0.232
8x10* 5.3x 10" 0.237
8% 10° 1.3X10' 0.241
5 50 8X10° 103 0.231
8x 10* 2.6X 10" 0.235
8 10° 5X10'S 0.239
leading to
f= 99‘;47 (192645 —23 6809 7)) ,
fi9 = (—60n' T +249 7)), 49)
1 _
(8) = (+) (=)

Including 54, the superheavy components are subjected
to the additional constraints, specified by Eq. (46), lead-
ing to

(S) —__ @ (+)_ (=)
[ 99841r(2643277 308487n' ),
fiD= (=929 +569 7)), (50)
a ‘ —
fﬁzS)z_ o %Z‘TIH)"'%%”I( )).

With the constraint on masses specified by Eq. (45), we
find that (fy,fy)=(—0.015,2), (—0.017,1.24),
(—0.018,1), and (—0.019,0.68), for (M‘7~'/My,
M) /M )=(1,0.1), (10,1), (20,2) and (50,5), respective-
ly, when contributions of 54 are included. Excluding 54,
(fo,fy)=(—0.011,1.3), (—0.013,0.5), (—0.014,0.3),
and (—0.015,—0.05), for the same sequential combina-
tions of (M‘™)/My,,M'*)/M). Using the iterative con-
vergence procedure for obtaining solutions to RGE’s, and

TABLE IV. Same as Table III, but including the contribu-
tions of 54.

My My

o' o) (GeV) (GeV) sin’@
1 10 8X10° 10" 0.225
8Xx10° 2.6X 10" 0.228

8 10* 42Xx10" 0.232

8x10° 1.3X10'® 0.237

10° 2.5X10'¢ 0.241

5 50 8% 10° 10%° 0.226
8x 10* 2.5% 10" 0.231

8X10° 3.4X 10" 0.235

10° 1.2X10'6 0.238
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FIG. 3. Same as Fig. 2, but for case (b) of SO(10) grand
unification.

adopting the method of fine-structure-constant matching
by ag variation,!” final solutions excluding (including) 54
are presented in Table III (Table IV) and also plotted in
Fig. 3. It is clear that with sin’d,,=0.23 (0.24), the al-
lowed values of My can now be brought down to
Mz =10° (10*) GeV excluding 54, and to Mg =10° (10%)
GeV, including 54, for M~ (M'Y))=M, (M, /10). In
this case, we have taken M3 =M z, =500 GeV, consistent

with the available neutral-current data.

C. Predictions on neutrino masses

One of the major objectives in using the Higgs repre-
sentation 126 is to generate the Majorana mass of the
neutrino.'? In case (a) where G,,;3—G,3 by the VEV of
AR(1,3,v3/2,1), the neutrino masses generated by the
seesaw mechanism are governed by the formula'?

2
mlf

m. = ——

S VAL LN (51)

where m,, (m,;) is the neutrino (charged-lepton) mass of

the ith generation. In case (b), where 126 is used to break
G,113—G,3 at =M}, the Majorana-neutrino mass is
governed by a different formula:'®

my

1 .
m,=—¢+—, i=
0,
T My

1,2,3..., (52)

where M3 (M7) is the Zgz- (Wg-) boson mass, and the
Wf{ bosons decouple from the effective Lagrangian based
upon G,;;; gauge symmetry. In the absence of
superheavy-Higgs-scalar  contributions, Mr=My
=Mz = 10'° GeV, and the predicted values of v, and vy

masses in case (a) are too small to be detected in the labo-
ratory:

m, =107% eV, mvy210_3 eV, m, =1eV. (53)
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However, including superheavy-Higgs-scalar effects, the
Wi and Zp masses have been brought down by 4—6 or-
ders of magnitude, as demonstrated in Sec. IV A. This
enhances v, and v, masses to values measurable in the
laboratory, although v, mass is still smaller,

m, ~107°-107% eV, m, ~1-100 eV,
e 1

(54)
m, ~1-100 keV .

In case (b), since Wi decouple from the Lagrangian, gen-
erating the neutrino mass, the mass predictions are the
same as before>!® with a low-mass Zg boson, i.e.,

~ . . =m2m2.m?
m, 1eV, m,y m, im, =mommy

V. DISCUSSION, SUMMARY, AND CONCLUSION

In the new SO(10) models,>> where parity- and
SU(@2)g XU(1)z _; -breaking scales are decoupled, al-
though the Wy -mass prediction in cases (a) and (b) has
been lowered by nearly 2—3 orders compared to the con-
ventional models, the right-hand scale is too large to be
detected directly by the supercolliders, or indirectly by
low-energy experiments. In earlier computation of mass
scales, all superheavy masses were assumed to be the
same as M. In the present paper, using the method of
effective-gauge theories,'* " !® we have computed the im-
pact of superheavy Higgs components being nondegen-
erate, but constrained by the Coleman-Weinberg mecha-
nism of mass generation, on the SO(10) predictions,
where P and SU(2), breakings are decoupled.?® We find
that even a factor-of-10 nondegeneracy can decrease the
right-handed scale by 4-6 orders of magnitude compared
to the earlier results.>> Such significant effects on the
predicted values of the intermediate scales (M or My),
and sin’0y, are due to two factors: (i) SO(10) contains
larger representations, such as 54 and 126, as compared
to much smaller representations in SU(S); (ii) the mecha-
nism of decoupling parity and SU(2), breakings permits
a freedom in choosing the superheavy masses within the
Coleman-Weinberg constraint. For example, in the con-
ventional approach, where parity is left unbroken down
to My or My, the constraints on the nondegenerate
superheavy masses, used in Secs. IV A and IV B, are not
permitted.

We find that, if such a nondegeneracy among the
superheavy component masses exists, it is possible to
bring down the Wi- and Zj-mass prediction in case (a)
to 10-100 TeV, and the Wy masses in case (b) to 1-10
TeV with M 2, =500 GeV. Such low-mass gauge bosons,

in addition to being detected at the supercolliders in the
near future, could manifest in low-energy experiments
with detectable ¥V + A structure of charged and neutral
currents, rare decays, CP violation in K%K ° and B%-B °
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mixings, neutrino masses, and a host of other processes.
Since low-mass Wi and Z; gauge bosons correspond to
larger values of neutrino masses, it is necessary to men-
tion how to satisfy the cosmological bound
Si=eprMy, <40 eV, where the sum is over stable and

light neutrinos. In such cases, the heavier neutrinos can
be made unstable, with respect to decay into the lighter
ones, by the emission of a Goldstone boson, called the
Majoron, that appears in the theory as a result of spon-
taneous breaking of a global symmetry.!” The introduc-
tion of such an additional global symmetry does not
affect the GUT predictions as described in the present pa-
per.

Significant effects of superheavy components of Higgs-
scalar representations have been observed in the SU(5)
model;!1 141720 but, in those cases, additional Higgs rep-
resentations, not needed for spontaneous symmetry
breaking of the gauge symmetries, have been exploited.
Also, the masses of the superheavy components have
been taken to be 1-3 orders of magnitude different from
the unification mass, in certain cases.!*!” But, in the
present analysis of the SO(10) predictions, only those
Higgs representations needed for spontaneous symmetry
breaking have been exploited, and the significant reduc-
tion of the right-hand scale is found to be possible within
the Coleman-Weinberg constraint.

The computations of matching functions for
InMy; /M, and sin?0y, have been extensively studied for
the SU(5) and SO(10) models with a grand desert.!l!%17
For the first time, we have computed matching-function
corrections due to superheavy Higgs scalars with one and
two intermediate symmetries. Emphasizing that the
fine-structure-constant matching!” is important in such
calculations, we have also computed the matching func-
tions for a” '(My,). Although not very significant, nu-
merically, we have derived analytically, for completeness,
the exact matching relations for the coupling constants
[e.g., Egs. (17) and (33)] in the special case when the
relevant heavy masses are equal to the intermediate scale.
In some of our solutions, the superheavy-component
masses are larger than the unification scale. Such a
feature is specific to the EGT approach where the decou-
pling of heavy particles from the effective Lagrangian is
not assumed, but their effects are computed explicitly.
Thus, certain interesting new solutions, contained in this
paper, would not have been obtained, had we followed
the usual approach with Appelquist-Carrazone-type
decoupling.

ACKNOWLEDGMENTS

One of us (M.K.P.) would like to thank Professor T.
Pradhan and Professor S. P. Misra for hospitality at the
Institute of Physics, Bhubaneswar, where this work was
completed.

IT. G. Rizzo and G. Senjanovi¢, Phys. Rev. D 24, 704 (1981).

’D. Chang, R. N. Mohapatra, and M. K. Parida, Phys. Rev.
Lett. 52, 1072 (1984); Phys. Rev. D 30, 1052 (1984); Phys.
Lett. 142B, 55 (1984).

3D. Chang, R. N. Mohapatra, J. Gipson, R. E. Marshak, and
M. K. Parida, Phys. Rev. D 31, 1718 (1985).

4M. K. Parida and J. C. Pati, Phys. Lett. 145B, 221 (1984).

5J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).



40 SUPERHEAVY-HIGGS-SCALAR EFFECTS IN EFFECTIVE . . .

SH. Georgi, in Particles and Fields— 1974, proceedings of the
1974 Meeting of the APS Division of Particles and Fields,
edited by C. E. Carlson (AIP Conf. Proc. No. 23) (AIP, New
York, 1975); H. Fritzsch and P. Minkowski, Ann. Phys.
(N.Y.) 93, 193 (1975).

7R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 566 (1975).

8V. A. Kuzmin and M E. Shaposhnikov, Phys. Lett. 92B, 115
(1980).

9T. W. B. Kibble, G. Lazarides, and Q. Shafi, Phys. Rev. D 26,
435 (1982).

10§, Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973).

11w, J. Marciano, in Proceedings of the Fourth Workshop on
Grand Unification, Philadelphia, Pennsylvania, 1983, edited
by H. A. Weldon, P. Langacker, and P. J. Steinhardt
(Birkhauser, Boston, 1983).

3085

12R. N. Mohapatra and G. Senjanovi¢, Phys. Rev. D 23, 163
(1981).

13M. Yasue, Phys. Lett. 103B, 33 (1981); Phys. Rev. D 24, 1005
(1981).

141, Hall, Nucl. Phys. B178, 75 (1981).

15§, Weinberg, Phys. Lett. 91B, 51 (1980).

16B. Ovrut and H. Schnitzer, Nucl. Phys. B179, 381 (1981).

17M. K. Parida, Phys. Lett. B 196, 163 (1987).

18M, K. Parida and C. C. Hazra, Phys. Lett. 121B, 355 (1983).

19R. N. Mohapatra, in Proceedings of the Eighth Workshop on
Grand Unification, Syracuse, New York, 1987, edited by K.
C. Wali (World Scientific, Singapore, 1988).

20w, J. Marciano, in Field Theory in Elementary Particles,
proceedings of Orbis Scientiae, Coral Gables, Florida, 1982,
edited by A. Perlmutter (Plenum, New York, 1982).



