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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) R breakings are decoupled. Interesting
modifications with low-mass WR 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, SU(3)c X SU(2)L X SU(2)& XU(1)& L, even a factor of 10 nondegeneracy is found to lower the
Wz~ and Zii mass prediction by 4 orders, compared to earlier results, yielding Mi, ——100 TeV for
sin 0~ ——0.235. In the presence of the second intermediate symmetry, SU(3)c X SU(2) I
XU(1)„XU(1)& I, which could survive down to Mz ——500 GeV, we obtain 1 TeV&M~ &80

R R

TeV for 0.238) sin 0~ & 0.231. The values of sin 0~ 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 (Mz) in grand
unified theories ' (GUT's) corresponding to the spon-
taneous symmetry breaking (SSB) of the intermediate
gauge group SU(2)1 X SU(2)ii XU(1)ii L X SU(3)c
(=622»). 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 embedding s of left-right-symmetric
G22»(gzL =gii) in SO(10), where the left-right discrete
symmetry and SU(2)z XU(1)ii I break at the same scale,
the value of Mi, is high ( —10' GeV) for
sin 0~——0.23 —0.24. This rules out any possibility of ob-
serving low-energy signatures of right-handed currents,
including CP violation in K ~2m 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)L X SU(2)ii XSU(4)c XD(g22&z), or
G2i]3 X D (D = left-right discrete symmetry) is allowed to
survive sufficiently below the GUT scale (p ( 10' GeV).

In a series of papers, 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)ii are decoupled from each other.
The mechanism can be explained in the following
manner. Let X," (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 ij =7,8, 9, 10
are those of SO(4). There is an element of the SO(10)
gauge group, called D parity, where D=X23X67, which

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-
stance, D changes a fermion (quark or lepton)

0'I ~('I' )I =(O'II )I which has charge opposite to VL,
but it has also opposite helicity. This is clearly di6'erent
from the usual C operation of transforming a particle to
its antiparticle. Denoting EL (3, 1, 10) and hei (1,3, 10) as
the left- and right-handed triplets, respectively, contained
in the Higgs representation 126CSO(10), with the trans-
formation properties under 6224 specified against each of
them, D can be identified with C under the special situa-

C
tion by demanding that bl (3, 1, 10)~hi*, (1,3, 10). 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 %1 —+%& 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 6224 or
G22, 3, 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 SO(2)ii X U(1)ii I, or SU(2)i,
X SU(4) c remain unbroken. When such a parity-
breaking scale Mz ) 10' GeV, cosmological domain
walls do not cause a problem. Adequate baryon asym-
metry of the Universe is generated if Mz-Mz ))Mz in
the model with 622&3 intermediate symmetry. Within the
constraint of minimal fine-tuning of parameters, and
sin 0~-—0.22 —0.24, the scales Mz, corresponding to the

40 3074 1989 The American Physical Society



SUPERHEAVY-HIGGS-SCALAR EFFECTS IN EFFECTIVE. . . 3075

SU(2)z XU(1)11 L breaking, or Mc, corresponding to
SU(2)z XSU(4)c 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) =Gzz4a =Gzz4 = )113 =6)13

Mp M+
R MR

where 6&113=SU(2)zL XU(1)z XU(1)11 I, X SU(3)c, and

6~13 =SU(2)l XU(1)1 X SU(3)c. With M11 =Mz
=500—1000 GeV, and M~+=M~=10 GeV, this chain
ofFers the possibility of detection of a low-mass zz at the
super colliders, measurement of signatures of quark-
lepton unification through KL —+pe, n-n oscillations, and
Majorana-neutrino masses (m, —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(10): 62213 = 6213
Mv M MR

45) 45~ 126

(b) SO(10):6/$13 -. 6~113 6/13
Mv=Mp MR R

with 10 (M~ =M~+ (10» GeV for 0.24) sin 0~)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(5) GUT
for superheavy-component masses differing by a factor
10 —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 (r ) for the p~e+vr
mode by a large factor of 150 with the corresponding in-
crease 5 sin 011,(M11, ) =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 8'z-mass prediction by 4—5 orders of magnitude
as compared to the earlier results. Such masses, besides

being detected by the supercolliders, could manifest in
the V+ 3 structure of neutral-current processes, neutri-
noless double-beta decay, small Majorana neutrino
masses, and CP violation in E 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 G22, 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.

II. IDENTIFICATION OF SUPERHEAVY
COMPONENTS

In this section we mention superheavy components of
Higgs representations and their transformation proper-
ties under Gzz1&. In the first stage of chain (a) or (b),
when the neutral component of (1,1,15) under Gzz4, con-
tained in 45CSO(10), acquires VEV, parity is broken
spontaneously. The trilinear coupling 45 X 126X 126 al-
lows the right-handed triplet 611(1,3,&3/2, 1) under

Gz~, 3 contained in 126C:SO(10) to remain light, whereas
the left-handed triplet EL(3, 1,&3/2, 1), and all other
components in 126 acquire superheavy masses
p-MU =Mp. At the second stage in (a), the VEV of h~
breaks G2213 +G2I3 The right-handed neutrino receives
a Majorana neutrino mass' of the order M&. In the
second stage of (b), a second representation 45zC:SO(10)
is used. Only its component yz(1, 3,0, 1) remains light
with mass p-Mz+, but all other components acquire
superheavy masses 1M-MU. In the third stage of (b), the
component of A~, singlet under G2»3, remains light with
Inass p-M+, but all other components of hz acquire
mass p-Mz+. Similarly, all other components of 126 ac-
quire mass 1M

—MU. In both chains (a) and (b) the stan-
dard symmetry 6~,3~SU(3)c XU(1), , when the left-
right-symmetric (LRS) doublet (()(2,2, 0, 1) contained in
10C:SO(10) acquires appropriate VEV. The SU(3)c trip-
let and its conjugate, contained in 10, acquire superheavy
masses p-MU. All superheavy masses can be specified
more explicitly, along with their transformation proper-
ties under G2213 as noted below:

451=Ms1(1,3,0, I )+M~~(3, 1,0, I )+F3(1,1,0, 8)+

45~=Ms', (3, 1,0, I )+Ms~ (1,1,0, 8)+Ms'3 (2, 2, &3/2 —,', 3)+M/„(2, 2, —1/3/2 —,', 3)

(2)

+Ms'q(1, 1, —+3/2 —', , 3)+Ms'6(1, 1,v'3/2 —', , 3)+ (3)
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126=MH, (3, 1,&3/2 —,', 6)+Mtt2(1, 3, —&3/2 —,', 6)+MH3(3, 1,&3/2, 1)+MH4(3, 1, —V'3/2 —,', 3)

+MH5(1, 3, v'3/2 —,', 3)+MH6(2, 2, —+3/2 —,', 3)+MH7(2, 2, +3/2 —,', 3)+MHs(2, 2, 0, 8)

+MH9(2, 2, 0, 1)+MH, O(1, 1, —V3/2 —,', 3)+MH„(1,1,/3/2 —,', 3)+

10=MH, (1, 1,&3/2 —,', 3)+MH2(1, 1, —&3/2 —,', 3)+

(4)

Among the components not explicitly mentioned in (2)—(5) or in (6) specified below, some are singlets under Gz2, 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 P function in the usual manner.

Several years ago, ' when it was not known that (1,1,15)C45 contains a D-odd neutral component, it was noted that
to break SO(10)~622», a 54 is also necessary. The SSB is understood by visualizing SO(10)~SO(6)XSO(4) by the
VEV of 54, and SO(6) X SO(4) ~Gz2» 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 MU 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
MU, 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 Eqs. (2) —(5):

54=MS, (3,3,0, 1)+Ms~(1, 1, —&3/2 —,', 3)+Ms 3 (1, 1,&3/2 —', , 3)+F4�(1,1,0, 1)

+Ms5(1, 1,0, 8)+Ms6(2, 2, &3/2 —,', 3)+MS7(2, 2, —&3/2 —,', 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 45v SO(10)
in case (a):

45v=M~(3, 1,0, I )+M~(1,3,0, 1)+0(1,1,0, 8)

+Mtt(2, 2, +3/2 —,', 3)+MU(2, 2, —v 3/2 —,', 3)

+Mtt(1, 1, —V'3/2 —', , 3)+MU(1, 1,V'3/2 —', , 3)

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

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.

a,+ lna (m) a (MU) 2' m

(8)

where the second (third) terms are the one- (two-) loop
contributions, x =a (MU)/aj(m), aj(p, )=g; (p)/4',
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=MU; i.e.,
a, (MU)=aG. But with the emergence of the eff'ective-
gauge-theory (EGT) approach, '" ' 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 p near MU,

III. RENORMAI. IZATION-GROUP CONSTRAINTS
AND MATCHING FUNCTIONS

1 1

a;(p) aG

A, , (p) i=1,2, 3, . . . ,
12m

&;(p)=C; (p)+C; (p)+C; (p), (10)

In this section we derive modifications to the RGE's
including contributions of the superheavy-Higgs-scalar
components. We also derive matching functions for
lnMU/M~, sin 8~, 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, X G2 X G3 X . , emerging from the SSB of the
GUT at the scale MU, the usual RGE's between the
scales m &p & MU are written as

C,. =g Tr t,&„A&„ln (1 la)

(1 lb)

(1 lc)

where the superscripts V, S, and F represent contribu-
tions due to superheavy gauge bosons, scalars, and fer-
mions, if, any; t, ~, t,~, and t,z denote the corresponding
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matrix representation of operators; and Az is the pro-
jection operator that removes the Goldstone components
from S. Although Eqs. (9)—(1 lc) 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 MU and
o,'G. 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 C,"=0, and
C y=Q„Tr( t,.v„). Using the decomposition of 45 i

C SO(10), under G2z» as shown in Eq. (7), we compute

Cy(u)+
ay(p) 5 aq~(M~ ) 5 a~L(M~ ) 12m

(15)

for p-M~, with

is modified in the EGT approach. The right-handed
gauge bosons Mz(1, 3,0, 1) under G2$)3 carrying
B —L =0 are decomposed under G2]3 as
M~ (1,v 3/5, 1)+M+ (1,—&3/5, 1)+M+(1,0, 1). The
Y-boson propagator is modified by the quantum correc-
tions due to the heavy gauge bosons Mz(1, ++3/5, 1) in
the loop, as shown in Fig. 1(a), giving rise to

C3~(MU )=5, C21 (MU)=Cq~(MU)=6

C~~(MU)=8 .
(12) Cv(+) 6 1261n

5 5
(16)

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

Here we have taken the 8'~ gauge-boson mass as M~
and neglected possible heavy scalar contributions to
Cy(p). Equations (15) and (16) now yield the modified
matching condition

1 1

azL (MU ) 2~
1 1

a~~ (MU )

1 3 1 2 1+
ay(Mg) 5 a~/(Mg) 5 asL(Mg)

1

10' (17)

1 5

a3C(MU ) 12m

1 2

a~L (MU ) 3' (13)

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

Mw &P &MR' aF o a2L a3C

Using Eqs. (8)—(11),we obtain expressions for sin Oiy and
lnMU /Mid in cases (a) and (b).

Very recently, ' it has been noted that, while heavy-
particle e6ects are taken into account in the usual
manner, as described above, the fine-structure constant
extrapolated from the low-energy theory based upon
SU(3)c XU(1), does not match the GUT predictions at
p=Mw. 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

B1J

3C

199
205

9
41

11
41

2L

81
95

35
19

—27
19

3C

44
35

12
7

26
7

(18)

1 5 1 1+
a(M~) 3 ay(M~) a2L(M~)

M~ &p&MU:
Q3C= 7,

—ll
+BL a2L = —7

For the given values of MU, M~, and superheavy
masses, iterative convergence approach is used to solve
RGE's with variation of a&. For a certain value of o.'6,
the fine-structure constant is found to match exactly. We
now compute matching functions for difFerent gauge-
coupling constants 1nMU/Mw and sin ew in the two
cases along with the matching constraints at the inter-
mediate scales.

B; = 2L

61
11

3
11

27
11

—3
2

243
14

9
7

80
7

4
7

12
7

12
7

A. Matching functions with 62»3 intermediate symmetry
—3

2
—27

14

Before obtaining matching functions for p-MU, we
note that the usual matching constraint at p=M&, name-
ly,

1 3 1 2 1+——
ay(M~ ) 5 a2~ (M~ ) 5 a~I (M~ )

(19)

Using the combinations e (Miy ) ——', g zI (M~ ),
e (Miy) —

—',g3 (Miy), and a '(Miy) = —',ay '(Miy)
+az~'(Miy), and relations (8) and (17), we obtain



3078 M. K. PARIDA AND C. C. HAZRA

MU 2~ 1 8
ln

M~ 17 e 3o.',
MR

511n M' —
3'4(41 lnX Y+ 191nX2L '7'lnX3c+ 11 lnXBL '31nX2L '7'lnX2R '7'lnX3c)

8'

+ (~2L +~2R + ~BL ~3C ) (20)

12+ 19a/a,
sin 0~=

34m

14S
ln

6 M~

136
( —", ,'lnXY+ —"'lnX2L+ —",'lnX3c ——'"lnXBL+ '3'lnX2'L 175 lnX2'R+ '7'InX3'c)

a
I (»(2R + (21)

1

a(M~)
17 5

7a& 21', 14m

MR
ln +—',,' lnX &

——",,' lngzL ——",,
' lng3c+ —",,' lngBL —

—",,' lnyzL
8'

—""lngzR ——"' lng3C2R

1
2L +~2R + ~BL ~3C ) (22)

In Eqs. (20)—(22) X; =a, (MR )/a, (M~),
=a;(MU)/a;(MR). It is clear that the matching func-
tion contributions to lnMU/M~, sin 8~, and a '(M~)
are given by fM, fe, and f, respectively:

2L
—6+ C2L (MU )» ~2R 6+ C2R (MU )

ABL =8+CBL'(MU ), and A, 3c 5+ C3c(MU ),
leading to

fM )()P(~2L+~2R + 3~BL T~3C) (23)

CX

fe —
34 l —6'—~2L 3(~2R+ '3~BL ),g ~3C)

1
(~2L+~2R + 3~BL P( ~3C)

f.= — +f. —337 (s)
216m.

(25)
where

(26)

Assuming all superheavy-gauge bosons to have masses at
p=MU, and using Eq. (12),

(27)

(S)—

Here C,.' ' represent superheavy-Higgs-scalar contribu-
tions at p=MU. Using decomposition of (45)„54, 126,
and 10, given by Eqs. (2)—(6), we compute

(a)
C{10) C(10) 0 C(10) C(10)

2L 2R & BL 3C IH1 IH2

2L /s2» 2R 9 st» 3c 3ris3
(45 (45) (45)

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

CBL —0, CzL —CzR = 12gS1+6gS6+ 6 IIS7
(45) (54) (54) I I

C3C 5 IS2+5953+69S5+4+S6+4 IS7 &

CBL 8 QS2+ 8 IS3+4 IS6+49S7

C2L 24gH1+ 4gII3+ 12gH4

+6qH6+ 6gH7+ 16gH8+ 2 fIH9

(28)
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C2& '=24qH2+ 12gH&+ 6gH6+ 6gH7

+ 16gH8+ 2gH9

C3C = 15gH1+ 1SgH2+ 3gH4+ 3gH&

+4 IH6+4 IH7+24 IH8+. IH10+ IH11

CBL =6 IH1+6 IH2+9 IH3+3 IH4

+ QH5+ IH6+ /H7+ IH10+ 9H11

where 7);=lnM, /MU and 7),'=inM /MU. Using (28) in
(26) and (27), we obtain

fl'=+»[2(7Isl+rls2) —8'9$3 —2(7)al+7IH2)+247)s, 8('Qs—2+7)$3)

169$5+4(9$6+9$7) 12( /Hl+ 9H2)+ 109H3 +6 /H4+69H5

+ IH6+ ( 9H7+ /H9) 29H8 ( 9H10+ ]all )) (29)

fI3
= [—787I$2+ 247)sl+ 57 I7$+327(rial+7)H2) —3247I$1+ 1S9(7I$2+7Is3)612m

+ 1147Iss S4(7)$6+7IS7) 6037Ial+621rla2 847IH3 —38771H4—+2257IH5

5 (7)H6+7la7+
277IH9)+24rla8+27(7IH10+7)all�

)i ~ (30)

(s) 1fa 12
[2( lsl+$2) 7 953+ 7 ( Pal+ la2)+24 Isl+ 7 ( 9$2+ 9$3) 7 js5

+
7 ( 9$6+ 9$7)+ 7 Ial+ 7 9H2+ 09H3+ 7 9H4+ 7 IH5 7 /H6

+ 7 9$7+ 7 IH8+4 la9+ 7( lal0+ 7H11 (31)

B. Matching functions with G»13
and G&z&z intermediate symmetries

B; =
BL

25
9

5
3

2L

—27
19

3C

At the intermediate scale @=A+, the usual matching
condition ~1R (MR ) —~2R (MR ) 18 modified ln the EGT
approach due to the quantum corrections of the Z&-
boson propagator by the W~ bosons in the loop, as
shown in Fig. 1(b). Noting that

2L

3C

5
3

1

3

1

9

5
3

1

9

1

3

9
19

35
19

—27
19

26
7

12
7

12
7

M~+
C1R (I4 ) =2—42 ln

for p-Mz, the modified matching constraint is

(32)
M~ &p &MU..

a = 73C

11aBL

BL

a = 32L

2R

(34)

Q2g = 2,

3C
1

~1R(MR )

1

~2R(MR+ )

1

6m
(33) BL 61

11
—3

2
81
4

4
7

Although the EGT modifications at the intermediate
scales given by Eqs. (17) and (33) are not important, nu-
merically we have derived them here for completeness.
The coeKcients a; and B, . occurring in one- and two-loop
contributions to RGE's in different mass ranges are given
below. '

M14 (p(MR. Same as Eq. (18).
M& &p(M& . a&L= —„a1&=—', , a2L= ——', a3C 7

B,"= 2L 3
11

8
3

—3
2

12
7

2R 27
11

—18 12
7

—3
2

9
4

3C

(35)
Proceeding in the same manner as in case (a), and using
Eqs. (8), (18), and (33)—(35), we obtain
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MR+
1n

52 M~
MR+ 1n

W

+ {{InXag —,InX2L —",InX2R ——",,'InX3c)+ fM,

1046 MR
1n + ln

104m 9 M~ 9 Mo
~ 2 3 5o.

sin Op= +
13 13(x,

3m 1 8

26 (z 3a,

—
—,', ( —,",, InXr + —,', InX2t. ——", Inxsc+ —", InXR+I, +InX,+„+—,', InX~+~ ——",,

' InX3+c

(36)

(52481~0+ 14291~0 + 65921~0 + 22401~+ + 25601~+ + 42881~+
69 57 2L 63 3C 8~ BL 8~ ]R f7[

+ 6592InX+ + 5696InXU + 464I~U + 968 I~U + 65921~ U )+f27 2L 3 2L 63 3C g (37)

1

a(Mw)
+ +»- + In + —'( —'"Im' ——'"Im' ——{'6Im' + ' 'Im+

7 MO &9 4& Y 38 2L ~g 3C PP BL
O'G CX 7T R

(38)

where X; =a, (MR0)/a, .(Mw), X+ =a, (MR+)/a. (MR0) XU=a (M )a (M+)

{04(~2L+~2R+ 3~ai. 5~3C) 26+fM

CX 10
3C ~2R ~BL ~2L ) +f052m- 3 156~

1 86
[3~3c 7(l{,21 +~2R+ —',ARL)1= — +f' '

84m. 63~

with

(39a)

(39b)

(39c)

(40a)

f{s{
(

4 C{s) C{s) C{s1 2 C{s))1
3C 2L 2R 3 BL ~

(40b)

(40c)

Compared to case (a), there are additional superheavy-Higgs-scalar components arising from (45)2, used at the second
stage of SSB. Thus, instead of Eq. (28), the contribution of 45's to C s' is given by

CzL
' =2qs, +2 r/s i+ 31S3+3~S4& C 2R 29s2+ +s3+ +s4 &

C3C 37ls3+ 37)S2+27)S3+27ls4+ 7lss/2+ 7ls6/2, Cal ' 27ls3+ 271s4+ 27lss +27ls6 .

Using the contributions of 54, 126, and 10, from Eq. (28), and that of 45 from (41), we find

(41)

f 'M= —
[{O24( 71S{+71)S—287ls3 2( lH{+ l )+H224 1 7s8{(7ls2+7ls3)—167lss

+4(7lS6+ 7lS7) +27lsl 87lS2+ 2(7ls3+ 7lS4) 12(7lH{+7lH2)+ 1071H3+67lH4

7)Hs (7)H{o+7)H1{)~ ~
(42a)

f I{
' = [—12827ls{+3847)S2+9607ls3+448(7)H{+7)H2) 53887ls{+2624(7is—2+ 71S3)

9984m

+ 19207lss 9027ls6 9027ls7 —12827ls1+—96071S2——451(71S3+7lS4)

+416(7)ss+ 7)S6) 97927)H, + 1017—671H2 141271H3—6348—71H4+ 36487iHs

902( 7)H6+ 7iH7 ) +49—671H 8 8987)H9+ 448 ( 71H,0+—71H„)], (42b)
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(s)fa 12 ~ z& ( /Hl+ 9H2) (9S)+9S2)+ 7 7S3 2 9S) 7((9S2+ 9S3)+ 7 1S5

2( ( 1S6+9S7) 2 AS)+ 7 7$2 ( $S3+ 1S4) ( 9SS+ 1S6) /H 1

9H2 )H3 7 9H4+ /HS) P( 9H6 2( 9K7 7 IH8 IH9 7( (9H)G+ IH11)1 (42c)

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

f ' ' = (105971'+'—13307)'
612vr

f(s)—(
( 18~(

—) 52~(+) )

f' '= — (82.771'+'+129.27)' '),1

12'

(44)

Given the RGE's and the corresponding equations for
lnMU/M)), and sin 8)), the latter two can be predicted
for a certain value of Mz, or Mz and Mz, 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
)M=MU, 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 MAMU. 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 0~, as illustrated below, for the two cases.

where g' ' and q' ' can be related to the maximum non-
degeneracy factor 10 allowed by the Coleman-Weinberg
mass constraint:

~7J'+' —7J' '~ =ln =lnlo .
M( —

)
(45)

(+)
IS2 IS3 +S5

( —)
951 /S6 IS7

Using (43) and (46) gives

(46)

f ' ' = (1491m](+)—176271' '),
612m

f(s)—1 (50~(
—) g4~(+))

f(S) (
517 (+)+ 928 ( —))1

12~

(47)

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 0~:

A. Predictions with 6 //$3 intermediate symmetry

For values of M~ &10' GeV, this model predicts
sin 0~)0.23 when the superheavy-Higgs-scalar contri-
bution is neglected. We expect the superheavy-Higgs-
scalar contributions to reduce the values of sin 0~ so as
to make them compatible with the currently accepted
world average, sin 0~ =0.23+0.005.

Using Eq. (30), we first calculate the maximum de-
crease in sin 0~, excluding and including the contribu-
tions of 54. Excluding 54 (71s, =0), maximum decrease in
sin 0~ is possible under the Coleman-Weinberg mass
constraint for

I I
/H1 IH2 9S1 9S3 /H2 9H5

Having obtained the m.atching function corrections as
shown in Eqs. (44) and (47), it is now easier to estimate
the superheavy masses M'+' and M' ' for which sin 8~
is significantly less compared to the earlier predictions.
For example, the combination (M'+'/MU, M' '/MU)
= (1, 10), (2,20), (5,50), and (15,150) gives with
= —ln10+7)' ', (fs,fM) =(—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 I. Acceptable solutions for right-handed gauge-
boson mass M&, MU, and sin 0~ for case (a) of SO(10), exclud-

ing the contribution of 54, as a function of superheavy-Higgs-
scalar masses, M'+ ' and M' ', defined in the text, with
'+'=M(+) rM

(+)
9H8 IH10 IH11 9

I ( —)
9S2 9H1 IH3 IH4 /H6 IH7 IH9 9

with

(+ ) —ln (+ ) (
—) —ln ( —) (+)

leading to

(43)

10

50

M~
{GeV)

8X 10'
8X10
8X10'
8X 10
8X 10'
8X10'

MU
{Gev)

3.3 X 10'
8 X10"

1.6 X 10'
5.2X10"

1016

2X 10'

sin 0~

0.234
0.238
0.243
0.233
0.237
0.241
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0.26

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

0.25

0.24

0.2S
~ ~

0.22

0.2 I

10

50

Mg
(GeV)

8x10'
8X 10
8X 10
8X 10
8X 10
8X10
8X 10"
8x10'

MU
(GeV)

6.6x 10"
1.6x10"
3.3 X 10'
5.2x10"
2.6x10"
6.6x10"
1 5x10"
2.6 X 10'

0.231
0.235-
0.239
0.243
0.228
0.232
0.236
0.240

s I I I 1 I I I I I I I I I I I

5 IO

(og, (M/Mw)

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.

(iI&;=0). This results in decreasing the predicted values
of sin 8~ compared to those obtained in Ref. 3. Such a
decrease in sin 0~ now permits significantly lower values
of Mz which were ruled out when all superheavy masses
were assumed to be the same as MU.

Using iterative convergence procedure, solutions are
obtained' by exactly matching a(M~). In this
method, ' for every set of values of superheavy-Higgs-
scalar masses, and assumed values of MU and Mz, itera-
tions are carried out for a given value of a6. %hen itera-
tions converge, values of az(Mii, ), o.(Mii ), and sin 8ii
are calculated, and the solutions are rejected (accepted) if
the GUT prediction of a '(Mii, ) does not match
(matches) with a '(Mii, )=127.54. If a(M@, ) does not
match iterations are carried out for a different aG, but for
the same MU and M&. It has been noted that the varia-
tion of uG, 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(Mii ) match with the
low-energy extrapolation are presented in Table I for
different combinations of M'+'/MU and M' '/MU. 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 0~ is found to be significant with
5 sin 8' = —0.0115 ( —0.0135) for M' '=10(150)MU
and M'+'=2(15)MU.

Including the contributions of the superheavy corn-
ponents of 54 results in the values (fz,f~ )

=( —0.0165, 1.1), (
—0.0173,0.9), (

—0.018,0.6), and
( —0.019,0.22) for (M' '/MU, M'+'/MU)=(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
sin 8ii =0.23 (0.24), the two-loop prediction of Ref. 3 is

Mz ——10" GeV (10 GeV). Excluding the contribution of
54, the predictions are now modified as Mz -10 (10 )

GeV, when the M' ' components are nearly 10 times
heavier than MU, but M'+'=MU. Including 54, we ob-
tain Mz ——10 (10 ) GeV, and 10 (10 ) GeV for
(M'+'/MU, M' '/MU)=(1, 10), and (5,50), respectively,
with the same value of sin 8+ ——0.23 (0.24). It is clear
that for larger values of M' '/MU, but with
M' '/M'+'=10, the decrease in Mz is larger. Also, we
have noted that if the nondegeneracy factor is larger than
10 with

'~ ) ln10,

the decrease in M„ is still larger for the same sin 0~.

B. Predictions with G22$3 and G2$$3
intermediate symmetries

Compared to case (a), the Higgs representation due to
a second 45 C SO(10) contributes to the superheavy-
Higgs-scalar eff'ects. Excluding 54, ( gz; =0), and
confining to the Coleman-%'einberg constraint on the
nondegeneracy factor, we obtain a minimum value of
sin 8~ for

ii ii ii i i i i i ( + )
IH1 /H2 9S1 9S3 9S2 IS5 IS6 IH2 QH5 /H8 /H10 7H11

(48)

QS2 9S1 9S3 9S4 9H1 +H3 +H4 IH6 IH7 +H9
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TABLE III. Acceptable solutions for S'&—mass (M&+), MU,
and sin 8~ 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' —)/MU, and M& =500 GeV.

0.27

0.26

0.25
(+)

10

50

R

(GeV)

Sx 1O'

8 x10'
8 x10'
SX 10
8 x 10'
8 x10'
Sx 10'

(GeV)

1.5 x10"
2.6x10"
5.3x10"
1.3 X 10'

1O"
2.6x 1O"
Sx 1O"

0.228
0.232
0.237
0.241
0.231
0.235
0.239

0.24

0.23
C4

C:

0.22

0.2 l

0.20
1 I I 1 I I I I I I I I 1 I I I

leading to

0 5 lo
log (M/Mw)

IO

l5

f ( 3 = (1926421(+ 3 —23 68021( 3),
9984m

f/''=, ~( —6021'+'+24ri' '), (49)

FIG. 3. Same as Fig. 2, but for case (b) of SO(10) grand
unification.

f' 3 = (26432ri'+' —3084821( '),
9984m

f (s)—1
( 92~(+ )+56~(

—)
)

p(S) — ~
( 552 (+)+ 3152 ( —))

7 ~ 21

(50)

With the constraint on masses specified by Eq. (45), we
find that (f8,fM ) =( —0.015,2), (

—0.017, 1.24),
( —0.018, 1 ), and ( —0.019,0.68), for (M' '/MU,
M'+'/MU) =(1,0. 1), (10,1), (20,2) and (50,5), respective-
ly, when contributions of 54 are included. Excluding 54,
(fs,fM)=( —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' '/MU, M'+'/MU). 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.

(+)

10

50

(GeV)

8 x10'
8 x10'
Sx104
8X 10

10
8x10'
8x10'
8X10

10

(GeV)

1O"
2.6x10"
4.2 X 10'
1.3 X 10'
2.5 x 10"

1O"
2.5 X 10'
3.4X 10'
1.2x10"

sin Ogr

0.225
0.228
0.232
0.237
0.241
0.226
0.231
0.235
0.23S

f (S) —
(

1496 (+)+ SSS (
—))1

12 "9 '9
Including 54, the superheavy components are subjected
to the additional constraints, specified by Eq. (46), lead-
ing to

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 8@,=0.23 (0.24), the al-
lowed values of MR+ can now be brought down to
Mz+ =10 (10 ) GeV excluding 54, and to Mz+ =10 (10 )

GeV, including 54, for M' ' (M'+')=MU (MU/10). In
this case, we have taken MR =Mz ——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 G22, &~G2, 3 by the VEV of
b,z(1,3, &3/2, 1), the neutrino masses generated by the
seesaw mechanism are governed by the formula'

Pal
I,.

M '
R

i =1,2, 3. . . , (51)

Pl
I,,

m
R

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

where Mz (Mz+) is the Zz- ( Wz-) boson mass, and the
8 R bosons decouple from'the effective Lagrangian based
upon 62»3 gauge symmetry. In the absence of
superheavy-Higgs-scalar contributions, MR =M~ +
=Mz =10' GeV, and the predicted values of v, and v„
masses in case (a) are too small to be detected in the labo-
ratory:

m =10 eV, m =10 eV, m =1 eV . (53)

where m (m~ ) is the neutrino (charged-lepton) mass of
the ith generation. In case (b), where 126 is used to break

62113 + 6213 at p =MR the Majorana-neutrino mass is0

governed by a different formula
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However, including superheavy-Higgs-scalar effects, the
8'~ and Z~ masses have been brought down by 4—6 or-
ders of magnitude, as demonstrated in Sec. IVA. This
enhances v„and v masses to values measurable in the
laboratory, although v, mass is still smaller,

m —10 —10 eV, m —1 —100 eV,
e P

(54)
m —1 —100 keV .

In case (b), since Wz- decouple from the Lagrangian, gen-
erating the neutrino mass, ihe mass predictions are the
same as before ' with a low-mass Z~ boson, i.e.,

m —1 eV, m:m:m =m2:m:m, .
e e p 'r

V. DISCUSSION, SUMMARY, AND CONCLUSION

In the new SO(10) models, ' where parity- and
SU(2)~ X U(1)s I -breaking scales are decoupled, al-
though the 8'~ -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 MU. 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 M~+),
and sin Oii, are due to two factors: (i) SO(10) contains
larger representations, such as 54 and 126, as compared
to much smaller representations in SU(5); (ii) the mecha-
nism of decoupling parity and SU(2)z 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 M~ or Mz+, 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 W~ - and Zz-mass prediction in case (a)
to 10—100 TeV, and the Rz masses in case (b) to 1 —10
TeV with Mz —-500 GeV. Such low-mass gauge bosons,

R

in addition to being detected at the supercolliders in the
near future, could manifest in low-energy experiments
with detectable V+ 2 structure of charged and neutral
currents, rare decays, CP violation in K -K and B -B

mixings, neutrino masses, and a host of other processes.
Since low-mass 8'z and Zz gauge bosons correspond to
larger values of neutrino masses, it is necessary to men-
tion how to satisfy the cosmological bound

,„,m (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, ""' 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
lnMU/M~, and sin 0~ have been extensively studied for
the SU(5) and SO(10) models with a grand desert. "' '
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 '(Mii, ). Although not very significant, nu-

merically, we have derived analytically, for completeness,
the exact matching relations for the coupling constants
[e.g., Eqs. (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-Car razone-type
decoupling.
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