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Higgs scalar in the grand desert with observable proton lifetime in
SU(5) and small neutrino masses in SO(10)
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We find that the presence of a real scalar in the grand desert transforming as §(3,0,8) under
SU(2), XU(1)y XSU(3)¢ ensures the agreement of the GUT predictions with the data from CERN LEP
and proton lifetime (7,). The mass of  is predicted to be close to the Peccei-Quinn symmetry-breaking
scale. The computation of the threshold effects in SU(5) with Higgs representations 24, 5, and 75 shows
that the maximum allowed 7, for reasonable superheavy Higgs boson masses is accessible to experimen-
tal tests at low energies. The additional predictions in SO(10) are small neutrino masses compatible with
solutions to the solar-neutrino problem and the dark matter of the Universe.

PACS number(s): 12.10.Dm, 12.15.Cc, 12.15.Ff, 13.30.Ce

Precision measurements of sin’6y, and strong interac-
tion coupling at the CERN e "e ~ collider LEP combined
with an improved estimation of the electromagnetic fine
structure constant at the Z mass have led to a very accu-
rate determination of the gauge couplings of the standard
model (SM). This has revived interest in grand unified
theories (GUT’s) with or without supersymmetry (SUSY)
[1-7]. Minimal SUSY GUT’s or nonSUSY GUT’s [1,7]
with intermediate scales [2-5] are consistent with the
LEP data and the existing limit on the proton lifetime
(r,), but the minimal nonSUSY SU(5) theory predicts
sm29W and 7, significantly lower than the experimental
data. The dlsagreement with the data persists in a num-
ber of grand desert models even if threshold effects are
taken into consideration. But recently the addition of
more than one scalar or fermionic degrees of freedom
with low masses [S—7] has been shown to be consistent
with the data. When more than one scalar multiplet un-
der the SM are kept light, we need more than one addi-
tional fine-tuning of the parameters in the GUT Lagrang-
ian.

In attempting to confine such an unnatural act of addi-
tional fine-tuning of parameters to a minimum we demon-
strate here that the presence of a single real scalar multi-
plet £(3,0,8), which we call a colorful bloom [8], ensures
complete agreement with the data provided M, is close to
the Peccei-Quinn symmetry-breaking scale or the geome-
trical mean of the Planck and electroweak scales. We
discuss the model embedding in SU(5) and SO(10) GUT’s
and compute threshold effects on the grand unification
mass My, the § mass (M) and the GUT coupling con-
stant showing that the maximally allowed 7, in both the
GUT’s even for a factor of 100 mass splitting among su-
perheavy Higgs-scalar components is accessible to experi-

mental tests at low energies. The dominant induced con-
tributions to Majorana neutrino masses in SO(10) are
compatible with values needed for the solar neutrino puz-
zle in the Mikheyev-Smirnov-Wolfenstein (MSW) mecha-

nism, and dark matter of the Universe.
The renormalization group equations (RGE’s) in the

mass range My <u <M, are written as
da, () g

1 3
— ¥ (u)+ — - a? .
o oy ai(p) Y. 2j§=1b,ja,(p)aj(u) , (1)

where a; =g? /4w and i=1, 2, and 3 refer to the U(l)y,
SU(2),,, and SU(3). gauge couplings, respectively. In the
mass range M,<p =My, the RGE’s in (1) have the
coefficients a; and b;; defined below. The GUT-threshold
effects on the gauge couplings are included through the
matching functions [9] A; (M), i =1,2,3:

1 1N

—= , i=1,2,3. 2
a,(My) ag 127 ' @

For p=M;-M,, the coefficients a; and b;; are taken to

be due to the standard three fermion generations (n, =3)

and one light Higgs doublet (ny, =1) a,= ‘1‘(1), a,=—2L,
==7, by =4, b,= 10’ biy=%, by =%, bp==%,
b23:12, b31 lé’ b32 2, and b33 —26. For

U=M;-My, the additional contribution due to the
£(3,0,8) is included to evaluate the coefﬁcients a,=-—4,
ay=—1 b= p5,=108, b}, =3, b3; =37, a}; =a,
and b/;=by for other values of i and j. Using the
combinations a”'(Mz)—fa; (M;) and a (M)
—fa;7(M;) we get two simultaneous equations in
In(My /Mz) and In(M /M7 ); their solutions yield

My _ 16 |7 _10a , ., v v
"y, 1870 |8 a +sin’0y, |+ 1122[16(P§+P3 —9(P§+PY)—7(P§+PY)]+ 3366[7x +91,— 161,47,
3)
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1n-A{5—= 47 15+232 _635in20 L [48(P§+PY)—23(P§+PY)—25(P§+PV)]

M, 187a a, ARETY 3 !
561 ——[25A,—484,+231,], @)
where Pf=B, X f, PU=B; X U, and the repeated index implies summation,
a;(M,;) a;(My)
X;:l __j._.__g R XUzl Y B..=b.. .
T 0 T ey o BT

B/;=b/;/a;. The first (second) term containing a, a3, and sin’6y, (P,, P,, and P;) represents one- (two-)loop contribu-
tions. The third term containing A;’s represent threshold effects on the respective masses. Thus even though there is no
new gauge-boson-mass threshold for M, <u <My, the GUT threshold effects induce changes on M. It has been found
by one of us (M.K.P.) [10] that the electromagnetic fine structure constant matching at the electroweak scale is possible
only by taking into account the threshold effect on the GUT-coupling constant a; which is obtained from the evolution
equation for a ™ M,)=3a; (M,)+a; (M,):

1 _ 3, 1 347 466a

ag 8a 187a | 8 3a;

1
4488w

—271sin%0y,

1
134647

[932(P§+PY)—945(P§+PY)+1135(P§{+P7)]+ (1135A;—9451,+93213) , (5

I
where the A-dependent (-independent) terms represent pute the effects in SU(5) and SO(10) only. In SU(5), in ad-
threshold (loop) contributions. We use the following dition to the Higgs representations 24 and S necessary for
values as the input parameters at the Z mass consistent  the SSB at the My, and M, scales, { is contained in the

with the LEP data representation 75. We specify the superheavy com-
ponents of these representations with respective trans-

sin®6, =0.2333+0.0008 , formation properties under SM: 5DC(1,—Z%,3),
a;=0.113+0.005 , 6) 24:)D1(3,0,11+D2(1,0,8) 75D E( 1, > ’3)+E2(2’?’3)
+E;(1,— 12, 3)+E,(2,—3,3)+Es(2,—£,6)+E((2,3, 6)

a '=127.9+0.2, +E,(1,0,8). Contributions to the matchlng functions in-

cluding those due to 12 superheavy degenerate gauge-
leading to a;(M,)=0.017110.000 06, a,(M;)=0.033 51 bosons are

+0.0002. At first, ignoring threshold effects but includ-
ing two-loop contributions, we evaluate a; () as a func- A =5+3%nc+ Sng, +57g,+ 51, + %7754+ Sng,+ 51,
tion of p by numerically integrating (1) in the range
p=Mz—-M, and the corresponding equation in the range
u=M;-M, while changing M, and My around their
one-loop values given by (3) and (4) until we obtain an ex-
cellent meeting point as shown in Fig. 1. We find that the +5”7E6+ 377137 )
introduction of £(3,0,8) decreases the slope of the a; (i)

k2:3+2770 +3775 %77134'*'377135‘*'377136 ’

Ay=2+nc+ 37p, '*'%7751 +ng, T e, g, T 515,

and a3 '(u) trajectories for u> M, while a; (1) remains :: ' ' ' ' l l ' ]

unaffected. Both numerical solutions and the analytic ex-

pressions (3)—(5) i 1gnormg threshold effects are consistent 50 7]

with M?=10'"? GeV, M{=10"° GeV, a;'=39.05 with 45 .

X§ 0. 330 X§——o 336 X§=—1.411, xV=0.081, 40 -

XY=0.067, and X¥=—0.077. 35 4
The Higgs scalars necessary for spontaneous symmetry = 30 i

breaking (SSB) of a GUT to U(1).,, XSU(3). and § can be —

found in suitable representations of popular models such y 7

as SU(5), SO(10), E,, SO(18), SU(8); XSU(8)g, SU(15), 20 7

and SU(16), etc. When threshold effects are neglected all 15 n

the models yield almost the same solutions for M, M & 10 -

and ag; but the threshold effects on these quantities 5 1 1 1 1 I 1 1

could differ from one model to the other. In order to 2 4 6 8 10 12 14 16 18

look into the possibility of testifying or ruling out the In u(GeV)

model through proton-lifetime measurements it is essen- FIG. 1. Evolution of the three inverse gauge couplings in the

tial to compute the maximum allowed value of 7, includ- model where the slope changes correspond to M, =10'"? GeV

ing threshold effects. For the sake of simplicity we com-  and the unification at M, =10'° GeV.
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where 7;= In(M; /M, ).
superheavy Higgs boson masses are equal (7,
we obtain

In the degenerate case when al
=n==x1np

My 5 25—136
Aln |— |= TA+9h,— 164, =1
s 3366( 27 1643) 561
M
¢ 1 274567
Aln |—= 250, —48A,+234,) =221
B, | T 561 (BT B BA)= T
_ 1
Aag!= 11354, — 9451, +9321
%6 = T3a6am " 179454, +93245)
=(4704+377767) /13464 ,
—0.0
leading to M /M =10%], My/M, _10+003 and

ag'=39.057%1 for B=10. In the nondegenerate case the
occurrence of ten unknown superheavy masses introduces
arbitrariness into the theory, but the extremal uncertain-
ties can nevertheless be estimated by assuming that each
n; =+ Inf3 or — Inf corresponds to a mass splitting by a
factor % among the superheavy-scalar components. In
the absence of any precise value of 3 we extend the argu-
ments used in the SM where the one-loop radiative
corrections and unitarity bound on the tree-level ampli-
tudes restrict the scalar boson mass to vary only by a fac-
tor 10 on either side of the symmetry-breaking scale.
Thus we will assume | In] <2.3025 saturating these lim-
its. We extremize A In(My /M) and find that this is pos-

Sible if nDlanlan2=nE3=nE4:n(+) and ')”C:nDz

=ng,=np, =7, =n' leading to
Aln |- | =5(30+10279"'—145.297) /3366 ,
z
My (+) (- ,
Aln |—= | =(27+2047' " +3639 7)) /561 ,
z

Aag'=(4704+ 150937t +22683% ') /13464m. The re-
sults of extremal threshold corrections are presented in
Table I where the £ (F) 51gn in the exponent of 10 have
been obtained with n = InB(— 1nB) for
B=v"10-10. It is to be noted that [3’ V10 (10) implies a
mass splitting by a factor 10 (100) among the superheavy
Higgs-scalar components. In all estimations for the pro-
ton lifetime presented in Table I, we have used

10D T,(1,—2,3)+T,(1,2,3)+T5(2,—1,1)

45DF,(3,0, 1)+F2(1 0,8),

126 DL ,(3,2,1)+L (3,3,3)+L (3, % 6)+
+R5(1,4,3)+Rg(1,—%,6)+R,(1,
+E,2,—1,3)+652, 2,

21032R1(1,2,1)+2R2<1,—2,1)+2R3(1,—

+3g (1,—

+p]( ’i,3)+p2(2’ —?’3

3

)+ (p; —p;)+ o, (1,

R,(1,4,1)+R,(1,2,1)+R;(1
3,3)+R4(1,3,6)+£,(2,1,1)+5,(2
+§6(2,3,3)+§7 (2,1,8)+&5(2
T’3)+2R4(1’T’3)+2R5(1’
33)+3,(1,4,3)+3,(1,2,8)+3, (1,

+3.,3,%, 3)+x1(2,3, 1) +x5(2,1,1)+x3(2,3,3)+x,(2, — 4,
—4.3)+0,(1,4,
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TABLE I. Threshold effects on the mass scales My, and M,
for different factors of mass splitting among the superheavy sca-
lar components in the SU(5) GUT. The first row (D) represents
values for the degenerate case.

B M /M} My /MY ag' 7, /Ty

—1.0 +0.08 +0.30

10(D) 1010 107002 39.0%%4 107008

—0.26 +0.38 +1.6

10 10*0-30 10703 39.079%3 10714

—-0.17 +0.27 +1.08

5 10+0.22 10—0.23 39_0;82 10—0492

. —0.12 +0.20 +0.80

V10 10016 107016 39.0583 107%%

0 —(af4 0 0* 2 :

7, /To=(Mpae /My ag). Including threshold effects we

p’'p %G U™“G

have obtained for B=10 in the nondegenerate case

M, =10102F0340.63  Gey MU_lglséio 38+0.20 GeV,
51=39.05745+0.70, and 7,=10" "% yr where

the second uncertamtles are due to the experimental er-
rors in the input parameters and the first are due to
threshold effects.

Thus, even if we allow a maximum factor of 10 due to
uncertainties in the estimation of p —e "7, matrix ele-
ments 7, < 10** yr, which is accessible to the Super-
Kamiokande experiments. As the accepted range for the
Peccei-Quinn symmetry breaking scale is 10°—10'2 GeV
the value of M, predicted by the model is within this
range and also close to the geometrical mean between the
Planck and the electroweak scales. The neutrino mass in
SU(5) is, however, exactly zero.

The additional advantage of the desertlike SO(10) over
SU(5) is its potential to yield a nonvanishing neutrino
mass. We have checked that the conventional seesaw
mechanism [11,12] including radiative corrections yields
too small a neutrino mass while the dominant induced
contribution [13] accounts for the values needed for the
solar neutrino puzzle and the dark matter of the
Universe. The symmetry SO(10) is broken to SM
through Higgs representations 45 and 126. The represen-
tation 10 contains the standard Higgs doublet that drives
the symmetry breaking at the electroweak scale, besides
the real scalar §(3,0,8)C210 of SO(10). Thus, only one
additional fine-tuning of the parameters is needed in the
GUT Lagrangian to keep & light. The superheavy com-
ponents of these Higgs representations under SM are
decomposed as

3)+R,(1,2,6)
—1,1)+&((2,—1,3)

—1,8)+5,(1 ,?,3)+sz(1 -1,3),

—10,3)+34 (1,2,3)

)37

-2, 8)+2R (1 o, 8)+2L1(3’0’1)+2L2(3’—%a3)
)+X5(27 376)+X6(2,_‘:53"6)+(X1—>Y,)

3
3)+0,4(1,0,8) .
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There is a natural constraint on some of these masses:
along with the left-right discrete symmetry (=parity), the
Pati-Salam [14] gauge symmetry

SU(Z)L XSU(Z)R XSU(4)C( EG224,g2L =g2R)

becomes a good symmetry as soon as SO(10) is restored
for u > My;. Since the G,,4 multiplet (1,3,1) C45 has been
absorbed as would-be Goldstone bosons by the su-
perheavy gauge bosons of mass My, its left-handed coun-
terpart (3,1,1)DF,(3,0,1) under the SM must have a
mass Mp =My. Similarly, Mr, =My since T; and the
standard doublet are contained in the G,,, multiplet
(2,2,1) of the Higgs representation 10. Also the G,,, mul-
tiplet =;(3,1,15)D£(3,0, 8) and the parity restoration for
©= My restricts Ms, =My, Ms =M. For the sake of
' J

1
Aln(M =—(—
n(My/Mz) 3366( 6611Tl
—667152 + 558772L — 162172R

_ _
= o755 1132007, + o,

—486m; +174m; —73447, +1044n,

+354( Mo, +7702)+3481703} .

The superheavy degenerate gauge bosons of mass My
contribute equally to the matching functions
A{=A}=AY=S8; thus, the constant terms cancel out from
the threshold effects on My and M,. In the degenerate
case 7, =n= — Inf (p=+ InB is not allowed because of
parity-restoration constraint) and this gives Aln(My/
Mz)=—0.01751nB3, Aln(M;/Mz)=+0.85InB, and
Aag'=0.212—3.621nB, leading to M, /M}=10"08,
My /My=10"%% ¢-1=39.05—12 w1th T, /70—10—024
for f=10. In the nondegenerate case, max1mal increase
in My or 7, implies

Np, = N1, =M, =M, =0,

N, =N, = NMF, = Ma, = Me™ Ms, = Ms, = Mz,
=M TN Mo, Mo, = N, = — B,
N, =1;=InB .

Similarly maximal decrease in M, or 7, implies
Mo, =Mz, =0,

Nr,=NF, =Ma, =Nz, =M= 1~ — 1B,

L

N, =M1, = Mr, = Ne™Ns, = Ns, = My

=N Mo, = Mo, = Mo, = Inf .
Table II represents threshold effects on the mass scales
and ag! for value of B=v"10-10 and the corresponding

effects on 7,. Again for a factor of 100 mass splitting

—-6677T2 -i-6617T3 + 1877Fl —4877F2 +61277AL

— 621, ~ 621+ 66m,,+ 66, — 127, —
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simplicity we take all the superheavy scalars transform-
ing nontrivially under SU(2), or SU(2)z of G,,, to be de-
generate in masses:

ML,.:MAL =My, MR,-:MAR M, ,
M):Ri=MzR My, MEL’.:MZL =My,
M, =M, M)(,-:MX , MJ?,- =M, ,
MPf:MP R Mﬁ,-zMﬁ .
It may be noted that the masses M., M,, M M , and

Mﬁ need not necessarily be lighter than M U- Includmg
the scalar contributions we obtain

—34877AR - 132775——667151

12n,,—2407, ) ,

Nr, T s, F s, T 21— 2m,—27,)

—480875 +9828n5 +1268(1,+n)

[
among the superheavy-scalar components (3=10) under
the parity restoration constraint the maximal increase in
7, is found to be 10" !¢ and this makes the model accessi-
ble to experimental test within the SuperKamiokande
limit.

The right-handed Majorana neutrino mass in the
SO(10) model is mNR:(O.l—l)M,,. The usual seesaw

formula [11,12] with appropriate radiative corrections
[12] is found to yield negligible contribution as compared
to the induced mass of the left-handed neutrinos arising
out of the diagram shown in Fig. 2, where ¢(2,1,1)C 10
is the standard doublet and A;(3,1,1) and Ag(1,—1,1)
originate from the triplets contained in the Higgs repre-
sentation 126 of SO(10). The induced contribution turns
out to be m, =Ah;(¢°)’(Ax0)/M} (i=epu,7). As-
suming that the same Yukawa coupling is responsible for
the masses of all particles in a given generation of fer-
mions we used h;{¢°) =m,, for the mass of the up quark

g; of ith generation (i =e,u,7), and the quartic Higgs
coupling A=~1. We then obtain

TABLE II. Same as Table I but for the SO(10) GUT.

B M, /M} My /MY ag! T,/79

+0.85 —.02 —0.24

IO(D) 10*00 10+040 39, 0+12 0 10+0.0

+3.6 —0.66 —0.57

10 1037 10+0-44 39.076:3, 10+1-63

+2.4 —0.46 -1.70

5 10-26 10+0:30 39.0+43 10+0-81

o *h 3 | 8%
V10 10718 10* 39.0%33 10%°
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FIG. 2. Feynman diagram for the induced Majorana mass of
the left-handed neutrino.

m, =(2.5X1076-2.5X107%) eV,

m, =(7.5X107%-7.5X1072) eV ,
u

m, =(7X1072-7) eV .

Thus 0. 1My =M A, <0.2M} is compatible with adiabat-
ic solutions whereas M A, ~M, is already consistent with
nonadiabatic solutions for Am?=(m, —m,)* necessary

for the solar neutrino flux using the MSW mechanism.
The values of m, =~1-7 eV needed for the interpretation

of the dark matter of the Universe are also possible for
MAL =~(0.1-0.2)My.

The investigations carried out in this Rapid Communi-
cation show that the presence of a real £(3,0,8) scalar in
the grand desert, which we call a colorful bloom, can en-
sure complete agreement of the SU(5) and SO(10) model
predictions with the LEP data and proton lifetime. In
addition, even for a reasonably high choice of a factor
100 mass splitting among the superheavy Higgs-scalar
components, the maximal predictions on T, can be
probed by low-energy experiments, thus ruling out the
model or testifying to its consistency. In the SO(10) mod-
el, the predicted value of neutrino masses are found to be
consistent with adiabatic or nonadiabatic solutions to the
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solar neutrino flux using the MSW mechanism, while the
m,, prediction satisfies the requirement of the cosmologi-

cal dark matter of the Universe. At present the accepted
range of Peccei-Quinn symmetry breaking scale is
Mpg=10°-10"2 GeV. Excluding threshold effects in
both the GUT’s, or including the effect for the degenerate
or nondegenerate superheavy scalars in SU(5), or the de-
generate case in SO(10), the predicted value of M ¢ is well
within this range. However, only in the nondegenerate
case of SO(10), the threshold effects might permit M ¢ to
be outside this range.

It is well known that the SO(10) GUT’s with intermedi-
ate breaking [2-4] are consistent with the Weinberg an-
gle, the experimental limit on proton lifetime, and small
neutrino masses suggested by the MSW solution to the
solar neutrino problem. But without introducing any in-
termediate gauge symmetry we have investigated con-
sistency of grand desert models with observable proton
lifetime or small neutrino masses when the Higgs sector
is suitably extended. We have thus found the most
economic, but very interesting, of the blooming grand
desert models which could be embedded in popular
GUT’s with just one additional fine-tuning of parameters.
The §(3,0,8)™ mass is so high that its direct experimental
signature does not seem to be possible in the near future.
The most interesting low-energy signatures of the model
are experimentally testable proton decay and small neu-
trino masses needed for solar neutrino flux and cosmolo-
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