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Possible candidates for a supersymmetric SO(10) model with an intermediate scale
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We study the possibility of an intermediate scale existing in supersymmetric SO(10) grand
unified theories. The intermediate scale is required to be around 10'? GeV so that neutrinos can
obtain masses suitable for explaining the experimental data on the deficit of solar neutrinos with
the Mikheyev-Smirnov-Wolfenstein solution and the existence of hot dark matter. We show that
any Pati-Salam-type intermediate symmetries are excluded by requiring reasonable conditions and
only SU(2)rx SU(2)rx SU(3)cxU(1)p-L is likely to be realized as an intermediate symmetry.

PACS number(s): 12.10.Dm, 12.60.Jv

In constructing a realistic unified theory of matter and
fields, it is inevitable to answer a question about neu-
trino masses. There seems to exist experiments indicat-
ing the neutrino masses and their mixing [1]: Some
experiments show a deficit of the solar neutrino, which
may be explained by the Mikheyev-Smirnov-Wolfenstein
(MSW) solution [2]. For example, according to one of
the MSW solutions, the mass of the muon neutrino seems
to be m,, ~ 1073 eV. Those small masses may be ex-
plained by the seesaw mechanism [3]: A muon neutrino
can acquire such a small mass if the Majorana mass of the
right-handed muon neutrino is about 10!2 GeV. Further-
more, if all Majorana masses of right-handed neutrinos
are about 102 GeV, the seesaw mechanism leads to a
mass of the 7 neutrino of m,_ =~ 10 eV, which is desir-
able for the interpretation that the tau neutrino may be
hot dark matter. In the framework of the SO(10) grand
unified theory (GUT) [4], we can naturally incorporate
right-handed neutrinos into ordinary fermions.

On the other hand it is well known that in the minimal
supersymmetric standard model (MSSM) the present ex-
perimental values of gauge couplings are successfully uni-
fied at a unification scale My ~ 10'® GeV [5].

Then how can the right-handed neutrinos acquire
masses of about 10'2 GeV when we have no scale other
than My? There are several possibilities for the right-
handed neutrinos to obtain masses of the intermediate
scale, Mp ~ 10'? GeV. First, the radiative correction
of GUT scale physics, what we call the Witten mecha-
nism [6], can induce Mg. In a supersymmetric model,
however, this mechanism cannot work because the non-
renormalization theorem [7] protects the inducement of
terms via radiative corrections which are not contained
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in the original Lagrangian. The second possibility is that
the Yukawa coupling of the right-handed Majorana neu-
trino is so small that the mass may be the intermediate
scale even if it originates at the GUT scale. Third, sin-
glet Higgs particles develop a vacuum expectation value
at the intermediate scale mass to supply the mass of Mg
to vg. In unrenormalizable models such as supergravity
those latter two possibilities may be realized.

Our point of view is, however, that it is more natural to
consider that one energy scale corresponds to a dynami-
cal phenomenon, for instance, symmetry breaking. Thus
we are led to another possibility that a certain group
breaks down to the standard group at the intermediate
scale at which right-handed neutrinos gain mass. This
idea is consistent with the survival hypothesis. There
are some papers which indicate that intermediate groups
can enter in breaking chains of groups from the GUT
to the standard model consistently with the analyses of
the MSSM such as coupling unification [8], but models
presented in these papers do not involve Higgs contents
which are able to provide mass to right-handed neutri-
nos. We would like to explain right-handed neutrino mass
according to symmetry breaking.

This paper is devoted to an investigation of the possi-
bility that right-handed neutrinos acquire mass of order
10'2 GeV through symmetry breaking within the SUSY
SO(10) GUT with one intermediate scale below which
the MSSM is realized. First we show assumptions about
the models and constraints on our analysis. Next we ex-
plain our analysis. Then we show results. Finally we give
a summary.

First of all we show the breaking patterns allowed in
our scenario:

(I) SO(10) — SU(2)r x SU(2)gr X SU(4)ps (G224) — MSSM,
(II) SO(IO) — SU(2)L X U(I)R X SU(4)ps (G214) — MSSM, (1)
(III) SO(10) — SU(2)r x SU(2)r X SU3)e x U(1)B-1 (G2231) — MSSM.
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The first assumption is that there is at least one Higgs
multiplet which is able to supply intermediate scale mass
to right-handed neutrinos in addition to ordinary mat-
ter (ordinary fermions, right-handed neutrinos, and two
Higgs doublets).

The second is that candidates for the matter content
in the intermediate region are multiplets included in rep-
resentations 10, 16, 45, 54, 120, 126, and 210 of
SO(10).}

Phenomenologically we impose further constraints to
our models.

(1) The unified scale My is larger than 10'® GeV. This
is necessary for suppression of proton decay [9].

(2) The intermediate scale is taken at 101, 1011, 102,
10'3, or 10'* GeV because of the right-handed neutrino
mass. The reason why an intermediate scale is an input
will be made clear after Eq. (4).

(3) Any colored Higgs multiplet is not contained in the
intermediate physics. This is needed also for suppression
of proton decay [9].

Under these conditions, we specify combinations of
matter mentioned above which realize the unification of
gauge couplings to achieve the GUT with a simple group.

J

3077

Next we show the condition on the 3 functions in the
intermediate scale in order to achieve the unification of
gauge couplings. In the following we make an analysis
based on renormalization group equations (RGE) up to
one loop. The conditions of the unification are described
by

_ 1 1
a;l(Ms) = aUI(Mu) + E;byR + 57—rbly(U - R),
- _ 1 1
aLl(Ms) = aUI(MU) + ‘é;bLR"‘ 5’;1),11([] — R), (2)
_ 1 1
ag'(Ms) = ag'(My) + 5-boR + 5 _b(U ~ R).

b;(i = Y,L,C)’s with and without a prime denote the
(B function in the lower scale and higher scale than the
intermediate scale Mg, respectively. R and U are defined
by

M R MU

U=h>Y. (3)

R=].IIM—;, Ms

These equations lead to the relation which R and U must
satisfy

(by — bL)R + (by — b},)(U — R) = 2 [ay*(Ms) — ag(Ms)]
(bc = bL)R + (bg — b7)(U — R) = 2m [ag' (Ms) — ap*(Ms)] . (4)

Here we have assumed that in the lower scale the MSSM
is realized, and so Eq. (4) has always a solution U =
R ~ 10%% GeV, which corresponds to the case that there
is no intermediate scale physics. Therefore if there is
a nontrivial intermediate scale R, the § functions must
satisfy the condition

(by —br) (b — L) — (bc —br)(by —bz) =0.  (5)
Since the 3 functions in the MSSM are given by
33
?1
the 8 functions between the intermediate scale and GUT
scale must satisfy the equation

by = by =1, bc=-3, (6)

5by — 12b} + Tbe = 0, (7

which we call “the unification condition.”? This is a suf-
ficient condition on the gauge coupling unification under
the assumption that the MSSM is realized in the lower

1This is just an assumption. In general, however, the mod-
els mentioned above are difficult to be accompanied by a rep-
resentation which is contained in a higher representation of
SO(10) only. See the statement below Eq. (9) and the sum-
mary for an example.

2Though by = b}, = by satisfies the unification condition,
in this case the condition that all couplings are unified is not
fulfilled. Therefore this case is excluded.

[

scale. When Eq. (7) is satisfied, R becomes an arbitrary
parameter. Therefore we introduce an intermediate scale
Mp as an input parameter.

Using the unification condition for the 8 functions in
addition to the above restrictions, we make an analysis
as follows: Taking one combination of matter content
on the intermediate physics, we see whether or not the
unification condition is satisfied. If so, we can calculate
the unified scale My and the gauge coupling ay(My) at
the unified scale using the equations

ay'(Mg) — a;' (Mg)
b, — b ?
Y L

My = Mg exp <27r

av(My) = <a;1(MR) _ %b'L(U _ R))_ . (8)

once Mg and o] }(Mg)’s are given.

In principle we can calculate a;!(Mg)’s from low-
energy experimental values of o bs according to the
RGE. We choose, however, another way to calculate
a; }(Mg) in order to avoid ambiguities such as the SUSY-
breaking scale Mg, strong coupling a¢, and so on. Be-
cause we already know the unification scale MMM and
oMSSM™Y (R MSSM) in the MSSM GUT and above the
intermediate scale considered in this paper, all couplings
a;’s are small enough for the one-loop approximation of
the RGE to work well, we calculate a; '(Mg)’s from the
input parameter a%SSM—l(M}}'ISSM) at the GUT scale
MMSSM | We choose the input parameters from Ref. [5]
as,
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MMSSM _ 10163 Gev, QMSSM™Y (R MSSM) _ 95 7 (9)

Then we select the matter content which satisfies the
criteria. A search was made for all possible combinations
of matter content by using a computer. This is actu-
ally possible because the number of each matter multi-
plet which we can take into account simultaneously can-
not be very large due to the conditions we have already
mentioned. Generally, the larger the number of matter
content, the bigger its contribution to the S functions
is and the stronger the corresponding couplings a;’s be-
come. As a result a{,l(MU) becomes negative below the
unification scale My .

Now we present our results.

Case (I). There is no solution for the breaking chain of
(I), in which SO(10) breaks down to the MSSM through
so-called Pati-Salam symmetry [11]. The reason is as
follows: We need at least one Higgs multiplet which
gives mass to the right-handed neutrinos. This is a rep-
resentation (1,3,10). This is rather a large representation.
Its contribution to the 3 function of the strong coupling
above the intermediate scale, by, (1,3,10)>

b/c (1,3,10) = 18, (10)

is so large that it makes the inverse of the unification
coupling, aj;'(My), much smaller.

To see this, let us denote the contribution of (1,3,10)
to the inverse of the strong coupling at the GUT scale
ag'(My) by Aag':

1, Mg

Aaél = 97 C (1,3,10) lnM

My _ 18 | Mp
U_27T

In My (11)
At the intermediate scale the inverse of the strong cou-
pling, ag!(Mg), is
MMssM
Mp
(12)

- -1 1
ag' (M) = o> M (MY™M) + ——bc In

Because o' (My) must be positive,
_ _ 1 My _
ap'(My) = ag'(Mg) — 23-be lnm + Aag' >0, (13)

and therefore, by substituting Egs. (11) and (13),

MSSM—1/ 5 rMSSM 1 M}SSM
(e %7 (MU ) + z—ﬂ_bc ln————MR
15 Mp
— In——= >0,
+27T nMU >
MssM~—1,p,Mssmy . 15 . My 1 MySsM
ay (Mg ) > 5 lnMR 30 In Mn
(14)

As we required My > 10'® GeV [see constraint (I)],

s ppgssny , 18 1, 10°
Mg

1016

8.97 > lnﬁ— N

R
Mpg > 10'? GeV. (15)

In fact, because we need other multiplets to satisfy the
unification condition, in the region Mp < 10'3 GeV
we have no solution even if we allow aj'(My) = 0
(ar = 00). For the case Mg = 10'* GeV (though this
scale is very high as an intermediate one), the minimal
matter content gives aal(MU) = 4.19. Though from a
perturbative view this coupling value is very large, as an
example we list one of the combinations below.

ap'(My) =4.19, My = 10'%2 GeV,
Higgs content

Solution

(1,3,10) 1 (1,3,10) 1
(2,2,1) 2
(2,1,4) 7 (2,1,4) 7

In this list, for example, (1,3,10) 1 stands for the fact
that the representation of the Higgs boson under Gaa4 is
(1,3,10) and its number is 1.

Therefore if we consider both the supersymmetric
GUT and the scenario described above, in which right-
handed neutrino mass is given by symmetry breaking at
the intermediate scale, it is impossible to use the group
G224 as an intermediate group.

Case (II). This case is a little better than case (I),
since the intermediate group is a little smaller, SU(2)gp
being replaced by U(1)g. We cannot, however, find any
solution so far as Mg < 101! GeV. In the case Mg = 102
GeV we meet several solutions though in every case the
unified coupling is calculated to be vary large. As an
illustration we list one of the solutions which gives the
smallest value of the unified coupling.

Solution a,_jl(MU) = 4.03, My =102 GeV,

Higgs content

(1,2,10) 1 (1,-2,10) 1
(2,1,1) 2 (2,-1,1) 2
(2,0,4) 2 (2,0,4) 2
(3,0,1) 1
(1,0,20") 1

In this table, we adopt the normalization for U(1)g,
Tsr = diag(1l,—1). For example, (1,2,10) stands for the
fact that the representation of the Higgs boson under
G214 is (1,2,10). Again in this case the coupling value
is very large for a perturbative view. Even if we take
Mg = 10'* GeV, this combination of matter content
gives ay;'(My) ~ 14 while other solutions give larger
values of the unified coupling.

So it is still a bit difficult for the group G214 to be
realized at the high energy region in this scenario.

Case (III). Case (III) is the most preferable group for
us accepting it as the intermediate one. In Table I we list
the number of possible candidates versus ag'(My) up to
ay(My) = 1/15 in the case of M = 1012 GeV. Because
the matter content N increases with ay, and the number
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TABLE 1. The number of possible candidates in the break-
ing chain (III). The left column corresponds to the inverse of
the unified coupling. The right column gives the number of
possible candidates in the case of Mg = 1012 GeV.

ag' (Mv)

No. of combinations

21.2 2
19.7 1
18.3 25
16.8 69
15.3 108

of the combinations increases almost N ! with N matter
content, there are too many combinations of matter mul-
tiplets satisfying the conditions to list all the cases here.
Thus we see from Table I that the minimal value of the
unified coupling is found to be ~ 1/21, which of course is
larger than aMSSM(MMSSM) = 1/25.7. This value corre-
sponds to the cases of the minimal matter content. Ac-
tually most combinations may lead a gauge coupling ay
beyond the acceptable region to apply the perturbation
theory. ‘

We list the following two combinations as cases of min-
imal matter content which result in the smallest value of
oy ~ 1/20.

Solution (i) : ap!(My) = 21.2, My = 10*%3 GeV,
Higgs content
(17371)(—6) 1

Solution (ii) : aj'(My) = 21.2, My = 103 GeV,
Higgs content

(1,3,1)(6) 1 (173,1)(—"6) 1
(2,2,1)(0) 1
(271’1)(3) 1 (2’131)(_3) 1
(3,1,1)(0) 1
(1,1,8)(0) 1

with an input parameter Mg = 10'2 GeV. In the case
of another Mg, aEI(MU) is slightly varied, though Mj;
does not change. In this table, we adopt the normaliza-
tion for U(1)p—_r, T}® = diag(1,1,1,—3). For example,
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FIG. 1. Evolution of coupling constants under the breaking
chain given in (II) and the Higgs content in solution (i). Mg is
taken to be 10'? GeV. The calculation is based on a one-loop
approximation.

(1,3,1)(6) stands for the fact that the representation of
the Higgs boson under Gaz3; is (1,3,1)(6). In solution
(i), (1,3,1)(£6) are contained in 126 of SO(10) and pos-
sibly give Majorana mass to the right-handed neutrino.
(2,2,1)(0) can be regarded as the standard Higgs boson in
the MSSM, belonging to 10 or 126 of SO(10). (3,1,1)(0)
and (1,1,8)(0) are involved in 45 of SO(10) [10]. The
unification of the gauge couplings of solution (i) is repre-
sented in Fig. 1.

Finally we give a summary. When we construct a
SUSY SO(10) GUT model under the assumption that the
right-handed neutrinos acquire their mass of the interme-
diate scale by the renormalizable coupling (Yukawa cou-
pling) and there is only one intermediate scale. Among
the three cases Ga331 is the most favorable group to be
built in. The reason why neither G324 nor G214 can be
used is as follows. In case (I), to give right-handed neutri-
nos mass, a (1,3,10) Higgs representation is needed. This
representation, however, makes too large a contribution
to the @ functions to achieve a small coupling.
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