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Abstract. The origin of the grand unified theory (GUT) scale from the top-down perspective is explored.
The GUT gauge symmetry is broken by the renormalization group effects, which is an extension of the ra-
diative electroweak symmetry breaking scenario to the GUT models. That is, in the same way as the origin
of the electroweak scale, the GUT scale is generated from the Planck scale through the radiative corrections
to the soft supersymmetry breaking mass parameters. This mechanism is applied to a perturbative SO(10)
GUT model, recently proposed by us. In the SO(10) model, the relation between the GUT scale and the
Planck scale can naturally be realized by using order-one coupling constants.

PACS. 12.10.-g; 12.10.Dm; 12.10.Kt

1 Introduction

A particularly attractive idea for the physics beyond the
standard model (SM) is the possible appearance of grand
unified theories (GUTSs) [1]. The idea of a GUT bears
several profound features. Perhaps the most obvious one
is that GUTs have the potential to unify the diverse set
of particle representations and parameters found in the
SM into a single, comprehensive, and hopefully predic-
tive framework. For example, through the GUT symmetry
one might hope to explain the quantum numbers of the
fermion spectrum, or even the origins of fermion mass.
Moreover, by unifying all U(1) generators within a non-
Abelian theory, a GUT would also provide an explanation
for the quantization of electric charge. By combining a
GUT with supersymmetry (SUSY), we hope to unify the
attractive features of a GUT simultaneously with those of
SUSY into a single theory, SUSY GUT |[2]. The apparent
gauge coupling unification of the minimal supersymmetric
standard model is strong circumstantial evidence in fa-
vor of the emergence of a SUSY GUT near Mgy ~ 2 X
10 [GeV] [3,4].

While there are many appealing features in SUSY
GUT, from a more fundamental theory point of view
there is a problem in that there is a discrepancy between
the fundamental scale, say the (reduced) Planck scale,
Mp) =~ 2.4 x 1018 [GeV], and the GUT scale, Mgyt ~ 2 X
10'6 [GeV]. There have already been many approaches to
this problem. Recent development of the extra-dimensional
physics may provide one of the solutions [5]. That says
that the discrepancy is a consequence of a distortion of
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the renormalization group (RG) runnings by the change of
space dimensions, and the true GUT scale would be raised
to the Planck scale. Though it is interesting, here we seek
other approaches. That is, the ‘dynamical’ generation of
the GUT scale. Namely, we assume that the theory has
no dimensionful parameters at the beginning except for
the Planck scale. The GUT scale, which we call it from
the low-energy perspective, is generated from the radiative
corrections. That lifts the flatness of the original potential.
Then the GUT scale emerges from the dynamics. This has
already been used to break the electroweak gauge symme-
try [6—11] that may be regarded as the first evidence of
some supersymmetric extensions of the standard model.
In this paper, we follow the same idea but extend the
gauge group of the electroweak theory SU(2)p x U(1)y
to a simple gauge group for the GUT, e.g. SO(10), and
consider to break it to the standard model one, SU(3). x
SU(2)r x U(1)y by radiative corrections. Indeed, the soft
SUSY breaking mass parameters for the GUT Higgs mul-
tiplet can be driven to negative values at the GUT scale
through their RG runnings [12—-16]. We explicitly construct
a model with such a radiative GUT breaking scenario, and
apply it to the SO(10) model that allows perturbative cal-
culations up to the Planck scale and satisfies low-energy
phenomena [17]. Then, the GUT scale is determined only by
the order-one Yukawa couplings and the Planck scale. This
deep connection between the GUT scale and the Planck
scale leads us to believe the theory of grand unification.

2 Toy model

First we consider an SU(5) GUT model discussed in [15],
clarifying the argument. Let us denote S, H, H, and X
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as SU(5) singlet, fundamental, anti-fundamental, and the
GUT breaking adjoint Higgs superfields, respectively. By
giving global U (1) charges for these fields as S = +2, H =
H=+ é, Y = —1, we have a superpotential of the form

W(S,X)=AxSTr(X*) + \g HZH . (1)

Obviously, from (1) we obtain

oW
Fl = oy =2AsSY+ A HH =0,
oW
Fl= o9 =AsTr(Z?) =0. (2)

That leads to one of the vacua: (X) =0, (S) = arbitrary,
regarding the electroweak scale vacuum expectation values
(VEVs) as zero: (H) = (H)=0. For the true vacuum
which respects the SM gauge symmetry SU(3). x SU(2) 1, X
U(1)y, we want to have a non-zero VEV for the adjoint
Higgs field in the following direction®:

(Z) = 2,2,2,-3,-3)v,

v#0. (3)

1
dia,
/30 8(
Here we include the soft SUSY breaking mass terms,
(4)

where A\, (a=1,...,24) is the SU(5) gaugino. Taking this
into account, the total scalar potential is given by

1
Veott = m%| Z|* +m§|S|* + 2MA>\EC’1>\Q :

V =m%| 2>+ m3|S2 + 2208 Z[* + |As Tr(Z2)°
1
+ 2MA)\EC*1)\G. (5)

Then the potential minima can be obtained as follows:

88; = (m%+4X35%) ¥ =0, (6)
oV
gt = (m&+4X3Tr(2?) S =0, (7)

that is, one of the vacua which respects the SM gauge sym-
metry is found to be

2
~ | My
<S>_\/4X§’

()= 1 diag(2,2,2,-3,-3) —mg 8)
= i -3, — ~ .
\/30 agls, 4, 4, ) v, v 4)\%

Here the negative mass squared for the singlet, m% < 0,
should be satisfied at the GUT scale to realize the cor-
rect symmetry breaking. In the following, we really see that
such a negative value can be achieved through the RG run-
ning from the Planck scale to the GUT scale with a large
enough Yukawa coupling even if we start with a positive
mass squared at the Planck scale.

1 Though there is an equivalent possibility to have a VEV in
the other direction SU(4) x U(1) C SU(5), here we just take the
VEV in the desirable SM direction by hand.
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3 RG analysis

The RG equations for the Yukawa couplings and the soft
SUSY breaking mass terms are given by [18,19]

dX
16724 di = (1423 - 209%) As,

dm?
167%p dMS =24)%; (m% +2m3) ,

16720 95 932 (m2 1 am2) — 40012 9
T dp 2(ms+ mx) @ 9)

M,
1672 dMa _ —20¢°M, ,
du
d
16720 g — —10g3.
dp

In the limit of the vanishing gaugino masses, that is, in
the exact R symmetric limit, the RG equations for the soft
SUSY breaking scalar masses lead to the following forms:

dm?2 3
dm? 1
L dux = gn2 L (m?9+2m22) . (10)

Here we have assumed the coupling constant Ay be-
ing a constant number against the renormalization from
Mp; to Mgyr. One combination leads to the following
equation:

(11)

7
I du (m%~—|—2m22) = 42 % (m?g —|—2m22) .
Assuming the universal soft mass parameter ms/, at the
Planck scale, the solution is found to be

7
m%+2m3, = 3m§/2 exp {47@ A% In (J\/-'L;Pl ﬂ . (12)

It gives a solution for m% as follows:

11 18 7 7
mi = — . m?,,/Q—I— 7 mg/QeXp [4%2)\22111 (Mplﬂ ,
(13)

and also the solution for m3, is found to be

11 3 7 "
2 2 2 2
ms, = 14m3/2+l4m3/2exp [47r2)\21n( Pl):| . (14)

The solution for m% has two opposite-sign terms as one
can see in (13), and the RG running from the Planck scale
may drive it to the negative value to induce the GUT sym-
metry breaking. Here we show the relation explicitly. The
required condition to achieve the radiative GUT symmetry
breaking is m?g =0 at ascale y = Mguyt. From this require-
ment, the GUT scale is generated from the Planck scale via
the dimensional transmutation

472

11
MGUT = Mp1 exp |: In < >:| . (15)
7227\ 18
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One of the important things is that this expression de-
picting the GUT scale is completely independent of the
SUSY breaking scale m3/,, and the order-one coupling
constant (Ax ~ 0.72) can realize the appropriate GUT
scale Mgyt ~ 2 x 10'6 [GeV]. This completely reflects the
situation similar to the radiative electroweak symmetry
breaking scenario [6-11]. This scenario postulates that
the electroweak scale (v~ 174 [GeV]) is a consequence of
the large top Yukawa coupling (y; ~ my/v ~ 1.02), which
makes one of the soft SUSY breaking mass parameters for
the Higgs doublets (H,, Hy) bend to the negative value
(m%]u < 0 at u = Mgw) through the RG running from the
Planck scale at which the soft SUSY breaking mass param-
eters are assumed to be positive (m%;, > 0 at = Mpy).

4 SO(10) model

Now we proceed to extend the model into the realistic
SO(10) GUT model, in which the adjoint representation is
necessary to break the SO(10) and to provide the appropri-
ate numbers of the would-be Nambu—-Goldstone (NG) bo-
son. For details of symmetry breaking patterns in SO(10)
models, see [21]. The use of the A = 45 representation of
the Higgs field is also economical for the realization of the
doublet—triplet splittings in the SO(10) GUT with the help
of the Dimopoulos—Wilczek mechanism [22]. From (15),
the coupling constant A4 is given by A4 =~ 0.72, which is
a natural number to realize in going through the pertur-
bative calculation [17]. In [17], we introduced a set of the
Higgs as {10+ 10’4+ 45 + 16 + 16} that is denoted by H =
10, H' =10', A=45, ¢ =16, and 1 = 16. The Yukawa
couplings with matter multiplet ¥; =16, (i = 1,2, 3) are
given by
. 1 . 1 .
W =YW H+ YEuWH A+ YW@y,
Mp Mp, 16)

The first two terms are the Yukawa couplings of quarks,
charged leptons, and Dirac neutrinos. The third term is
that for heavy right-handed Majorana neutrinos which
make light Majorana neutrinos via the see-saw mechan-
ism [23]. This is a minimal set of the Higgs which realizes
the realistic fermion mass spectra and achieves the correct
gauge symmetry breaking. In addition to it, we add one
singlet, S =1, and one 54 multiplet, S’ = 54. Assuming
global U(1) charges ¥; = —1(i=1,2,3),5=-2,5" =42,
A=-1,%=+1,v=+1, H=+2, and H = +3 for these
fields, the relevant part of the superpotential for the GUT
breaking sector is given by

W = Ay SYp+AsS'A% (17)
and the corresponding soft mass terms are
Veote = miy [ H|* +mip [H'|* +m [ + m |
+ma|Al* +mig|S|” +mi |8
1
+ QMA)\EC_U\G. (18)
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These give a total scalar potential as follows:
V = mg [ HP i [P 2 b ? 4 3 [
2 2
A SY| + Ay SYP + Mgy
+m3| A2 +m3|S]2+m% |52
1
2 2
>\A (A loTr(A )1>

1
+ 2M,\>\GTC*1>\G,

2
+2A48" A+

(19)

and one of the vacua which respects the SM gauge symme-
try is

(H)=(H")=0, <w>=<w>2\/_€37

2
—m
<s>:\/ v,
Xy

1 10 .
S’y = ( )@dla 2,2,2,-3,-3)s",
)= oo (07) s )

2

g~ —my
o~ oy

4N

(A) = \/110 (_(1’ (1)> ®diag(1,1,1,1,1)a,

2
aN\/_mS/
~ 5 -
4235

The RG equations for the soft SUSY breaking parame-
ters (in the limit of vanishing gaugino masses) are given
by [18,19]2

(20)

dm?

167> dMS =167, (m%+2mj) ,
dm?

1674 d/j’ =2X, (m%+2m})
dm?,

1671 ZLS —45\% (m2 +2m3)

d
16724 ;ZA —54\% (m% +2m?) . (21)

Then the solutions for m2, m2, m2,, and m2 are now
S (UM S’ A

found to be
125 5)‘12/J H
5 M3/2 €XP l4772 In Mo, , (22)

7

7 3 522
2 _ 2 2 ¥ M
msy, —10m3/2+ 10™3/2 XP l4ﬂ2 In (MP1> . (23)

2 n principle, these results can be read off from the results
of [20] for a general gauge theory.
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2 15 153)\2 1

2 _ 2 2 A

meg, —17m3/2—|— 17"M3/2 €XP [ 1672 In (MP1>] ,
(24)
1 18 153)% I

2 _ 2 2 A

miy =— 17m3/2—|— 17m3/2exp[ 1672 In (MP1>] .

(25)

In the SO(10) case, we have two opposite-sign terms for
m?% and m?%, and the RG runnings from the Planck scale
drive both of them to the negative values to induce the
GUT symmetry breaking but also to break the rank of
S0O(10), which is necessary to realize the standard model
gauge group. Here we recall the decompositions of each
representation under the subgroups of SO(10):

54=(1,1,1)+(1,3,3)+(20',1,1) + (6,2, 2)
under SU(4), x SU(2), xSU(2)y ,
16 =(4,2,1)+(4,1,2)
under SU(4),. x SU(2), x SU(2)
=[(8,2,1/6)+(1,2,—1/2)]
+[(3,1,1/3)+(3,1,-2/3) 4+ (1,1,1) +(1,1,0)]
under SU(3), x SU(2), x U(1)y- . (27)

(26)

Hence, if (1,1, 1) € 54 develops a VEV, the gauge symme-
try breaks down to SU(4). x SU(2)r x SU(2)g, and fur-
ther if (1,1,0) € 16 develops a VEV, the gauge symmetry
breaks down to the standard model one.

Equation (21) shows that the RG effects for the coupled
system of {S, ¢, ¢} are stronger than that of {S’, A}.
So, combined with the above discussion, this fact implies
that SO(10) first breaks to SU(4). x SU(2), x SU(2)g via
(S") and soon breaks to SU(3). x SU(2)r, x U(1)y via (¢),
leading to the scenario that SO(10) breaks to the MSSM
at the GUT scale. It should be remarked that this break-
ing pattern does not much depend on the choice of the
coupling constants for most of the parameter region be-
cause of their large charge difference between {1 ® 16 ®
16} and {54@®45}. Note that the VEV of (¢) breaks
B — L and gives masses to the heavy right-handed Majo-
rana neutrinos at the same time. In summary, the GUT
scale is completely determined only by the order-one coup-
ling constants Ag ~ Ay ~ 1.

Finally, we determine the concrete values for these
coupling constants. To achieve a simple, one-step unifica-
tion picture, we impose the condition that the rank break-
ing occurs at the same time as the GUT breaking. Then
the required conditions to achieve the radiative GUT sym-
metry breaking become m% =0 and m% =0 at a scale
@ = Mgur. From this requirement, the GUT scale is gen-
erated from the Planck scale via the dimensional transmu-
tation as in the case of SU(5):

1672 1
MGUT :Mp1 exp |:153>\2 In <18>:|
A

472 7
= Mpexp l5>\2 In (12)] . (28)
P
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From these equations, we can determine the values of
order-one coupling constants which are necessary to re-
alize the GUT scale of order Mgyt ~ 2 x 10%¢ [GeV] as
)\A ~ (.79 and )\w ~(.94.

5 Conclusion

In this letter, we have explored the origin of the GUT
scale. Given the universal soft mass at the Planck scale, the
GUT scale is determined in terms of the order-one coup-
ling constants. That is, the positive soft mass runs from
the Planck scale to the GUT scale according to the RG
equations and crosses zero at the GUT scale, which is ex-
actly the same idea as the radiative electroweak symmetry
breaking scenario in the MSSM with a suitable boundary
condition at the Planck scale. This mechanism has been
applied to a SO(10) model recently proposed by us [17],
which is compatible with low-energy phenomena. In this
S0O(10) model, the GUT scale can be generated from the
Planck scale by using order-one coupling constants and
the symmetry breaking pattern of SO(10) is also specified.
Thus, the GUT scale is determined both by a top-down
(from the Planck scale to the GUT scale) scenario as well as
a bottom-up (from the electroweak scale to the GUT scale)
scenario, and they coincide with each other.
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