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Dynamical GUT breaking and u-term driven supersymmetry breaking
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Models for dynamical breaking of supersymmetric grand unified theories are presented. The doublet-
triplet splitting problem is absent since the Higgs-doublet superfields can be identified with the massless
mesons of the strong gauge group whereas there are no massless states corresponding to the colored-Higgs
fields. Various strong gauge groups SU(N..), Sp(N,), and SO(N,) are examined. In a model with SO(9)
strong gauge group, adding a u-term for the Higgs fields triggers to break supersymmetry in a metastable
vacuum. The pattern of the supersymmetry breaking parameters is predicted to be of the gauge-mediation

type with modifications in the Higgs sector.
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I. INTRODUCTION

The Higgs boson, which has not been observed yet, is
the most mysterious particle in the standard model
although it plays an important role: electroweak symmetry
breaking and the origin of the fermion masses. Successful
electroweak symmetry breaking needs a negative mass
squared for this particle and its size must be anomalously
small compared to the cutoff scale of the theory. This
situation motivated us to consider the supersymmetric
standard model to protect the mass parameter from large
quantum correction, but the Higgs particle is still left
mysterious. The Higgs boson (or Higgsino) mass parame-
ter, the p-term, cannot be protected by gauge symmetry or
supersymmetry (SUSY) although quantum corrections are
successfully removed.

Embedding the supersymmetric standard model into
grand unified theories (GUT), motivated by gauge cou-
pling unification [1], makes the Higgs particle more mys-
terious. Even for the smallest group for grand unification,
SU(5) [2], the Higgs fields do not fit into a complete
multiplet of the symmetry group, and therefore we need
extra particles to appear at the GUT scale M ~ 10'¢ GeV.
One mysterious feature is that, it is not easy to realize this
situation with nearly massless Higgs fields in models with
the GUT symmetry breaking by the Higgs mechanism. The
splitting of masses between the Higgs fields and extra
particles must be done by a coupling to the fields whose
vacuum expectation values (VEV) break the GUT symme-
try group, but in simple models it gives masses to the Higgs
fields of the order of M. This is the famous doublet-triplet
splitting problem. Another mysterious feature of SUSY-
GUT models is the absence or suppression of dimension-
five proton-decay operators. For example, in the simplest
SU(5) model, the Higgs particles are embedded into the 5
and 5 representations which contain two colored partner of
the Higgs fields H, and H . If these colored-Higgs fields
have masses by pairing to each other, i.e., W 2 mcH-H,
dimension-five operators suppressed by the scale m, are
generated by integrating out H- and H [3]. It has been
studied that the colored-Higgs mass m has to be quite
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large m- = 10'7 GeV, which is disfavored by the unifica-
tion of the gauge couplings [4].

The above two problems, the doublet-triplet splitting
and the proton decay, are actually related and there is a
simple solution to these problems. If we are to avoid
dimension-five proton-decay operators such as QQQL in
the superpotential, with Q and L being the quark and
lepton doublets, an easy way is to impose a symmetry
under which matter fields are charged, e.g., both Q and L
have charge unity. In SU(5) SUSY GUTs, this means that
both of the Higgs fields in 5 and 5 representations have
charge —2 in order to have Yukawa interactions, and thus
the mass term is forbidden. Now, to give mass terms to the
colored-Higgs fields while keeping the symmetry unbro-
ken we need to introduce another pair of 5 and 5 field
which have charge +2, but in this case, we have either zero
or four Higgs-doublet fields at low energy which is unac-
ceptable. Of course, adding another pair of 5 and 5 field
with charge —2 results in extra massless colored-Higgs
fields. Therefore, in order to have only two Higgs doublets
while forbidding the proton decay by continuous symme-
try, we need to repeat the procedure of adding 5 and 5
forever and end up with an infinite number of Higgs fields
in 5 and 5 representations [5].

While an infinite number of particles sounds unreason-
able in field theory, it is quite possible to realize this
situation in models with extra-dimensions. The infinite
number of particles is identified with the Kaluza-Klein
tower of the fields which are propagating into the bulk of
the extra dimension. Indeed, simple GUT models have
been constructed in higher dimensional space-time, where
the boundary condition breaks the GUT symmetry and
there is no doublet-triplet splitting [6] or the proton decay
problem [7]. In this picture, the Higgs particles become
less mysterious. They are just bulk fields.

On the other hand, there is another familiar mechanism
of having an infinite tower of particles in field theory, that
is actually happening in QCD. When an asymptotically
free gauge theory becomes strong at low energy, the effec-
tive theory below that scale is described by gauge-singlet
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particles such as mesons and baryons. These particles have
also an infinite tower of excitation states. This fact natu-
rally leads us to think of the possibility of realizing Higgs
particles as composite fields in some strongly coupled
gauge theory which breaks the GUT symmetry dynami-
cally. This question is also interesting from the viewpoint
of the anti-de Sitter (AdS)/conformal field theory (CFT)
correspondence [8,9]. The extra-dimensional GUT models
above may be interpreted as a dual picture of the strongly
coupled theory. The explicit gauge symmetry breaking in
the extra-dimensional picture may be justified by the pres-
ence of viable dynamical GUT breaking models.

Constructing GUT models associated with a strongly
coupled gauge theory have been attempted by the group
of Hotta, Izawa, and Yanagida [10-13]. (See also [14] for
subsequent works.) Various gauge groups for the strong
interaction, SU(3) (X U(1)) [10,11], SU(5) [13], and
SO(6) [12], were considered. It was found that the
doublet-triplet splitting can be easily realized via the miss-
ing partner mechanism while preserving an (anomalous)
U(1) symmetry which forbids dimension-five proton de-
cays. Along a similar line, a model with Sp(2) gauge group
has also been constructed recently in Ref. [15] where the
model is quite simplified. (Our convention is such that
Sp(1) = SU(2).) The model consists of six flavors of quarks
of Sp(2) and five of the flavors are identified with the § and
5 representation fields of the SU(5) GUT. The other flavor
turns out to be a (constituent of)) the Higgs doublets in low
energy. In this model, the CFT nature of the Sp(2) inter-
action above the GUT scale plays a crucial role. A similar
approach in warped extra dimension can also be found in
Ref. [16].

In this paper, we consider a generalization of the Sp(2)
model. We find that models with Sp(N,.) with N, = 2, and
SO(N,) with 6 = N, = 9 work for dynamical GUT break-
ing while having massless doublet Higgs fields, and no
viable SU(N,.) group is found under the assumption on the
particle content and superpotential. Of particular interest is
the case with SO(N,.) gauge group. There is no exotic
particle left massless without adding superpotential terms
to remove those particles.

With the success of the doublet-triplet splitting while
forbidding the proton decay, the final missing piece for the
Higgs mystery is the finite w-term. In the gravity-mediated
supersymmetry breaking scenario [17], it is possible to
obtain a correct size of the u-term in a simple way [18].
However, we find an alternative interesting possibility in
the SO(9) model. Instead of solving the u-problem, if we
add a small p-term in the superpotential, supersymmetry
breaks down at the intermediate scale F ~ wM . Although
this is not the true vacuum, it is shown to be metastable
[19]. It is amusing that the u-term can drive supersymme-
try breaking, which is the opposite direction to the usual
thought. The smallness of the w-term is “explained” by
demanding a low supersymmetry breaking scale. The
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Higgs fields can be responsible not only for electroweak
symmetry breaking but also for GUT and supersymmetry
breaking.

There is an interesting possibility for the nature of the
small p-term. The small w-term added by hand can come
from a negative cosmological constant term in the super-
gravity action. By the Giudice-Masiero mechanism [18],
the (supersymmetric) cosmological constant term induces
a u-term in the presence of a particular Kéhler potential
term. This p-term, in turn, drives supersymmetry breaking
which gives positive contribution to the vacuum energy and
cancels the net cosmological constant.

We start the discussion of dynamical GUT breaking in
Sec. II; there the general setup is defined. We analyze a
successful model, the SO(9) model, in Sec. III. In Sec. IV,
the mechanism of u-term driven supersymmetry breaking
is presented and we discuss the mediation of the super-
symmetry breaking to our sector. The generation of the
p-term through the cosmological constant is discussed in
Sec. V.

II. DYNAMICAL GUT BREAKING

In Ref. [15], a simple model for the dynamical GUT
breaking was constructed based on an Sp(2) gauge theory.
We study a generalization of the model with various gauge
groups: SU(N,), Sp(N,.), and SO(N,..). Models with Sp(N,)
and SO(N,) with a certain range of N, are found to be
viable but no viable SU(N,.) group is found. Although they
are not successful models, we start with the discussion of
the SU(N,.) models in which we can see the essential
features of this class of models.

A. SU(N,) models

The model consists of six flavors, and five of which carry
SU(5)gur quantum numbers as listed in Table I. The
quarks and leptons in the standard model are not charged
under SU(N,) and are unified usually as 10 and 5 of
SU(5)gur. We introduce a superpotential for Q and Q:

W = mTr00) - 2 QOO+, (1)

where (QQ) is the SU(N,) singlet 5 X 5 matrix, and “ - -”
represents other higher dimensional operators such as
(Tr(QQ))? and those are not important for the discussion.
It is essential for the masslessness of the Higgs fields that
the superfields T and T do not have a superpotential at tree

TABLE I. The particle content of the SU(N,) model.
SU(N,) SU(S)gur

0 N, 5

0 N, 5

T N. 1

T N 1

o
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level since the Higgs fields will be identified with the
meson fields H ~ QT and H ~ QT.

Before the analysis at the quantum level, it is helpful for
the understanding of the model to discuss what happens at
the classical level. The classical analysis is valid for A <
Mg with A being the dynamical scale of SU(N,). In this
case, the picture becomes similar to models with product
group unification [20]. At the classical level, there are
vacua with rank(QQ) = 0 to min[5, N,] which satisfy the
conditions of Fp = F5 = 0. We are interested in the vac-
uum with rank(QQ) = 2:

0

where v?> = mM/2. At the vacuum, the SU(N,) X
SU(5)gur gauge symmetry is broken down to SU(N, —
2) X SU3)c X SU(2); X U(1)y for N, = 3 and the elec-
troweak SU(2); X U(1)y is the diagonal subgroup of those
in SU(N,) and SU(5)gyr. Note that the vanishing compo-
nents are not a consequence of the fine-tuning. The corre-
sponding components in Q and Q are charged under the
unbroken gauge symmetry and that ensures the absence of
linear terms in the potential, i.e., stable (or flat directions).
Since the low energy SU(2); X U(1)y partly comes from
SU(N,), two of the components in 7 and T transform in
exactly the same way as the Higgs fields in low energy
whereas there is no colored component in 7 or T.
Therefore the double-triplet splitting problem and proton
decay mediated by the colored Higgs are absent. The rest
of the components in 7 and 7 are fundamental and anti-
fundamental representations of SU(N, — 2) and charged
under U(1)y. All the components in Q and Q are either
eaten by gauge fields of the broken symmetry or obtain
masses from the superpotential. The fate of the exotic
particles in 7 and T depends on the dynamics of the
unbroken SU(N, — 2) group below the dynamical scale.
Of course, with A << v, this is not a ““‘unified”” model. The
three gauge coupling constants do not meet at the GUT
scale since the embeddings of SU(3) and SU(2), X U(1)y
are different. The real unification picture arises when A =
v, where quantum effects are important.

At the quantum level, the low energy physics is not very
different, but some of the vacua are lifted. In particular, it is
interesting to note that dynamical symmetry breaking has
to happen once we take into account quantum effects [12].
With the above superpotential, the low energy theory of the
rank(QQ) = 0 vacuum is SU(N,) with one flavor 7 and T,
which does not have the ground state [21]. The stability of
the classical vacua of rank(QQ) = 2 depends on N,. We
show below that there is no N, which is viable for low
energy phenomenology.
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For N. = 2, the theory is not asymptotically free and the
classical analysis is valid in low energy. However, in this
case, the vacuum in Eq. (2) breaks the gauge symmetry into
SU(3) X SU(2) which is not acceptable.

For N, = 3, the quantum effect is easier to analyze in
the dual gauge theory [22]. It is again an SU(3) gauge
theory but with a superpotential:

1 1 _
W=mTrMQQ—MTr(MQQMQQ)+"'+XCIMQQQ
+1H‘t+1FIf+1Stf 3)
A S

where mesons are identified with the quark bilinears in the
original (electric) theory: My ~ QQ, H ~ QT, H ~ OT,
and S ~ TT. These mesons are singlets under SU(3) and
transforms as 1 + 24, 5, 5, and 1 under SU(5)gyr, respec-
tively. Dual quarks ¢, ¢ and antiquarks g, f transform as g:
(3,5), +: (31), g: 35), and 7 (3,1) under SU(3) X
SU(5)gur. The parameter A has dimension one since
mesons have dimension two. Amazingly, this is almost
identical to the model proposed in Ref. [11]. In the vacuum
of our interest:

0

SU(5)gur is broken down to the standard model gauge
group, and two of the dual quarks in ¢ and g obtain masses.
After integrating out the massive quarks, the theory be-
comes an SU(3) gauge theory with four flavors, which is a
confining theory with a superpotential [21]:

1
WZmTI‘MQQ—MTr(MQQ'MQQ)—F"'
+ Lyeoyeo s Ly g Lo+ Lss
X 00 qq X cttc K ctic X

1 - detM @4
- ZAHDHDS + et

DB 4. 5)

The superscript (3 X 3) represents the 3 X 3 meson matrix
made of colored parts of QQ or gg. The fields H', H', and
S’ are mesons made of dual quarks; H' ~ g7, H' ~ gt, and
S" ~ tf. The subscripts C and D represent the SU(3)¢
colored and the SU(2); doublet part of the corresponding
meson fields, respectively. M**¥ is the matrix:

(3x3) /
M) <Mﬂ% g ) ©)
HT s

and the baryons are
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_ ( Bc
e ()

with the identification of B~ qqt, B~ ~ qqq, Bc~
ggi,and Bt ~ §gq. Finally A is the dynamical scale
of the four-flavor SU(3) theory.

Note here that the doublet Higgses H, and H/, do not
obtain a mass term as long as S’ = 0 whereas the colored
Higgses H¢ and H - already have mass terms accompanied
with the dual mesons H. and H.. Indeed S’ = 0 is ensured
by the condition of Fg = 0. The missing partner for the
doublets, say H}, and H/,, have masses since the dual
quarks are massive. This is the realization of the doublet-
triplet splitting with an infinite number of particles. If we
define the T-number with the charge assignment Q: 0, Q: 0,
T: +1,and T: +1, the Higgs fields H and H have the same
T-number, + 1. In this case, an infinite tower of the Higgs
fields should be necessary as in Fig. 1 (left). We need an
extra Higgs field with charge —1 to make the colored
Higgs massive, but it introduces an additional unwanted
massless doublet. Repeating this procedure forever is the
only possibility of realizing doublet-triplet splitting in this
situation. These infinite particles are realized here by the
hadron tower of the Higgs fields. The mismatching of the
level, i.e., no zero mode only for doublet part of H' and H’,
happened because of the mass of the constituent quarks g,
and gp without violating 7-number. A schematic picture of
the hadron spectrum is shown in Fig. 1 (right).

In fact, in this SU(3) model, the situation is a little bit
different from the story in the introduction. If the
T-number violating term is absent in the superpotential,
the dangerous dimension-five proton-decay operators are
forbidden. However, since the 7-number is anomalous
with respect to the SU(3) gauge theory, the nonperturba-
tively generated superpotential in Eq. (5) violates the

B = (,’ji ) ™)

T-number. As we see later, M%X3) acquires a VEV and it

gives T-number violating masses to the colored-Higgs
fields. Consequently, dimension-five proton-decay opera-

B |- . T T
3 |« 3 _— - —_ -
2|2 _— T _ .
3<-> - = -

2
+1 -1 HD Hé HC HC/‘

FIG. 1 (color online). A schematic view of the hadron spec-
trum of the model. Only the doublet part Hj, remains massless
whereas the colored Higgs H- have masses by pairing up with
.
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tors are generated by the colored-Higgs-exchange dia-
grams as usual.

The stability of the vacuum can be checked by solving
the F = 0 conditions for all the fields. We can find a
solution with Eq. (4) and

M(3><3) _ —mA A (8
qq - —m R » )
—mA
S BB m3A3
~ + = = - = . 9
A A’ A3 ©

The second equation indicates that the vacuum is not
uniquely determined and there is a flat direction. Cor-
respondingly, there are massless particles BY and B~
which are charged under U(1)y. This is the same situation
as in the classical analysis, in which the remaining gauge
symmetry is just the standard model gauge group but a pair
of U(1)y charged particles originate from T and T are left
massless in addition to the Higgs doublets. In order to
avoid the massless charged baryons, we need to add a
mass term for 7 and 7, but that also makes the Higgs
doublets heavy. Therefore, the N, =3 case is not
acceptable.

For N. = 4, there is a hope that the exotic states confine
and form standard model singlet states so that it is phe-
nomenologically viable. However, unfortunately, it is not
the case. As in the case of N. = 3, we can analyze the
model by taking a dual gauge group and integrate out the
heavy flavors. For N. = 4, the dual theory becomes SU(2)
with four flavors. As expected, doublet-triplet splitting
happens in the same way as above. By taking the dual
again and going back to the electric theory, we find another
SU(2) theory with four flavors and superpotential interac-
tions. The solution of the F = 0 equations can be found
with the same vacuum in Egs. (4) and (8), which gives mass
terms for all the quarks except for T and 7. The low energy
theory in this vacuum is then an SU(2) gauge theory with
one flavor which has no ground state. Although we could
avoid the charged exotic state, the vacuum is lifted at the
quantum level.

For N. = 5, the models are confining theories and ac-
quire a nonperturbatively generated superpotential. By the
effect of the superpotential, there is no ground state corre-
sponding to the vacuum with Eq. (4).

In summary, there is no phenomenologically viable
model with the particle content in Table I and superpoten-
tial in Eq. (1), although the doublet-triplet splitting prob-
lem is solved in a simple way. This result motivates us to
consider the case with a different type of groups such as
Sp(N,) and SO(N,.).

In fact, there is another interesting way of realizing
massless doublet Higgs fields in this class of models. If
we impose a global SU(6) symmetry in the superpotential
where @ = (0, T) and Q = (0, T) transform as 6 and 6
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and if the global symmetry is broken down to SU(4) X
SU(2) X U(1), a pair of doublet Higgs fields is ensured to
be massless since these are pseudo-Goldstone particles
[16,23,24]. With the similar superpotential:

W =mTr(QQ) - L TH(QANQ+ -+, (10

the mechanism should work and the unwanted exotic
particles can be massive by the superpotential terms if
such a vacuum exists. Although it is an interesting possi-
bility, we do not pursue this direction further in this paper
partly because it is incompatible with the later discussion
of supersymmetry breaking.

B. Sp(N,) and SO(N,) models

We can indeed find viable models for Sp(N.) and
SO(N,). We show the result of the analysis for these cases.
The particle content of the Sp(N.) models is listed in
Table II where the field 7, is necessary to avoid the
Witten anomaly [25]. We assumed the same superpotential
for Q and Q as in Eq. (1) with the matrix (QQ) being the
Sp(N,) singlet combination with 5 X 5 flavor indices this
time. The analysis can go through in the similar fashion to
the SU(N,.) case, and we find that only the N. = 2 case has
a stable minimum with Eq. (4). The massless modes of the
Sp(2) model consist of four Higgs doublets, Hp ~ QpT},
Hp~ OpT,, Hpy, ~ OpT», and Hp, ~ OpT,. Two of
them Hj, and Hp, can be made massive by adding a
superpotential term W S (QT,)(QT,) without giving a
mass for H, and Hp. This is the model found in
Ref. [15]. Similar to the SU(N,) case, Sp(N,) models
with N, = 3 do not have a vacuum with rank(M,5) = 2
due to the nonperturbatively generated superpotential [26].

The SO(N,.) model can also be constructed, and turns out
to be the most interesting case. A detailed analysis will be
presented in the next section. The particle content is given
in Table III where we have to introduce only one 7 field in
contrast to the case of SU(N,) or Sp(N,..). Again, the form
of the superpotential is the same as that in Eq. (1). With the
same analysis, we find that there are stable vacua for 4 <
N, = 9 with massless Higgs-doublet fields and there are no
unwanted massless fields at low energy. The theory is
asymptotically free for N, = 6. Additional singlet fields
under the standard model gauge group appear for N, = 5.

TABLE II. The particle content of the Sp(N,) model.
Sp(N.) SU(S)ur

Q 2N, 5

0 2N, 5

T, 2N, 1

T, 2N, 1
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TABLE III. The particle content of the SO(N,) model.
SO(N.) SUGS)gur

0 N, 5

0 N, 5

T N. 1

I11. SO(9) MODEL

We discuss in more detail the most interesting model
among those in the previous section: the SO(9) X
SU(5)gur model. The phenomenological aspects of the
model such as gauge coupling unification, proton decay,
and Yukawa interactions for matter fields will be ad-
dressed. Many of these features are shared with the model
of Ref. [15].

The particle content and the tree-level superpotential are
defined in the previous section in Table III and in Eq. (1).
The model is an SO(9) gauge theory with 11 flavors which
is in the conformal window [27]. This fact becomes im-
portant for the discussion of the phenomenological issues.
We take a picture in which A > v where A is the scale
where the SO(9) gauge theory flows into the fixed point.
Since confinement does not happen until the fields de-
couple, the actual confinement scale coincides with the
GUT scale v which is set by the parameters m and M.
Therefore we have an energy region with a CFT between
Mg ~ v and A.

The analysis of the vacuum can be done along the same
line in the SU(N,.) case. We first take a dual picture of the
theory which is an SO(6) gauge theory with 11 flavors with
a superpotential [27]:

1 1 _
WzmTI'MQQ—MTI‘(MQQ‘MQQ)‘F"'+KqMQQq
L aMood + ~aMypq + ~Hat + ~Hqt
/A\q 004 /A\q 004 _/A\ q [\ q

1
+ = Stt, (11
A

where M5, Mo, and M; 5 are mesons made of Q and 0

which are singlet under SO(6) and 1 + 24, 15, and 15
under SU(5)gyr. The mesons involving T are H ~ QT,
H ~ QT, and S ~ TT, and these are 5, 5, and 1 under
SU(5)gur- The dual quarks ¢, g, and ¢ transform as g:
(6,5), g: (6,5), and #: (6,1) under SO(6) X SU(5)gur-
Again A is introduced such that dimensionality of the
superpotential is correct. It is interesting that this dual
picture is similar to the SO(6) X SO(10)gyr model pro-
posed in Ref. [12]. By the VEV of M, in Eq. (4), four
flavors (doublet part of ¢ and g) obtain masses and the low
energy theory becomes an SO(6) theory with seven flavors
(colored part of g and g and ¢). This is still an interacting
theory.
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When we take the dual again, the theory now comes
back to the original electric theory but the gauge group is
reduced to SO(5). The superpotential is

1
W =mTiMog =+ Ti(MogMog) + -+ -

1 3x3), ,(3x3) 1 = o
LMo M+ 7 HpHpS

v

gy g s Yoo _1a 1 0x35
+XHCHC+KHCHC+XSS _KQCqu’ Qc
1 = M [ R (e
N XQCH/CT - KQCH/CT - XS/TT, (12)

where we wrote down only terms relevant for the discus-

sion. The quarks @, O, and T will be identified with
original quarks upon integrating out the massive fields.
The doublet-triplet splitting happens in the same way as
the SU(N,) examples. The massless doublet is obtained
with §’ = 0 which is ensured by the Fg = 0 condition, and
the triplets get masses by pairing with dual mesons. In
contrast to the case of the SU(3) model in the previous
section, there is no nonperturbatively generated superpo-
tential. Therefore, the symmetry of the superpotential at
the classical level, the T-number (7: +1), is respected.
This is exactly the situation discussed in the introduction.
This fact becomes important in the discussion of the proton
decay.

By solving the F = 0 conditions, we can find a solution
in Egs. (4) and (8) that gives a mass term to O and Q.
After integrating out the heavy fields, the theory ends up
with an SO(5) theory with one flavor 7 without a super-
potential, and we have massless Higgs-doublet fields. This
result is the same as the classical analysis in the Higgs
phase.

The decoupling of the fields immediately make the
SO(5) interaction strong and the quark T confines. This
SO(5) one flavor theory has been known to have two
branches [27]. In one branch, a superpotential W =
(A3/8)'/2 is generated with A being the dynamical scale
of one flavor SO(5) theory and S~ TT. This branch is
unacceptable because there is no ground state. In the other
branch, no superpotential is generated and there is no
singularity at the origin of the meson S even though the
gauge symmetry is enhanced there at the classical level.
Therefore there is a stable vacuum in this branch. The low
energy spectrum is just a pair of doublet Higgs fields with a
massless meson S and the superpotential is W = 0.

Now we start to discuss the phenomenological issues.
First, we need to check whether gauge coupling unification
is maintained in this model. The first order answer to this
question is yes. There are no exotic massless fields in the
spectrum, and the running of the gauge coupling constants
are the same as that of the minimal supersymmetric stan-
dard model. However, the threshold correction is also
important for precise unification, which is not obvious.
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The question depends on the spectrum of the heavy fields
and that cannot be estimated without the knowledge of the
Kéhler potential. However, the qualitative discussion is
still possible by assuming that the Kéhler potential is not
very different from the classical one. In this case, the mass
spectrum can be estimated by explicitly calculating the
mass of the components in Q and Q at the classical level.
There are three classes of fields: fields eaten by the
SO(9)/SO(5) gauge fields, ones eaten by the
SUB)gur/(SUQB)e X SU(2), X U(1)y) gauge fields, and
others that obtain masses by the superpotential. The first

two classes of fields have masses of order v = /mM /2
and the last ones have O(m). Therefore, in order not to
destroy gauge coupling unification due to the mass split-
ting between those two, the mass parameter m is required
to be around the GUT scale M; ~ v which means the scale
M should also be of the order of the GUT scale.

This sounds unreasonable since we expect that the
higher dimensional operators are suppressed by the Plank
scale Mp; that is 2 orders of magnitude larger than the GUT
scale. Also, with GUT scale suppressed operators, we are
not allowed to discuss the high energy theory above the
GUT scale, which we are doing. However, in this model,
the mechanism of suppressing M is already built in. As we
discussed before, this SO(9) theory is in the conformal
window, and we expect an energy range of CFT above
the GUT scale. In this case, the meson fields have a large
negative anomalous dimension which enhances the cou-
plings in low energy. In other words, the interaction never
gets strong at high energy. The anomalous dimension of the
meson fields are calculated by using the relation between
the nonanomalous R-charge and the dimension of the
operator as follows [22]:

¥(Q0) = D(QQ) —2 =3R(QQ) -2 = —{%.  (13)

With this anomalous dimension, the coefficient 1/M en-
hances almost quadratically with the scale towards low
energy. Therefore it is natural to have a large enhancement.
If we assume that the original operator is suppressed by the
Plank scale Mp, the factor of 100 enhancement is easily
realized by a small CFT range such as from 106 GeV to
10'7 GeV. In the same way, the coefficient m enhances
almost linearly with the energy scale towards low energy.
Therefore, the original scale of the model m evaluated at
the Planck scale was smaller than the GUT scale by a factor
of 10 or so. This is an interesting scale for the right-handed
neutrino masses in the seesaw model [28].

The gauge coupling of SU(5)gyr above the GUT scale
can be in the perturbative region all the way up to the
Planck scale even accounting for the large anomalous
dimension of Q and Q [29].

The Yukawa coupling constants between matter and the
Higgs fields originate from higher dimensional operators
since the Higgs fields are identified with the meson fields.
The gauge invariant terms:
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Ju

W = 22 (10/10)(QT) + Af;—dyum(é)@r), (14)

become the Yukawa interactions at low energy. The matter
fields are represented by (10) and (5). The low energy
Yukawa coupling is roughly y, ~ f,Ms/My and y,; ~
faMs/My, where Mg is the GUT scale. The Yukawa
coupling constant for the top quark is necessary to be
O(1), which again requires the scale My to be the GUT
scale. This is not a problem for the same reason as before.
These operators are almost marginal operators and thus the
coefficient is enhanced linearly in low energy by the large
anomalous dimensions.

After integrating out the massive fields with the Yukawa
interactions in Eq. (14), the final low energy effective
superpotential is:

m
X(QQQL+UUDE+QQUD+UEQL),
(15)

with 0, U, D being the quark superfields and L, E are the
lepton superfields. In addition to the usual Yukawa inter-
actions Wygsm, the baryon-number-violating terms (the
first two terms in the parenthesis) appeared. However, as
long as S is stabilized near the origin, these terms do not
cause rapid proton decay. The particle content of the low
energy effective theory is just that of the minimal super-
symmetric standard model and a singlet field § which only
couples to the higher dimensional operators. The value of §
depends on the shape of the Kihler potential and how
supersymmetry is broken. We will discuss these in the
next section.

We briefly mention the case with N, =6, 7, and 8,
where the vacuum with Eq. (4) exists and the doublet-
triplet splitting happens for these cases. All of the models
are in the conformal window. For N, = 6, the low energy
effective theory has an extra U(1) gauge symmetry with
two charged (but the standard model singlet) fields t* and
t~. Since this theory is at the edge of the conformal
window (barely asymptotically free), we do not expect
the large enhancement of the Yukawa coupling constants.
For N, = 7, the low energy theory again has an extra U(1)
factor. There are three standard model singlet fields S, ¢+,
and ¢, where t* and ¢t~ are monopoles, with superpoten-
tial W = f(S)St*+. The unknown function f(S) is non-
vanishing at the origin. For N. = 8§, there is no extra gauge
symmetry and there are two branches as in the N. =9
case. In one branch, a stable vacuum exists with a super-
potential term W = f(x)Sts where S and ¢ are the standard
model singlet fields. Again, f(x) (x = S$?) is an unknown
function but is nonzero at the origin.
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IV. u-TERM DRIVEN SUPERSYMMETRY
BREAKING

In the previous section, we have seen that the SO(9)
model is quite successful in obtaining massless Higgs
fields in the low energy spectrum. However, to be phenom-
enologically completely viable, the Higgs fields have to
have a mass term of O(100 GeV), the u-term, otherwise
Higgsinos become massless which is excluded by experi-
ment. As we see below, it is possible to obtain a w-term by
giving a small mass term for 7, but it causes a dramatic
effect in the dynamical system: dynamical supersymmetry
breaking [30,31].

The w-term can be obtained by adding a superpotential
term:

W D ATT, (16)

which becomes 4§ in Eq. (12). With this term, the Fg = 0
condition leads to

§'=—pA, (17)

and it induces a mass term for the Higgs doublets:
e LN (18)
U2 DL D-

In terms of the canonically normalizeAd fields A}, and Hp,
this is nothing but the u-term, wHpHp, with u ~ fi. It is
obvious that the mesons made of 7" become massive once
we introduce the mass term for the quark 7. This is also
easy to understand in the classical level analysis. Since the
Higgs fields are simply the components in 7, the term in
Eq. (16) is the w-term.

The term in Eq. (16) also gives a potential term for S.
With Eq. (17) and the superpotential in Eq. (12), T obtains
a term in low energy:

arTT, (19)
and after confinement of the SO(5) gauge theory, it be-
comes a linear superpotential for the meson § ~ 7T :

W3 as. (20)

If we ignore the higher dimensional operators in Eq. (15),
there is no solution for Fg = 0.

Interestingly, this does not mean that the vacuum is
destabilized or quarks and leptons must condense by the
presence of the small w-term. First, we start the discussion
by ignoring the higher dimensional operators. In this case,
it was shown by Intriligator, Seiberg, and Shih [19] that the
vacuum is metastable and supersymmetry is broken there.
The argument is pretty easy. Whether the vacuum is stable
or not depends on the shape of the Kihler potential for S,
but since we know that for large S, where the classical
analysis is valid, the potential grows by the mass term.
Therefore, there must be a local minimum somewhere. The
true supersymmetric vacua exists in the other branch where
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S is stabilized far away from the origin Mg (M / 1)*? (this
is meaningless because it is much larger than the Planck
scale) and also at different vacua from that in Eq. (4). Since
the true vacua exist far away or the energy difference
between the true vacuum and the metastable one is much
smaller than the height of the potential barrier of O(M¢,),
we expect that the lifetime of this metastable vacuum is
long enough for us [32].

Once we include the higher dimensional operators, an-
other supersymmetric vacuum appears where quarks and
leptons acquire VEVs. However, if we assume that the
scalar components of quarks and leptons obtain positive
supersymmetry breaking mass-squared terms, the vacuum
is again metastable and its lifetime is very long since the
peak of the potential barrier is located far from the origin
Q ~ L ~ (uMg)'/? compared to the height of the potential
V4~ 0(u3Mg)Y* [33]. Therefore, we conclude that
there is a supersymmetry breaking metastable vacuum.

The size of supersymmetry breaking is F¢ ~ O(uMg)
with a canonically normalized field § ~ MgS. For the
Higgs fields, terms in the Kihler potential such as
STSHYH/A? are expected to be generated by the non-
perturbative effect and supersymmetry breaking can be
mediated directly (in the sense of gravity mediation). In
this case, the soft scalar masses for the Higgs fields are
obtained with a similar size to the u-term. If the term
SHYH / A + Hec. is generated, which should be possible
since there is no unbroken symmetry to protect the term,
the trilinear A and the bilinear B-term is also nonvanishing
and of the same order with the wp-term. If the matter fields
in the third generation couple to the Higgs fields strongly,
the soft scalar masses for those fields can also be obtained
directly.

Gauge mediation [34] also happens if § is stabilized
away from the origin, where the colored-Higgs fields
play a role of the messenger field.! By integrating out O
Q. in Eq. (12), we obtain mass terms for the colored-Higgs
fields:

where M is the colored-Higgs mass of order M; and
meson fields are canonically normalized. Unfortunately,
with this structure of superpotential, the leading order
contribution to the gaugino masses of O(Fg/ (8)) cancels
out [36],> and moreover there is no contribution to the
SU(2),, gauginos.

In order to obtain gaugino masses, there must be a
gauge-mediation effect since the supersymmetry breaking
scale is too low (O(uM;)) for gravity mediation. A simple
example for gauge mediation is to assume an interaction
term:

'A similar structure of the model can be found in Ref. [35].
?I thank Y. Nomura for discussion on this point.
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1 -
Wmessenger = M—X TQCI)(I)’ (22)

where @ and @ transform under the SU(5)gyr such as 5
and 5 and the singlet under SO(9). By the enhancement of
the 1/My suppressed term due to the large anomalous
dimension of 72, this term effectively becomes

Wmessenger - /\S;@@ (23)

with A ~ O (0.1 — 1) even if My is O(Mp). With this
superpotential, another supersymmetric true vacuum with
® = @ # 0 appears. However, assuming that the S field is
stabilized away from the origin, which is reasonable since
we expect the presence of a linear term in the Kéhler
metric, the vacuum with @ = ® = 0 is metastable.® At
the metastable vacuum the gaugino masses are generated to
be

a F $
M= g & (24)
In order for the gaugino masses to be similar to w in size, a
somewhat small value of (S) ~ 10'4~!15 GeV is necessary.
That is consistent with the suppression of the coefficient of
proton-decay operators in Eq. (15).

It might be possible and would be great if all the gaugino
masses are obtained by (really) direct gauge mediation [38]
without having the messenger particles above by extending
the gauge group and/or matter content. But in any case, the
pattern of the supersymmetry breaking parameters in this
scenario is essentially of gauge-mediation type except for
the Higgs sector, since the Higgs fields can feel the super-
symmetry breaking directly. The soft scalar masses m%,u,

m%,(], M, B, and A-terms can be taken as free parameters at
the GUT scale. (Probably mj; = mj; because of the parity

symmetry Q < Q which is only broken by the Yukawa
interactions.) The soft masses for the third generation fields
may also be modified depending on the size of the Yukawa
coupling constants. This prediction should be testable at
future colliders. The source of flavor and CP violation in
this model is only in the Yukawa coupling constants, which
is the desired situation taking into account the stringent
constraints on the supersymmetry breaking parameters.
The gravity-mediation effect gives an O(1%) correction
to the parameters. This is interesting for the detection of
the flavor and CP violating processes.”

3Since the linear term in the Kihler metric has nonvanishing
R-charge, it is suppressed when the explicit R-symmetry break-
ing by the superpotential is small, i.e., m << A. Eyen in this case,
the supergravity effect shifts the vacuum to (S) ~ A%/Mp ~
10'* GeV, which is numerically consistent with the phenome-
nological requirements. See [37] for detailed discussion.

*One should take into account the possible conformal seques-
tering effect [39] to the gravity-mediated contribution.
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The lightest supersymmetric particle is the gravitino.
The gravitino mass is estimated to be

F M
sy = \m;m ~ M(—G> ~0(1) GeV.  (25)

My,
This mass range is interesting for cosmology [40] and also
for collider experiments [41].

For other choices of N, the situation is different. For
N, = 6, the addition of the wu-term just gives a mass term
for t* and ¢~ which does not cause supersymmetry break-
ing. For N, =7 and 8, the term wS appears but the
supersymmetry unbroken vacuum exists where = (or ¢
for N, = 8) fields acquire nonvanishing VEV. However,
it is possible that the S is stabilized far from the origin
where = or ¢ is heavy, and supersymmetry is broken there.

V. COSMOLOGICAL CONSTANT DRIVEN
SUPERSYMMETRY BREAKING

Because of the large anomalous dimension, the size of
the w-parameter is originally smaller than O(100 GeV) by
a factor of 10 or so. This is about the size of the gravitino
mass. Therefore it is possible that the origin of the w-term
can actually be the cosmological constant by the Giudice-
Masiero mechanism [18]. Assuming a presence of a
T2 (~ A §) term in the Kihler potential, this effectively
becomes the fi-term in the superpotential. It is equivalent
to study a model with

A - St )2
K=STS+aA(S+H.c.)—(A2) 4o

(26)
and W =g,

where ¢ is a constant term which represents the negative
cosmological constant term, Vg = —3|W|?, of order ¢* ~
m% /2 in the unit of Mp; = 1. This term is always necessary
to cancel the positive vacuum energy from the supersym-
metry breaking, Vy = |F|>. The parameters have a hier-
archical structure: a > 1, A < 1, and ¢ < 1, where a
represents the enhancement of the coupling through the
large anomalous dimension.

By the Kihler transformation, K — K — x — x! and
W — We* with x being a chiral superfield, this is identical
to the system:

ot ¢)2
K =386 — —(SN‘? +--- and W =cerS.  (27)
A
By expanding the superpotential, we obtain a fi-term of
order ac = amjy,. Within the range |S] = A, where the
effective theory makes sense, the minimum of the potential
exists near the origin § = A/(4a), and the cosmological
constant can be cancelled when a =+/3/A ~ 0(100).
Supersymmetry is broken at the minimum with Fg =
acA = ,u,f\. The value of S§ at the minimum is
0(10' GeV) which is consistent with the required value
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for gauge mediation in Eq. (24) and also the suppression of
the coefficient of the dimension-five proton-decay opera-
tors in Eq. (15).

In the conventional scenario of supersymmetry break-
ing, some mass scales, such as a dynamical scale, deter-
mine the size of |F|? and the net cosmological constant is
cancelled by an independent negative contribution from
the c-term. However, in this scenario, the c-term drives
supersymmetry breaking, and therefore these are related.
In particular, it is interesting that supersymmetry is recov-
ered in the flat limit (¢ — 0), resulting in the supersym-
metric flat space rather than the supersymmetry broken de
Sitter space.

VI. DISCUSSION AND CONCLUSIONS

From the consideration of the mystery of the Higgs
particle, we arrived at a rather unified picture. At every
stage of the phase transitions, GUT breaking, supersym-
metry breaking, and electroweak symmetry breaking, the
Higgs field may be playing a crucial role. We have suc-
ceeded to construct a realistic GUT model with dynamical
symmetry breaking, and found that, in the SO(9) model,
the inclusion of the wu-term for the Higgs fields triggers
supersymmetry breaking in a metastable vacua by the same
dynamics.

We discuss possible generalizations of the model here.
Although we discussed the GUT breaking and supersym-
metry breaking in a unified picture, we can separately
discuss the following mechanisms:

(i) Doublet-triplet splitting through dynamical GUT

breaking,

(ii) p-term driven supersymmetry breaking.

Dynamical GUT breaking without supersymmetry
breaking is possible. The p-term can be obtained from a
separate SUSY breaking sector by, e.g., the Giudice-
Masiero mechanism. The SO(10)gyr extension of the
model should be straightforward and is interesting for the
discussion of the neutrino masses. Considering different
types of particle content and assumption on the superpo-
tential is also worth investigating.

It is possible to obtain massless colored-Higgs fields
instead of the doublet fields. In this case, the doublet-triplet
splitting can be done by introducing a pair of elementary
Higgs fields with the coupling to the meson operators [10—
13]. This is possible in the rank(M,5) = 3 vacuum with
SO(N,.) with 6 = N, < 11.

p-term driven supersymmetry breaking can be dis-
cussed without GUT. For example, in the SO(9) model
we can gauge only the SU(2); X U(1)y subgroup of
SU(5)gut. Then the dynamical scale can be lowered (or
even raised) as long as the gauge couplings of the standard
model gauge group maintains the perturbativity. Adding a
p-term breaks supersymmetry in the same way but the
scale can be much lower (or higher). Gauge mediation
through the colored-Higgs fields might be able to be gen-
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eralized as a realistic direct gauge-mediation model. We
leave those questions for future studies. In any case, the
prediction to the low energy spectrum is a modification of
the gauge-mediation type in the Higgs sector. In the SO(9)
model we presented, there is a cosmological problem
associated with the modulus $ [42]. The mass of S is of
the same order of u, i.e., O(100 GeV) independent of the
dynamical scale. A realistic cosmological scenario needs
to be considered.

We see that two mechanisms nontrivially fit into a
picture: dynamical GUT and supersymmetry breaking.
Although it is not likely that we can directly probe the
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GUT theory by experiments, the spectrum of the super-
symmetric particles in low energy gives us a hint for high
energy theories. In this model, the direct connection be-
tween the Higgs fields and the supersymmetry breaking
sector provides a characteristic feature in the low energy
spectrum.
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