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We propose a new mechanism toward the solution to the doublet-triplet Higgs mass splitting problem in the
supersymmetric grand unified theory. Our model is based on the gauge groupSU(5)H3SU(5)GUT , where
SU(5)H and SU(5)GUT are a new strong gauge interaction and the ordinary grand unified gauge group,
respectively. The doublet-triplet Higgs mass splitting is realized through the quantum deformation of moduli
space caused by the strongSU(5)H gauge dynamics. The low energy description of our model is given by the
minimal supersymmetric standard model.
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I. INTRODUCTION

Supersymmetry extension is one of the the most prom
ing ways to provide a solution to the gauge hierarchy pr
lem in the standard model@1#. The minimal version of this
extension of the standard model is called the minimal sup
symmetric standard model~MSSM!. Interestingly, the ex-
perimental data support the unification of three gauge c
plings at the scaleMGUT;1016 GeV with only the MSSM
particle content@2#. This fact seems to strongly suggest t
original idea of the grand unified theory~GUT! @3# together
with supersymmetry~SUSY!, that is, SUSY GUT. At high
energy, the theory may be described by a simple gauge g
such asSU(5) into which the standard model is embedde

However, the GUT suffers from a serious proble
namely, the doublet-triplet Higgs mass splitting proble

While the doublet parts of the Higgs superfields in5̄ and5
representations@in terminology ofSU(5) GUT# should have
the electroweak scale mass, the triplet part Higgs bo
masses have to be in the grand unification scale in orde
avoid rapid proton decay@4# and not to destroy the succes
ful gauge coupling unification. In a simple treatment, a p
rameter in the theory should be chosen with an accurac
10214 to realize this mass splitting. Although, in a supersy
metric theory, this fine-tuning is ‘‘technically natural’’ be
cause of the nonrenormalization theorems@5#, this is basi-
cally the same problem as the original gauge hierar
problem. Thus, the theory may not be compelling as a re
lution of the hierarchy problem, unless this mass splitting
naturally realized without the fine-tuning.

There have been many efforts to solve the doublet-trip
Higgs mass splitting problem. These are roughly classi
into two approaches. One is the dynamical approach suc
the sliding singlet mechanism@6#. The other is the group
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theoretical one such as, for example, the missing par
mechanism@7,8#, the Dimopoulos-Wilczek mechanism@9#,
the idea of Higgs doublets as pseudo-Nambu-Goldst
bosons@10#. More recently, an alternative approach was
vestigated based on the extra-dimensional theories@11#.

In this paper, we propose a new mechanism which re
izes the doublet-triplet Higgs mass splitting through t
strong gauge dynamics. Our model is based on the ga
group SU(5)H3SU(5)GUT , where SU(5)H is the strong
gauge interaction additionally introduced to the ordina
GUT gauge groupSU(5)GUT . At low energy, theSU(5)H

gauge interaction becomes strong, and the theory is
scribed by the effective fieldM of the25 ~51124! represen-
tation under theSU(5)GUT gauge group. In our model, thi
effective field has the effective Yukawa coupling among t

pair of Higgs superfields (H̄ andH) such asW5H̄MH. This
is the unique source for the Higgs boson masses. The st
SU(5)H dynamics causes the quantum deformation
moduli space, whose SUSY vacuum condition requires t
the effective field should have, at least, two zero eigenvalu
On the desired vacuum where the GUT gauge symmetr
correctly broken to the MSSM gauge group, this means t
the strong dynamics requires that the pair of Higgs doub
are massless, but the pair of Higgs triplets are heavy thro
the effective Yukawa coupling. Therefore, the doublet-trip
Higgs mass splitting is realized through the effect of t
strong gauge dynamics. This is a new mechanism, we
pose, to solve the doublet-triplet Higgs mass splitting pro
lem.

In the next section, we discuss the dynamical sector of
model and the realization of the doublet-triplet Higgs ma
splitting through the strong gauge dynamics. Our model
some nonrenormalizable superpotentials which are neces
for our mechanism to work. The origins of them are d
cussed in Sec. III. Also, a concrete model as an exampl
presented, in which theSU(5)GUT gauge symmetry is cor
rectly broken to the standard model gauge group and
light particle contents are the same as that of the MSSM
©2001 The American Physical Society10-1
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Sec. IV, we summarize our discussion and give some c
ments.

II. DYNAMICAL DOUBLET-TRIPLET HIGGS MASS
SPLITTING

In this section, we discuss the dynamical sector of
model in which the doublet-triplet Higgs mass splitting
realized through the strong gauge dynamics. This secto
based on the gauge groupSU(5)H3SU(5)GUT with the par-
ticle contents as follows:

SU(5)H SU(5)GUT U(1)R

Q̄ 5̄ 5̄ 2/5

Q 5 5 2/5

H̄ 1 5̄ 4/5

H 1 5 2/5.

Here, H̄ and H are the ordinary Higgs superfields in th
SU(5)GUT theory, andU(1)R is theR symmetry.1 Note that
any renormalizable superpotentials are forbidden by thR
symmetry. In the following, we consider some nonrenorm
izable superpotentials consistent with all the symmetr
Their origins are discussed in Sec. III based on all the ren
malizable superpotentials.

Let us first consider the superpotential of the form

W5b̄Q̄51bQ5, ~1!

whereQ̄5 andQ5 denote the contraction of the gauge indic
by the epsilon tensors, andb̄ andb are the constants with th
mass dimension22. At low energy, theSU(5)H gauge in-
teraction becomes strong. We can describe the low en
effective theory by the method of Seiberg and co-work
@12#. The moduli space is deformed by the strong gau
dynamics so as to satisfy the condition detM /L32B̄B
5L2, whereL is the dynamical scale of the gauge intera
tion whose scale is assumed asL;MGUT, andM, B̄, andB
are the mesonic and baryonic effective fields, which are
glet underSU(5)H , as follows:

SU(5)GUT U(1)R

M ; (Q̄Q)/L 1124 4/5

B̄ ; Q̄5/L4 1 2

B ; Q5/L4 1 2.

The dynamically generated constraint is incorporated
the superpotential by introducing the Lagrange multiplier
perfieldX, and the total effective superpotential is given b

1This R symmetry is anomalous with respect to theSU(5)H gauge
interaction, and broken down to the discrete symmetryZ5 @see Eq.
~2!#. It is possible to introduce the discreteZ5 symmetry from the
beginning, instead of theU(1)R symmetry. In any case, we obtai
the same results.
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W5L4b̄B̄1L4bB1XS detM

L3
2B̄B2L2D . ~2!

Considering the SUSY vacuum conditions for the hea
fields B̄, B, and X, and integrating them out, we obtain
more convenient form of the effective superpotential su
that

W56L4~ b̄b!1/2S detM

L3
2L2D 1/2

. ~3!

The SUSY vacuum condition forM leads to

~detM !M 2150, ~4!

which means that the effective fieldM should have, at least
two zero eigenvalues, namely,M5diag(a1 ,a2 ,a3 ,0,0). Al-
though, in general,ai ( i 51,2,3) are arbitrary constants
they are assumed to bea15a25a35v;MGUT in order to
obtain the correctSU(5)GUT symmetry breaking pattern
SU(5)GUT→SU(3)c3SU(2)L3U(1)Y . We will present a
model to realize this situation in the next section.

Now, we show that the doublet-triplet Higgs mass sp
ting is realized through the effects of the strong gauge
namics. Suppose the tree level superpotential such as2

W5lHi~Q̄a iQ
a j !H̄ j , ~5!

where a and i , j are the gauge indices ofSU(5)H and
SU(5)GUT , respectively, andl is a constant with the mas
dimension 21. At low energy, this superpotential is de
scribed in terms of the effective fieldM, and leads to the
Yukawa coupling

W5~lL! H̄MH. ~6!

Note that, as discussed above, the strong gauge dyna
requires the eigenvalues forM such that M
5diag(v,v,v,0,0). Therefore, the doublet-triplet Higgs ma
splitting is realized through the effect of the strong gau
dynamics. This is the point of this paper.

The effective description of our model is similar to th
models with the sliding singlet mechanism@6#. In these mod-
els, the same superpotential as Eq.~6! is introduced, andM
5diag(v,v,v,0,0) is realized through the SUSY vacuu
conditions ]W/]H̄50 and ]W/]H50, providing the
vacuum expectation value~VEV! for the doublet part of the
Higgs fields. However, these models suffer from the tadp
problem @13,14#, once the SUSY breaking effects in supe
gravity scenario are taken into account. Note that the dir
tion to the nonzeroF terms]W/]H̄ and]W/]H, is bounded
by the VEV of the Higgs doublets~the electroweak scale!,
and is almost flat compared with the typical SUSY break

2The absence of the termH̄ iH
i(Q̄a jQ

a j ) is crucial for our mecha-
nism to work. The reason why we do not introduce the term will
explained in the next section.
0-2
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scale. Thus, the vacuum destabilization occurs, once the
pole terms of the singlet field are induced through the sup
gravity effects. As a result, the SUSY vacuum on which
doublet Higgs superfields are massless is smoothed out,
the sliding singlet mechanism cannot work.3 On the other
hand, note that, in our model, the masslessness of the do
Higgs superfields is required by the strong gauge dynam
whose scale is much larger than the typical SUSY break
scale. Thus, the stability of the SUSY vacuum is rigidly e
sured, and our model is free from the tadpole problem. T
is the crucial difference of our mechanism from the slidi
singlet mechanism.

III. A CONCRETE MODEL

Now we present a concrete model as an example
which our mechanism discussed in the previous section
work and there is the desired SUSY vacuum. Let us fi
discuss the origins of the nonrenormalizable superpoten
in Eqs. ~1! and ~5!. In the following discussion, we alway
consider the case that all the fundamental superpotential
renormalizable. In this sense, the nonrenormalizable te
are effective ones which are originated from integrating
heavy superfields according to the SUSY vacuum conditio
What types of nonrenormalizable superpotentials are indu
depends on the particle contents of the model. The he
particle contents, in our model, are as follows:

SU(5)H SU(5)GUT U(1)R

F̄1 10̄ 10̄ 4/5

F̄2 10̄ 10̄ 6/5

F1 10 10 6/5
F2 10 10 4/5

Ā 5̄ 1 4/5

A 5 1 6/5.

The general renormalizable superpotential includingF̄ j
andF j ( j 51,2) is found to be

W5Q̄Q̄F11Q̄F̄1F̄11m1F̄1F11QQF̄21QF2F2

1m2F̄2F2 , ~7!

where the gauge indices are appropriately contracted,m1 and
m2 are the mass terms, and we take all the Yukawa coup
constants to be 1, for simplicity. SinceF̄ j and F j are
charged under theSU(5)H gauge group, they should b
heavy enough, at least, heavier than the dynamical scaleL in
order not to change theSU(5)H dynamics discussed in th
previous section. After integrating the heavy superfields o

3There is a possibility to avoid this problem@15# by considering
the low scale SUSY breaking scenario, such as the gauge med
SUSY breaking scenario@16#.
05501
d-
r-
e
nd

let
cs
g
-
is

in
an
t
ls

are
s
t
s.
ed
vy

g

t,

we obtain the effective superpotential in Eq.~1! with the
relationsb̄51/m1

2 andb51/m2
2.4

The effective superpotential in Eq.~5! is induced as fol-
lows. The general renormalizable superpotential includingĀ
andA is given by

W5ĀQH̄1AQ̄H1mAĀA, ~8!

wheremA is the mass parameter, and we take all the Yuka
couplings to be 1, for simplicity. This mass term should
large enough, at least, larger thanL. We assume thatmA is
slightly larger thanL. Integrating outĀ andA leads to Eq.
~5! with the relationl521/mA;21/L. Note that the term
H̄ iH

i(Q̄a jQ
a j ) which destroys our mechanism is not gene

ated with the above particle contents. This is the reason w
we introduced only the superpotential of Eq.~5! in the pre-
vious section.

Finally, let us consider the superpotential including t
effective fieldM. Through this superpotential, we can obta
the desired SUSY vacuum where our mechanism of
doublet-triplet Higgs mass splitting can work and the corr
pattern of the GUT gauge symmetry breaking is realized.
propose the following superpotential as an example:

W5tr@~Q̄Q!S̄#1tr@S2S̄#1Z~ tr@S2#1tr@Q̄Q#2m2!,
~9!

where S̄, S, and Z are superfields having charge
(1,24,6/5), (1,24,2/5), and (1,1,6/5), respectively, unde
SU(5)H3SU(5)GUT3U(1)R , all the Yukawa coupling con-
stants are taken to be 1, for simplicity, and the expli
U(1)R symmetry breaking parameterm is introduced. Note
that, except them term, the above superpotential is gene
one consistent with all the symmetries. The first and
fourth terms lead to the mass terms for the effective fieldM
in the effective field description. The parameterm is assumed
to be the order of the GUT scale. Although this superpot
tial is simple, it should be regarded as the effective one
cause of the introduction ofm. We give a comment on this
point in the last section.

Considering the superpotentials of Eqs.~3! and ~9!, we

find the SUSY vacuum such thatZ50, S̄50, M
5diag(v,v,v,0,0) and S5diag(2s,2s,2s,23s,23s)
with v5m2/9L;MGUT and s56m/3A5;MGUT.5 Now,
we obtain the desired SUSY vacuum where our mechan
of the doublet-triplet Higgs mass splitting can work, th

ted

4Even if we takem1;m2;M P (M P is the Planck mass!, the

coefficients of the tadpole terms forB̄ andB are much larger than
the typical SUSY breaking scale. No destabilization occurs for
SUSY vacuum we discussed, even if the SUSY breaking effects
taken into account.

5There are other SUSY vacua where, for example, the trip
Higgs superfields are massless but the doublet Higgs superfield
heavy. We do not consider such a case since it is out of our inter
0-3



ar
e

-
ng

th
d

th
r e

e
th

er
ra
e
th
he

g
de
e
r

cit
o

v
e
as

e
s

the

s

s.
m.
oft

and
USY
ch

SY
e is
ate
yz-
vity

is,
re-
e

ates
le

g
our
on-
so,
on-
ith

at-

oi
PS

RYUICHIRO KITANO AND NOBUCHIKA OKADA PHYSICAL REVIEW D 64 055010
GUT gauge symmetry is correctly broken to the stand
model one, and all the light particle contents are the sam
that of the MSSM.

Since, at low energy<MGUT, the above model is de
scribed by the MSSM, the standard model gauge coupli
are successfully unified atMGUT;1016 GeV. At high energy
larger than the GUT scale, the MSSM gives place to
SU(5)GUT GUT. Although the particle contents introduce
above make theSU(5)GUT GUT asymptotic nonfree, the
gauge coupling remains in the perturbative regime below
Planck scale with appropriate large mass parameters, fo
ample,m1 ,m2@MGUT.

IV. SUMMARY AND COMMENTS

We proposed a new mechanism towards the solution
the doublet-triplet Higgs mass splitting problem in the sup
symmetric grand unified theory. Our model is based on
gauge groupSU(5)H3SU(5)GUT with particle contents in-
troduced in the Secs. II and III. All the fundamental sup
potentials in our model are renormalizable and gene
which are consistent with all the symmetries. In the pres
model, we obtained the desired SUSY vacuum, in which
doublet-triplet Higgs mass splitting is realized through t
effect ~the quantum deformation of moduli space! by the
strongSU(5)H gauge dynamics, and the correct GUT gau
symmetry breaking takes place. At low energy, our mo
connects with the minimal supersymmetric standard mod

Here, we give some comments on more detailed featu
of our model. Let us first discuss the origin of the expli
U(1)R breaking term in Eq.~9!. This term is necessary t
realize the correct breaking pattern of theSU(5)GUT and to
make the fields except the MSSM particle contents hea
One possibility to provide this term is to introduce anoth
strong gauge dynamics. For example, consider a sector b
on the gauge groupSU(2)H with four doublet superfields
Qi( i 51,2,3,4) having theU(1)R charge 2/5. In this case, th
general renormalizable superpotential at the tree level i
the form

W52Z@QiQj #, ~10!
s.
v.

hy

,
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where@ # denotes the contraction of theSU(2)H indices by
the epsilon tensor. The strongSU(2)H gauge dynamics
causes the quantum deformation of moduli space, and
constraint Pf@QiQj #5L2

4, comes out@12#. Here, L2 is the
dynamical scale of theSU(2)H gauge interaction. Under thi
constraint, the above superpotential leads to theU(1)R sym-
metry breaking termm5L2 in Eq. ~9!. This is the dynamical
origin of theSU(5)GUT3U(1)R symmetry breaking through
Eqs.~9! and ~10!. It is possible to construct other example

In this paper, we have considered only the SUSY vacuu
If the SUSY breaking effects are taken into account, the s
SUSY breaking terms in the scalar potential are induced,
the vacuum we discussed may be changed. Since our S
vacuum conditions are required at the GUT scale mu
larger than the typical SUSY breaking scale, the SU
breaking effects are expected to be small. However, ther
an interesting possibility that this small effects may gener
them term for the doublet Higgs superfields. Indeed, anal
ing the scalar potential based on the minimal supergra
scenario, we can find that nonzerom term is really generated
through the VEV ofM. Unfortunately, it is too small,m
;m3/2

2 /MGUT, as expected in the dimensional analys
wherem3/2 is the electroweak scale gravitino mass. The
fore, we need another mechanism to provide the sizablm
term. For this issue, the Guidice-Masiero mechanism@17# is
remarkable, since this mechanism automatically gener
the m term and theB parameter with the electroweak sca
through the SUSY breaking effects.

Finally, although the doublet-triplet Higgs mass splittin
is simply realized through the strong gauge dynamics,
model is somewhat complicated. It may be possible to c
struct a simpler dynamical model with our mechanism. Al
in order to obtain a more complete model, we have to c
struct a concrete SUSY breaking sector, and combine it w
the SU(5)GUT sector. These directions are worth investig
ing.
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