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It is shown that the doublet-triplet splitting problem can be solved in SOs10d with only a
single adjoint Higgs field (as seems to be required by superstring theory), while at the s
time avoiding the existence of light fields that would destroy the unification of gauge coupli
[S0031-9007(97)04770-4]

PACS numbers: 12.10.Dm
u
e

iv
v
n

e
s
o

e
n

e

n
a

)
a

s

ty
b
f
w

th
-
h

a
a

0)

d

d

er
ed
on

as
a
st

y
ith
o

ul
n

int

r-

ll

the
rm

de
The striking unification of gauge couplings [1] at abo
1016 GeV in the minimal supersymmetric standard mod
(MSSM) points toward the possibility of a supersymme
ric grand unified theory (SUSY GUT).

SO(10) is generally thought to be the most attract
grand unified group for a number of reasons. It achie
complete quark-lepton unification for each family, explai
the existence of right-handed neutrinos and of “seesa
neutrino masses, has certain advantages for baryogen
in particular sinceB-L is broken [2], and has the greate
promise for explaining the pattern of quark and lept
masses [3].

The greatest theoretical problem that any grand unifi
theory must face is the gauge hierarchy problem [4], a
in particular that aspect of it called the “doublet-tripl
splitting problem” [5], or 2y3 splitting problem for short.
The only way to achieve natural 2y3 splitting in SO(10)
is the Dimopoulos-Wilczek (DW) mechanism [6]. I
Ref. [7] it was shown that realistic SO(10) models c
be constructed using the DW mechanism.

One criticism that is sometimes made about SO(10
that solving the 2y3 splitting problem requires a somewh
complicated Higgs structure. The models constructed
Refs. [7] and [8] contained at least the following Higg
multiplets: three adjoints (45), two rank-two symmetric
tensors (54), a pair of spinors (16 1 16), two vectors (10),
and several singlets. Aside from the issue of simplici
there are some indications that it may be impossi
to construct grand unified models with a multiplicity o
adjoint fields from superstring theory [9]. What we sho
in this Letter is that a satisfactory 2y3 splitting can be
achieved with only asingleadjoint.

The necessity of a complicated Higgs structure
largely traceable to one technical problem, namely
breaking of the rank of SO(10) from five to four with
out destabilizing the DW solution of the gauge hierarc
problem. The complete breaking of SO(10) to the sta
dard model requires at least two sectors of Higgs: an
joint sector and a spinor sector. The adjoint sector pl
the central role in the DW mechanism for 2y3 splitting,
0031-9007y97y79(24)y4748(4)$10.00
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while the spinor sector both breaks the rank of SO(1
and gives right-handed neutrinos mass.

The dilemma is that if the spinor sector is couple
to the adjoint sector it tends to destabilize the DW
form of the adjoint vacuum expectation value require
for the 2y3 splitting, while if the two sectors arenot
coupled (or coupled very weakly [10,11]) to each oth
in the superpotential there arise colored and charg
(pseudo)goldstone fields which have a disastrous effect
the running of the gauge couplings [10].

In Refs. [7] and [8], an indirect way to couple the two
sectors together without destabilizing the hierarchy w
found. However, this solution to the problem involved
somewhat complicated Higgs structure including at lea
three adjoint fields.

In this Letter we show that there is a very simple wa
to couple the spinor and adjoint sectors together, w
only a single adjoint, with a stable hierarchy, and with n
pseudogoldstones. Before describing it, it will be helpf
to review in more detail the problems that have bee
discussed above.

The problem of a stable hierarchy in SO(10).—The
DW mechanism is based on the existence of an adjo
Higgs field, which we shall callA, getting a vacuum
expectation value (VEV) in theB-L direction:

kAl 

0BBBBB@
0

0
a

a
a

1CCCCCA ≠ it2 , (1)

where a , MG , the unification scale. The lower-right
3 3 3 block corresponds to SU(3) of color, and the uppe
left 2 3 2 block to weak SU(2). When this adjoint is
coupled to vector representations, which we will ca
T1 and T2, by terms such asT1AT2 the color triplets
in the vectors are given superlarge masses, while
weak doublets remain massless. (By having also a te
of the form MT T2

2 it is ensured that only one pair of
weak doublets remains light. The proton-decay amplitu
© 1997 The American Physical Society
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from the exchange of colored Higgsinos is proportion
to MT ya2, so that if MT ya & 1021 it is sufficiently
suppressed [7,8].) Such a “DW form” for the adjoin
VEV is not possible in SU(5), where trsAd  0.

An adjoint alone is not sufficient to break SO(10
to the standard model group,GSM , and in particular
cannot reduce the rank of the group. This requires eith
spinorial Higgs (16 1 16) or rank-five antisymmetric
tensor Higgs (126 1 126). As the latter tend to destroy
the perturbativity of the unified interactions below th
Planck scale, we will assume that the rank-breaking sec
has spinors, which we shall callC andC. These spinors
(also necessary to give mass to the right-handed neutrin
have VEVs in the SU(5)-singlet direction.

The spinor VEVs break SO(10) down to SU(5), an
thus the sector of the superpotential which depends
C and C but not onA, which we shall callWC, leaves
massless at least those components of the spinors
the coset SOs10dySUs5d. That is just a 10 1 10 1

1 of SU(5), or a fs3, 2, 1
6 d 1 s3, 1, 2

2
3 d 1 s1, 1, 11d 1

H.c.g 1 s1, 1, 0d of GSM.
The adjointA, with the VEV shown in Eq. (1), breaks

SO(10) down to SUs3dc 3 Us1dB2L 3 SOs4d. [SOs4d 
SUs2dL 3 SUs2dR.] The part of the superpotential tha
depends onA but not on the spinors, which we sha
call WA, thus leaves massless at least those compone
of the adjoint in the cosets SOs10dyfSOs6d 3 SOs4dg and
SOs6dyfSUs3dc 3 Us1dB2Lg. The first of these cosets
consists of as6, 4d of SOs6d 3 SOs4d, which contains
fs3, 2, 1

6 d 1 s3, 2 2
5
6 d 1 H.c.g of GSM . The second coset

consists offs3, 1, 2
2
3 d 1 H.c.g of GSM.

Thus, with no coupling between the two sector
there are extra, uneaten goldstone fields ins3, 2, 1

6 d 1

s3, 1, 2
2
3 d 1 H.c. To avoid these, the adjoint must coupl

to the spinor. The obvious way to couple them togeth
by the termgCAC, directly destabilizes the DW form
assumed forkAl. Let us assume thatA has the form
diagsb, b, a, a, ad ≠ it2. b  0 is the desired DW form.
The VEVs of the spinors point in the SU(5)-single
direction and have magnitudec0 , MG . ThengCAC 
2

g
2 s2b 1 3adc2

0. The termsWA must have a form that
gives ≠WAy≠b  OsMGdb, so that by themselves they
would give b  0. But taking into account also the
coupling termgCAC, one has0  2Fp

b  ≠Wtoty≠b 
OsMGdb 2 gc2

0, or b , gMG . In the DW mechanism
[7] the Higgs doublets get a seesaw mass of ord
b2yMGUT , so that g must be less than about1027.
This is the assumption made in Ref. [11]. This leads
the pseudogoldstone fields getting masses only of or
gMGUT , 109 GeV, and thus to sin2 uW  0.2415.

The spinor sector and adjoint sector must be coup
together in some more subtle way. In Ref. [7] such a w
was proposed. There the spinor sector was assume
contain a different adjoint Higgs, calledA0, whose VEV
points in the SU(5) singlet direction. The two secto
(namely theA sector and thesC, C, A0d sector) were then
al
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coupled together by a termtr AA0A00, whereA00 was a third
adjoint. Because theAA0A00 is totally antisymmetric under
the interchange of any two adjoints (due to the fact that t
adjoint is an antisymmetric tensor), there have to be th
distinct adjoints in this term. This antisymmetry ensure
as it is easy to see, that this term does not contribute to
of the F terms as long as the VEVs of the three adjoin
commute with each other. Therefore it does not destabil
the DW form of the VEV ofA. And yet, it can also be
shown that this trilinear term is sufficient to prevent th
existence of any pseudogoldstone fields.

This has been the choice until now: to assume
complicated Higgs sector with at least three adjoint Hig
fields [7,12] or to assume that light pseudogoldston
exist which have a disastrous effect on the unification
couplings [10,11,13].

Solving the problem.—The solution to the above diffi-
culty turns out to be remarkably simple. Let there be
single adjoint fieldA, and two pairs of spinors,C 1 C
and C0 1 C

0. The complete Higgs superpotential is a
sumed to have the form

W  WA 1 WC 1 WACC0 1 sT1AT2 1 ST 2
2 d . (2)

The precise forms ofWA and WC do not matter, as
long asWA gives kAl the DW form, andWC makes the
VEVs of C and C point in the SU(5)-singlet direction.
For specificity we will takeWC  XsCCd2yM2

C 1 fsXd,
where X is a singlet, andfsXd is a polynomial inX
containing at least a linear term. [Other forms forWC are
possible, such asXsCC 2 P2

Cd, wherekPCl , MG.] We
takeWA 

1
4M tr A4 1

1
2 MA tr A2. (There are arguments

against explicit mass terms for adjoint fields in superstri
theory [9], but one can simply replaceMA here by some
singlet field.) The termssT1AT2 1 ST 2

2 d are a standard
part of the 2y3 splitting mechanism in SO(10) models, a
noted above.

The crucial terms that constitute the new mechanis
we propose for coupling the spinor and adjoint secto
together have the form

WACC0  C
0fsPyM1dA 1 Z1gC 1 CfsPyM2dA 1 Z2gC0 ,

(3)

whereZ1, Z2, andP are singlets, andkPl is assumed to
be of orderMG. A critical point is that the VEVs of the
primed spinor fields will vanish, and therefore the term
in Eq. (3) will not make a destabilizing contribution to
2Fp

A  ≠Wy≠A.
The VEV of A is determined by the equation

0  2Fp
A 

1
M A3 1 MAA. If kAl  diagsa1, a2, a3,

a4, a5d ≠ it2, then for eachi one has thata2
i  0 or

MMAs; a2d. There is, therefore, a discrete vacuu
degeneracy. The DW vacuum is obtained if two of th
ai ’s vanish and the other three have the same sign a
magnitudea.

FX  0 implies that kCCl2  2M2
Cf 0. The D

terms and soft, SUSY-breaking terms will ensure th
4749
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kCl > kCl. We take these VEVs to be of order the GU
scale. TheFC andFC equations imply thatkXl  0.

The most interesting equations are

0  2Fp

C0  fsPyM1dA 1 Z1gC , (4)

and

0  2Fp
C0  CfsPyM2dA 1 Z2g . (5)

It is necessary only to consider the first of these tw
equations, as they have the same structure. Let the V
of C be decomposed as follows:kCl 

P
K fKCK , where

the CK are the irreducible multiplets ofGSM and thefK

are numerical coefficients. Since we have chosen the
form for kAl, Eq. (4) can be written∑

3
2

asPyM1d sB 2 LdK 1 Z1

∏
fK  0 , (6)

for all K. Since kCCl fi 0, not all the fK vanish.
SupposefJ does not vanish. ThenZ1 is fixed to beZ1 
2

3
2 as P

M1
d sB 2 LdJ . This, in turn, implies thatfK  0

for all K for which sB 2 LdK fi sB 2 LdJ . There are,
therefore, a discrete number of solutions; in fact, fo
One of them isZ1  2

3
2 a

≥
P

M1

¥
, with kCl pointing in any

direction which hasB 2 L  1. There is a two-complex-
dimensional space of such directions. But actually th
t
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are all gauge equivalent. Thus, we can take the VEV
C to lie in theSUs5d-singlet direction without any loss of
generality.

Now we will show thatkC0l  kC0l  0. ThatC0 and
C

0 have no VEV in the SU(5)-singlet direction follow
from FZ1  FZ2  0. And from the SU(5)-nonsinglet
components of theFC andFC equations it follows thatC0

andC
0 have no VEVs in the SU(5)-nonsinglet direction

either. All VEVs have now been fixed except for the on
linear combination ofP, Z1, andZ2 that is orthogonal to
the linear combinations that are fixed by theFC0 andFC

0

equations. [See Eq. (6).] This VEV is not determine
by the terms we have so far written down. One can a
additional terms toW to fix this singlet VEV. It is also
possible that it is determined by radiative effects wh
supersymmetry breaks. As noted above, we assume
it is of orderMG .

Knowing the VEVs, one can now read off the Higgsin
mass matrices directly fromW . For the representations
K  s3, 2, 1

6 d, s3, 1, 2
1
3 d, and s1, 1, 11d, which are con-

tained in the10 of SU(5), one has3 3 3 mass matrices,
since such representations exist in the adjointA and in
the spinorsC and C0. The masses come from the term
in Eq. (3), both through the VEVs ofA, Z1, andZ2, and
through the VEVs of the spinorsC andC.
Wmass,10sKd  sAK , CK , C
0

K d

0B@ mK 0 kCl kPly
p

2 M2
0 0 aK akPlyM2

kCl kPly
p

2 M1 aKakPlyM1 0

1CA
0B@ AK

CK

C0
K

1CA . (7)
-
ue

n
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d

of
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Here aK ; 3
2 fsB 2 LdK 2 1g, and takes the values21,

22, and0, respectively, forK  s3, 2, 1
6 d, s3, 1, 2

1
3 d, and

s1, 1, 11d. The entrymK vanishes for the color-triple
values of K, since WA has goldstone modes in thos
directions, but is nonzero (and in fact equal toa2y2M) in
the s1, 1, 11d direction. Thus for eachK the 3 3 3 mass
matrix has one vanishing eigenvalue, corresponding
goldstone mode that gets eaten by the Higgs mechan
and two nonvanishing GUT-scale eigenvalues. One s
also that the massless mode forK  s1, 1, 11d is purely in
theC direction, as it should be since only the spinor VE
break that generator, while for the mass matrices of
color-triplet representations the massless mode is a lin
combination of the adjoint and spinor as it should be.

As for the representationss1, 2, 2 1
2 d and s3, 1, 1

3 d that
are contained in the5 of SU(5), and their conjugates, the
are contained only in the spinors and obtain mass o
from the VEVs ofA, Z1, and Z2. It is easy to see tha
the weak doublets get mass of3akPlyMi , while the color
triplets get mass of2akPlyMi .

In addition to these, the adjoint contains thes8, 1, 0d
ands1, 3, 0d, which get mass of2a2yM anda2yM, respec-
tively, and thes3, 2, 2

5
6 d 1 H.c., which get eaten. There

are also several singlets ofGSM which get superlarge
mass. We have thus seen that no goldstone or pse
goldstones are left after symmetry breaking.
e

a
sm,
ees

s
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ear
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do-

From the explicit spectrum given above one can com
pute the corrections to the low-energy gauge couplings d
to the superheavy states. Since sin2 uW anda are better
known, it is now usual to use them as inputs for a predictio
of assMZd. The minimal SU(5) SUSY-GUT predicts [1]
assMZd  0.127 6 0.005 6 0.002, where the first error
is the uncertainty in the low-energy sparticle spectrum, an
the second is the uncertainty in the masses of the top qu
and Higgs bosons. A global fit [14] toas from measure-
ments at all energies givesassMZd  0.117 6 0.005.

Using the notation of Ref. [8], we definee3 ;
fa3sMGd 2 ãGgyãG , where ãG ; a1sMGd  a2sMGd.
(MG is here defined to be the scale at whicha1 anda2 are
equal.) To obtainassMZd . 0.12 requires, in general,
thate3 , 20.02 to 20.03. In the minimal SO(10) scheme
presented here one finds thate3 > 3

5p ãG ln
h

32
9
p

2
M̃T
MG

i
,

where M̃T  a2y2kSl is the effective color-triplet Hig-
gsino mass that comes into the Higgsino-mediate
proton-decay amplitude.e3 thus comes out to be10.03 if
M̃T . 10MG , and10.06 if M̃T . 103MG (as is typically
necessary if tanb is large).

It should be noted that this contribution toe3 is coming
from the sector of the10’s of Higgs, and must be present
in any SO(10) model. For comparison, in the absence
the mechanism proposed in this Letter, a model with only
single adjoint Higgs would have colored, pseudogoldston
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fields that contribute anadditional10.1 to 10.2 to e3, so
that the problem would be several times worse.

A complete discussion of GUT-scale threshold corre
tions toas would involve the sector of the theory respon
sible for fermion masses. This sector can in princip
lower the value ofas, but could also exacerbate the prob
lem. There is one mechanism which is, however, guara
teed to lower the value ofas. Roszkowski and Shifman
[15] have emphasized that a gluino as the lighte
SUSY particle provides weak-scale threshold corre
tions that lower the value ofas. Moreover, in a
recent paper [16] one of us (S. R.) has shown how
obtain a model with a gluino LSP in the context o
gauge-mediated SUSY breaking and SO(10). Th
idea can easily be applied to the SO(10) model d
cussed here.

In any grand unified model the stability of the gaug
hierarchy requires that certain operators allowed by t
unified group—in particularHH 0 —be suppressed in the
superpotential to sufficiently high order inM21

P . In
SO(10) this means operators that containT 2

1 (sinceT1 .
H, H 0). Generally, these are assumed to be forbidd
by a U(1) symmetry (or aZN subgroup) under which
T1 ! eiaT1, T2 ! e2iaT2, A ! A, andS ! e2iaS. The
termT2

1 Sy is forbidden by holomorphy. (Of course, ther
must not be a field̃S with opposite quantum numbers toS,
as thenT 2

1 S̃ would be allowed.) Another term that mus
be forbidden in any SO(10) model isT1T2A2. This can
be ruled out (while allowingT1AT2) by aZ2 under which
A, T2, andP are odd.

The mechanism that we have proposed in this Let
involves introducing certain fields that could conceivab
destabilize the hierarchy. In particular, if the fieldP did
not appear in Eq. (3),Zi would have the same quantum
numbers asA, andT1ZiT2 would be allowed. The pres-
ence of the fieldP in Eq. (3) permits these dangerous term
to be forbidden by a symmetry under whichP andZi have
the same charge andA is neutral. In fact, this can be the
same U(1) (orZN subgroup) that preventsT 2

1 . For ex-
ample, all dangerous terms can be forbidden by the sy
metry Us1d 3 Z2 3 Z2, under which the fields have the
following charges:As012d, T1s111d, T2s2112d, Cs021d,
Cs011d, C0s2111d, C

0s2121d, Ps112d, Zis111d, and
Xs011d. The firstZ2 symmetry forbids the destabilizing
terms likeCCA2. However,sCCd2A2yM3

P is allowed, and
can be shown to give a contribution ofOsM5

GyM4
Pd to the

m parameter, thus solving them problem.
With this assignment of charges, the role ofS in Eq. (2)

can be played byP2. If, instead,P and Zi have charge
2, and C0 and C

0 have charge22, then the role ofS
can be played byZi . These are not the only possibl
symmetries or charge assignments that would stabilize
gauge hierarchy. There is a large range of possibiliti
since the full global symmetry of the terms given i
Eqs. (2) and (3) is Us1d3 3 Z2

2 .
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In conclusion, we have demonstrated a simple sup
symmetric SO(10) model which both breaks SO(10)
the standard model and solves the doublet-triplet splitti
problem, with only one adjoint field, and without the ap
pearance of extra light fields that disrupt the unification
couplings. In one version of the model am term is gen-
erated naturally.
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