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It is shown that the doublet-triplet splitting problem can be solved in(180with only a
single adjoint Higgs field (as seems to be required by superstring theory), while at the same
time avoiding the existence of light fields that would destroy the unification of gauge couplings.
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The striking unification of gauge couplings [1] at aboutwhile the spinor sector both breaks the rank of SO(10)
10'® GeV in the minimal supersymmetric standard modeland gives right-handed neutrinos mass.
(MSSM) points toward the possibility of a supersymmet- The dilemma is that if the spinor sector is coupled
ric grand unified theory (SUSY GUT). to the adjoint sector it tends to destabilize the DW
SO(10) is generally thought to be the most attractiveform of the adjoint vacuum expectation value required
grand unified group for a number of reasons. It achievefor the 2/3 splitting, while if the two sectors araot
complete quark-lepton unification for each family, explainscoupled (or coupled very weakly [10,11]) to each other
the existence of right-handed neutrinos and of “seesawih the superpotential there arise colored and charged
neutrino masses, has certain advantages for baryogenegisseudo)goldstone fields which have a disastrous effect on
in particular sinceB-L is broken [2], and has the greatest the running of the gauge couplings [10].
promise for explaining the pattern of quark and lepton In Refs. [7] and [8], an indirect way to couple the two
masses [3]. sectors together without destabilizing the hierarchy was
The greatest theoretical problem that any grand unifieflound. However, this solution to the problem involved a
theory must face is the gauge hierarchy problem [4], andomewhat complicated Higgs structure including at least
in particular that aspect of it called the “doublet-triplet three adjoint fields.
splitting problem” [5], or 23 splitting problem for short. In this Letter we show that there is a very simple way
The only way to achieve natural/2 splitting in SO(10) to couple the spinor and adjoint sectors together, with
is the Dimopoulos-Wilczek (DW) mechanism [6]. In only a single adjoint, with a stable hierarchy, and with no
Ref. [7] it was shown that realistic SO(10) models canpseudogoldstones. Before describing it, it will be helpful
be constructed using the DW mechanism. to review in more detail the problems that have been
One criticism that is sometimes made about SO(10) isliscussed above.
that solving the 23 splitting problem requires a somewhat The problem of a stable hierarchy in SO(18)The
complicated Higgs structure. The models constructed iDW mechanism is based on the existence of an adjoint
Refs. [7] and [8] contained at least the following Higgs Higgs field, which we shall call, getting a vacuum
multiplets: three adjoints4f), two rank-two symmetric expectation value (VEV) in th8-L direction:
tensors §4), a pair of spinors¥6 + 16), two vectors {0),
and several singlets. Aside from the issue of simplicity, 0
there are some indications that it may be impossible
to construct grand unified models with a multiplicity of (A =
adjoint fields from superstring theory [9]. What we show

in this Letter is that a satisfactory/2 splitting can be o a ]
achieved with only @ingleadijoint. where a ~ Mg, the unification scale. The lower-right

The necessity of a complicated Higgs structure is> X 3 block corresponds to SU(3) of color, and the upper-
largely traceable to one technical problem, namely théeft 2 X 2 block to weak SU(2). When this adjoint is
breaking of the rank of SO(10) from five to four with- coupled to vector representations, which we ywll call
out destabilizing the DW solution of the gauge hierarchy/1 @and T, by terms such a§’AT, the color triplets
problem. The complete breaking of SO(10) to the stanin the vectors are given superlarge masses, while the
dard model requires at least two sectors of Higgs: an ag¥eak doublets remain massless. (By having also a term
joint sector and a spinor sector. The adjoint sector play§f the form M7T5 it is ensured that only one pair of
the central role in the DW mechanism foy2splitting, ~Weak doublets remains light. The proton-decay amplitude

a ®iT), 1)
a
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from the exchange of colored Higgsinos is proportionalcoupled together by a term AA’A”, whereA” was a third
to My/a?, so that if My/a < 107! it is sufficiently adjoint. Because th&A’A” is totally antisymmetric under
suppressed [7,8].) Such a “DW form” for the adjoint the interchange of any two adjoints (due to the fact that the
VEV is not possible in SU(5), where(tt) = 0. adjoint is an antisymmetric tensor), there have to be three
An adjoint alone is not sufficient to break SO(10) distinct adjoints in this term. This antisymmetry ensures,
to the standard model grougGsy, and in particular asitis easy to see, that this term does not contribute to any
cannot reduce the rank of the group. This requires eitheof the F terms as long as the VEVs of the three adjoints
spinorial Higgs 16 + 16) or rank-five antisymmetric commute with each other. Therefore it does not destabilize
tensor Higgs 126 + 126). As the latter tend to destroy the DW form of the VEV ofA. And yet, it can also be
the perturbativity of the unified interactions below the shown that this trilinear term is sufficient to prevent the
Planck scale, we will assume that the rank-breaking sectaxistence of any pseudogoldstone fields.
has spinors, which we shall call andC. These spinors This has been the choice until now: to assume a
(also necessary to give mass to the right-handed neutrinospmplicated Higgs sector with at least three adjoint Higgs
have VEVs in the SU(5)-singlet direction. fields [7,12] or to assume that light pseudogoldstones
The spinor VEVs break SO(10) down to SU(5), andexist which have a disastrous effect on the unification of
thus the sector of the superpotential which depends o@ouplings [10,11,13].
C and C but not onA, which we shall callW¢, leaves Solving the problem—The solution to the above diffi-
massless at least those components of the spinors fiulty turns out to be remarkably simple. Let there be a
the coset SQ0)/SU(5). That is just al0 + 10 + single adjomt fieldA, andtwo pairs of spinorsC + C
1 of SU(5), or a[(3,2, é) + (3,1, _%) + (1,1, +1) + andC’' + C'. The complete Higgs superpotential is as-
H.c.] + (1,1,0) of Ggum. sumed to have the form
The adjointA, with the VEV shown in Eq. (1), breaks
SO(10) down to S(B). X U(l)g—r X SOQ4). [SO4) =
SUQR)., X SU(2)z.] The part of the superpotential that The precise forms ofW, and W do not matter, as
depends om but not on the spinors, which we shall long asW, gives(A) the DW form, andW. makes the
call Wy, thus leaves massless at least those componentEVs of C and C point in the SU(5)-singlet direction.
of the adjoint in the cosets §@)/[SO(6) X SO4)] and For specificity we will takeW = X(CC?/ME + F(X),
SQ6)/[SUB). X U(l)g—r]. The first of these cosets where X is a singlet, andf(X) is a polynomial inX
consists of a(6,4) of SO6) X SO4), which contains containing at least a linear term. [Other forms ¥g¢ are
[(3,2, é) + (3,2 — 6) + H.c.]of Ggy. The second coset possible, Sui:h a&(CC — P2), where(P¢c) ~ Mg.] We
consists of 3, 1, — 3) + H.c.] of Gsy. takeW, = g7 tr A* + 2MA tr A>. (There are arguments
Thus, with no coupling between the two sectors against explicit mass terms for adjoint fields in superstring
there are extra, uneaten goldstone fields(In2, ;) +  theory [3], but one can simply replacé, here by some
(3,1,—3) + H.c. To avoid these, the adjoint must couple singlet field) The term$74AT, + ST3) are a standard
to the spinor. The obvious way to couple them togetherPart Of the 23 splitting mechanism in SO(10) models, as

by the termgCAC, directly destabilizes the DW form hoﬁd above. Lt that fitute th hani
assumed foKA). Let us assume thad has the form e crucial terms that constitute the new mechanism

diag(h,b,a,a,a) ® ir». b = 0is the desired DW form, we propose for coupling the spinor and adjoint sectors
The VEVs of the spinors point in the SU(5)-singlet together have the form
dirgection and hzave magnitudg ~ Mg. ThengCAC = Wace = f’[(P/Ml)A + Z,]C + C[(P/M»)A + Z,]C',
—5(2b + 3a)cg. The termsW, must have a form that 3)
gives aW,/db = O(Mg)b, so that by themselves they
would give b = 0. But taking into account also the whereZ, Z,, andP are singlets, andP) is assumed to
coupling termngC, one ha?) = —F, = 0W,«/0b =  be of orderMs. A critical point is that the VEVs of the
OMg)b — gCo, or b ~ gMg. In the DW mechanism primed spinor fields will vanish, and therefore the terms
[7] the Higgs doublets get a seesaw mass of ordein Eq (3) will not make a destabilizing contribution to
b?/Mgur, SO thatg must be less than abouto~’. —Fi = dW/0A.
This is the assumption made in Ref. [11]. This leads to The VEV of A is determined by the equation
the pseudogoldstone fields getting masses only of orddr = —Fi = ;A% + MaA.  If  (A) = dlaqal,az,as,
gMgur < 10° GeV, and thus to sy, = 0.2415. as,as) ® its, then for eachi one has that? = 0 or
The spinor sector and adjoint sector must be coupledM,(= a*). There is, therefore, a dlscrete vacuum
together in some more subtle way. In Ref. [7] such a waydegeneracy. The DW vacuum is obtained if two of the
was proposed. There the spinor sector was assumed &'s vanish and the other three have the same sign and
contain a different adjoint Higgs, calletf, whose VEV  magnitudea.
points in the SU(5) singlet direction. The two sectors Fy = 0 implies that (CC)> = —M2f'. The D
(namely theA sector and théC, C, A’) sector) were then terms and soft, SUSY-breaking terms will ensure that
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(C)y = (C). We take these VEVs to be of order the GUT are all gauge equivalent. Thus, we can take the VEV of
scale. TheF. and F¢ equations imply thatx) = 0. C to lie in theSU(5)-singlet direction without any loss of
The most interesting equations are generality. /
e Now we will show that{C’) = (C') = 0. ThatC’ and
0= —Fg =LP/M)A+ Zi]C, ) & have no VEV in the SU(5)-singlet direction follows
and from Fz = Fz, = 0. And from the SU(5)-nonsinglet
A components of th& and F¢ equations it follows tha€”’
0 For= CUP/MIA + Z3]. ®) andC’ have no VEVs in the SU(5)-nonsinglet directions,
It is necessary only to consider the first of these twoeither. All VEVs have now been fixed except for the one
equations, as they have the same structure. Let the VENhear combination of?, Z;, andZ, that is orthogonal to
of C be decomposed as follow&”) = > x fxCk, where  the linear combinations that are fixed by the and F
the Cx are the irreducible multiplets afsv and thefx  equations. [See Eq. (6).] This VEV is not determined
are numerical coefficients. Since we have chosen the DWy the terms we have so far written down. One can add

form for (A), Eq. (4) can be written additional terms to¥ to fix this singlet VEV. It is also
3 possible that it is determined by radiative effects when
[3 a(P/M\)(B — L)k + Z; :|fK =0, (6)  supersymmetry breaks. As noted above, we assume that
_ _ _ it is of orderMg.
for all K. Since (CC) # 0, not all the fx vanish. Knowing the VEVs, one can now read off the Higgsino
Supposef; does not vanish. The is fixed to beZ; =  mass matrices directly fron¥. For the representations

—%G(Mi])(B — L);. This, in turn, implies thaffx =0 Kk = (3,2,4), (3,1,—%), and (1,1, +1), which are con-
for all K for which (B — L)x # (B — L);. There are, tained in thel0 of SU(5), one has$ X 3 mass matrices,
therefore, a discrete number of solutions; in fact, foursince such representations exist in the adjginand in
One of them isZ; = —%a(%), with (C) pointing in any  the spinorsC andC’. The masses come from the terms
direction which ha®8 — L = 1. There is a two-complex- in Eq. (3), both through the VEVs A, Z;, andZ,, and

dimensional space of such directions. But actually theséhrough the VEVs of the spinoiS andC.

_ mg 0 ©(P)/N2My \ [ Ak
Wmass,lO(K) = (AE’ Cx, CE) 0 0 aKa<P)/M2 C{( . (7
(©)(P)/N2M;  agalP)/M, 0 Ck
Hereax = 3[(B — L)x — 1], and takes the values1, [ From the explicit spectrum given above one can com-

—2, and0, respectively, foik = (3,2, ¢), (3.1,—3), and  pute the corrections to the low-energy gauge couplings due
(1,1,+1). The entrymg vanishes for the color-triplet to the superheavy states. Since’#ip and « are better
values of K, since W, has goldstone modes in those known, itis now usual to use them as inputs for a prediction
directions, but is nonzero (and in fact equakfy2M) in  of a;(Mz). The minimal SU(5) SUSY-GUT predicts [1]
the (1,1, +1) direction. Thus for eaclt the3 X 3 mass as(Mz) = 0.127 = 0.005 * 0.002, where the first error
matrix has one vanishing eigenvalue, corresponding to & the uncertainty in the low-energy sparticle spectrum, and
goldstone mode that gets eaten by the Higgs mechanisrifie second is the uncertainty in the masses of the top quark
and two nonvanishing GUT-scale eigenvalues. One seéd Higgs bosons. A global fit [14] te, from measure-
also that the massless mode for= (1,1, +1) is purelyin ~ ments at all energies giveg (Mz) = 0.117 * 0.005.
the C direction, as it should be since only the spinor VEVs  Using the notation of Ref. [8], we defines; =
break that generator, while for the mass matrices of théas(M¢g) — @cl/@c, where ag = a1(Mg) = ax(Mg).
color-triplet representations the massless mode is a linedMg is here defined to be the scale at whiechanda; are
combination of the adjoint and spinor as it should be. ~ equal.) To obtaina,(Mz) = 0.12 requires, in general,
As for the representationd, 2, —%) and (3, 1,%) that thates ~ —0.02to —0.03. Inthe minimal SO(10) scheme

are contained in th& of SU(5), and their conjugates, they presented here one finds thet = <= ag In[% Z—ﬁ ,

are contained only in the spinors a_md obtain mass onlwhere M; = a%/2(S) is the effective color-triplet Hig-
from the VEVs ofA, Z;, andZ,. It is easy to see that gsino mass that comes into the Higgsino-mediated
the weak doublets get mass 2f(P)/M;, while the color  proton-decay amplitudee; thus comes out to b&0.03 if

triplets get mass da(P)/M;. M7 = 10Mg, and+0.06 if M7 = 10°M (as is typically
In addition to these, the adjoint contains tt81,0) necessary if tay is large).
and(1, 3,0), which get mass data?/M anda’®/M, respec- It should be noted that this contribution ¢ is coming

tively, and the(3, 2, —%) + H.c., which get eaten. There from the sector of th@0's of Higgs, and must be present

are also several singlets @fsy which get superlarge in any SO(10) model. For comparison, in the absence of
mass. We have thus seen that no goldstone or pseudte mechanism proposed in this Letter, a model with only a
goldstones are left after symmetry breaking. single adjoint Higgs would have colored, pseudogoldstone
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fields that contribute aadditional +0.1 to +0.2 to €3, SO In conclusion, we have demonstrated a simple super-

that the problem would be several times worse. symmetric SO(10) model which both breaks SO(10) to
A complete discussion of GUT-scale threshold correcthe standard model and solves the doublet-triplet splitting

tions to &, would involve the sector of the theory respon- problem, with only one adjoint field, and without the ap-

sible for fermion masses. This sector can in principlepearance of extra light fields that disrupt the unification of

lower the value ofx,, but could also exacerbate the prob- couplings. In one version of the modeluaterm is gen-

lem. There is one mechanism which is, however, guararerated naturally.
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