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We present a model with a particle spectrum identical to minimal SU(5) below the SU(5)-breaking
mass scale M», where the gauge group is the standard SUc(3)X[SUt.(2)XU(1)]ows (GWS
= Glashow-Weinberg-Salam). However, unlike minimal SU(5), a nonstandard hypercharge embed-

ding into E6 allows our model to have M& large enough to agree with present limits on proton decay
and simultaneously have a weak mixing angle in agreement with the experimental value extracted
from the 8'and Z masses.

Recent experimental results on W —+ and Z physics and
proton decay may be in disagreement with the predictions
of the minimal SU(5) grand unified theory. ' The masses
of 8' and Z have been measured and give the currently
most accurate determination of the weak mixing angle

sm ()w(Mw) =0 226+0 011
expt

while a recent careful analysis of minimal SU(5) gives

sin Hw(Mw) =0.214+o'oo3 .
theory

The currently quoted experimental lower limit on the pro-
ton lifetime is

~(p~e+rr )) 1X10"yr,

while minimal SU(5) predicts

In the minimal SU(5) model, gs, g2, and g, start off
equal (up to the appropriate normalization) at Mx, and
after evolving according to the standard scenario they give
the usual results. We can modify the standard results
while keeping the requirements (i)—(iii), if we can give dif-
ferent initial values to the couplings at M». In other
words, SU(5) can no longer be a complete unification
group, but instead only part of a par'tial unification group
which we choose to be SU(5)XU~(1)XU&(1). [This
group can and will be unified directly into a larger simple
group E6 (Refs. 9 and 10).]

The standard charge operator is Q =Ts+ Y, where Y is
all SU(5) generator, diag( 3, 3, 3,—2, —2 ). Tlllls 'tile

main issue here is whether or not the hypercharge can be
embedded into E6 differently. We will prove in the fol-
lowing that there is an embedding

Q=T, +Y',
where

r(p~e+m )=4.5X10 +—' yr . Y'=—aA+bB+c Y (2)

If the present experimental results hold up, then
minimal SU(5) must be modified. However, since
minimal SU(5) has a number of outstandingly successful
predictions, it seems sensible to try to keep these successes
while attempting to eliminate its few shortcomings.
Hence we shall here (i) retain the desert hypothesis, which
implies no intermediate mass scales between Mx and M~',
(ii) keep the low-energy (i.e., below M») gauge group
SU&(3) X [SUt. (2) X U(1)]ows (GWS = Glashow-Wein-
berg-Salam) with couplings gs, g2, and gi, and (iii) retain
the light-fermion spectrum of the minimal model at low
energy, thus no supersymmetry, etc.

At first sight theses constraints seem to imply that a
renormalization-group (RG) analysis of gs, g2, and gi
can give nothing but the standard-model predictions.
However, there Es a way to avoid this seemingly inevitable
scenario. In fact, we can do this in a way that satisfies
constraints (i)—(iii) and at the same time agrees with the
experimental values of vp and sin 8~. This is accom-
plished with an unusual though not unaesthetic charge as-
signment which relaxes the requirement that the charge
operator Q be a generator of SU(5).

SO(10)XU~(1) SU(5) XUq(1) XUti(i) . (3)

Correspondingly, the 27, for example, is decomposed as

27~(1)4+(10) 2+ (16)i

(1)4,O+ [(5)-2,2+(5)—2, —2]

+[(1)i, —s+ (5)i,s+ (L0)i, —i] . (4)

On further reduction to SU(3)XSU(2)XU(1), the choice
of Eq. (1) with

Y'= —'A +—'B——'F
4 20 5 (5)

yields

with (a,b, c)&(0,0,1). Here A and 8 are the diagonal gen-
erators of E6 orthogonal to the SU(5) subgroup and will
be specified below.

Let us show the existence of the solution. To be specif-
ic, we define the charges A and B through the group
decomposition

30 1978 1984 The American Physical Society



30 NEW PATHS THROUGH THE DESERT: IMPROVING ON. . . 1979

~( y )+1+[( p ) —1/3+( ~ ) —1/2+( ~ ) —2/3+ ~ —1/2]

+ [( ~ )0+ ( ~ }1/3+( t —1/2+ —~ )1/6+ (—~—1/3+ —~ —0] (6)

where the subscripts are F' charges in (6). This is to be compared with the standard reduction

27~(1~ 1)o+[(3~1)—1/3+ ( 1 ~ 2}+1/2+ ( 3~ 1}1/3+(I»)—1/2]

+ [(—i—}0+(—~ —)1/3+ (—~ —}—1/2+ (—~ —}1/6+(—~—}—2/3+ (—~ —}1]

As promised, the light-fermion spectra in (6) and (7) are
identical, but they are arranged differently. For example,
instead of 5+5 coming from the 10 of SO(10}pairing off
and becoming superheavy as in the standard reduction, we
find a triplet and a doublet of the 10 of SO(10) pairing
with a triplet and doublet of the 16 to become superheavy.
There are other interesting differences, for instance, the
e+ comes from the SO(10) singlet, etc.

If we were to neglect the evolution of the coupling con-
stants, both the embeddings are unitary equivalent, yield-
ing sin 8~ ———', . However, for the F' hypercharge of Eq.
(5), we can let sin 8~ differ from —', by allowing the
SU(5) X U~(1) XU&(1}couplings to run from the E6 unifi-
cation scale down to Mz.

Now let us fill in the remaining details of the model.
Above the E6 breaking scale M there are Xg generations
of (27)L, left-handed Weyl fermions, NH Higgs (27}&'s
(which contain the light Higgs doublets) and an adjoint
Higgs (78)lt which contains the (24)H to break SU(5). All
Higgs particles are light at M. All except the (24)& of the
(78)H will become heavy below M, while the (24)~ is light
until M». This requires only a mild tuning of parameters
because, as we shall find, M will be at most 3 or 4 orders
of magnitude larger than M». All the components of
(27)L, have A and B charges and hence are massless above
Mx.

Remark. Recall that unlike the standard SU(5) model,
the (10)H of SU(5) coming from the 16 of SO(10) has a
charge neutral component [at the position where the posi-
tron resides the minimal SU(5) 10-piet]. Consequently,
the (16)~ of SO(10) is allowed to have a vacuum expecta-
tion value (VEV) without disrupting the low-energy
SU(3)XSU(2)XU(1) theory. Furthermore, this VEV, as
well as an SU(5)-singlet VEV from an SO(10) (16)~, are
required if we are to break down to SU(3) XSU(2) XU(1).
Hence we have made the model as realistic as possible by
giving VEV's to a (10)1 1 and a (1)1 & Higgs [both of
which are contained in a (27)~ of E6] to break 2, B, and
Y to the linear combination Y'. The Higgs 5's that
develop vacuum expectation values of order M11 and give
masses to the light fermions must come from both the 10
and 16 of SO(10). These will also be correctly included in
the bp's although they make only a small contribution.

The one-loop renormalization-group analysis is
straightforward. The p functions are given generically by

p(g)= —(bp/16m )g3,

where

5 55 1 4 10bp= 3 2' 6%5 3 3 N24

b p
—— 48Ng ———", —", N3, —

bp ———80iVg ——', ——,N5,

bp ——11——3%g,
(8)

20 1b p
————,Ng ——,Ng,
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FIG. 1. The running couplings as a function of momentum
scale for the case discussed in the text.

N3 is the number of Higgs 5's which contain Nd light
Higgs doublets.

We have added extra fermions in Eqs. (8} that are at
most as heavy as M». To be specific, we add a number
N24 of fermions in the adjoint (24}pp representation
whose masses are fine-tuned to be O(M»). (This 24 can
come from a 78 of E6.) The choice of SU(5) representation
for the extra fermions is irrelevant although it is impor-
tant to have zero (or "small" ) /I and B charges. All we
need to simultaneo(1sly increase both sin 8+(M11 ) and
M» are enough particles (they could also be partly or all
scalars) to make a& nonasymptotically free (AF) and run
downward with decreasing mass scale faster than a~ and
Qg.

Figure 1 is a plot of all the runningpauge couplings in
a model with N3 ——2, Nd ——1, and N24 ——7. Notice first



THGMAS %. KEPHART AND NGRIG NAKAGA%A 30

TABLE I, The first rom in this table shows the value of Mx and sin 8~(M~) in the one-loop ap-
proximation with onc Higgs doublet in minimal SU(5) Rcf. 11. In thc second row arc the results fiom
the complete two-loop analysis of Ref. 12 for comparison. The reInaining seven rows are results of our
onc-loop analysis for a variety of choices for M, Xd, and %78. (%c have set X5——Xq and Wg=3
throughout. ) ~~ is always at least a factor of 104 larger than the one-loop minimal-SU(5) result.

M (10' GCV)

10
10
105
104
104
10'
104

0

7
7

7
7
8

1

1

3
6

3
1

3

mx (10'4 GCV)

7.1
4.1

388.0
196.0
73.2

193.0
99.0

338.0
188.0

sin Hg (Mg)

0.375
0.375
0.405
0.410
0.417
0.396
0.401
0.403
0.409

sin e@(M@)

0.207
0.210
0.210
0.221
0.236
0.207
0.218
0.210
0.221

that all the couplings are small over the entire range
shown and hence perturbation theory is valid. Here, we
have used A, =300 MeV and a(Mn )= », as input and
have fixed the larger scale M to be mpi, „d, for illustration.
All couplings are normalized such that they coincide with
as when the evolution is neglected. Starting from the
small mass-scale side of the graph, we see a3 and ai con-
verge to as at Mx (—=2&&10'6 GeV), while ai crosses a2
and then n3 and is larger than either at Mx. Above M~,
az and uti follow very close, nearly parallel, but conver-
gent trajectories, while o,'z rises with a greater slope to
meet them at M. At the unification mass Mx,
sin 8' ——0.405. This is greiter than the minimal SU(5)
result of 3/8 and happens because the slope of as is
greater than-those of a~ and att, such that the linear com-
bination Y' in Q starts a& off greater than a2 ——a3.

Looking in the other direction, as the solution evolves
downward in mass scale„sin 8n falls at the same rate as
in minimal SU(5), since the particle content is the same
below Mx', however, the value of Mx we find is somewhat
greater than that found in minimal SU(5). This set of cir-
cumstances causes two obviously desirable effects. The
piotoll lifetinle 1& aiid slil 8'(Mp ) are simultaneously iil-

creased. These increases can be adjusted by varying M or
by varying the particle content above M~. Table I gives a
sampling of a few such choices.

We find the scheme presented here to improve vz and
sin 8u (Mn ) an attractive alternative to that of keeping
part of a split fermion multiplet light until Mn, which
introduces a fermionic hierarchy problem. It is far from
easy to experin1entally distinguish the two alternatives.
Split multiplet models do lead to a set of discrete predic-
tions for Mx and sin 8(Mn ), while our model allows a
continuously adjustable range for these parameters.

To conclude, we emphasize that the chief attraction of
the model proposed here is that below Mx none of the ad-
vantages of minimal SU(5) are lost (i.e., no intermediate
n1ass scales are introduced between Mz and M~, no pro-
liferation of undiscovered particles, etc.). On the con-
trary the two apparent disagreements with experin1ent ale
resolved. There is still a desert, but the sands have shift-
ed.
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