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Effects of Extra Light Z Bosons in Unified and Superstring Models
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We discuss the low-energy effects of extra light Z bosons in unified models especially in those
models which might arise from the E8 S E8 superstring. We find that deviations from the standard
model in neutral-current scattering data can give a very sensitive test of the presence of such bo-
sons, of unification, and of the pattern of symmetry breaking. Such deviations have already in fact
been observed. %e also discuss flavor-changing effects such as p, 3e.

PACS numbers: 14.80.Er, 11.30.Pb, 12.10.En, 12.30.Cx

In grand-unified models based on groups of rank 5
or greater the low-energy theory may contain extra
Abelian gauge groups. This would imply the existence
of extra Zo bosons beyond the one predicted in the
standard model and discovered at CERN. In the
Es S E8 heterotic superstring theory' the four-
dimensional effective theory is essentially a grand-
unified theory. When the extra dimensions are com-
pactified on a Calabi-Yau manifold in a manner so as
to preserve a residual supersymmetry in four dimen-
sions, 2 the gauge group of ordinary interactions is bro-
ken to E6, a rank-6 group. Furthermore, the breaking
at large scales is done (partly or completely) by expec-
tation values of order parameters which are in the ad-
joint representation. As is well known, this favors the
survival of unbroken U(1) factors in the low-energy
theory. Thus, if the heterotic theory proves to be
correct, it is quite likely that one or two extra Z bo-
sons might exist at low mass. Here we explore some
of the phenomenology3 5 associated with such parti-
cles, which henceforth we will call Z' bosons. We dis-
cuss (1) deviations from the neutral-current predic-
tions of the standard model in v-scattering and other
experiments, and (2) rare processes such as
p,

-+ e -+e +-e +-and other flavor-changing effects that

might be mediated by such Z' bosons.
Before discussing superstring unification itself let us

review some earlier results3 s about the effects of Z'
bosons. In a general model with Z' bosons the
standard-model predictions for the neutral-current
parameters, &L(u) eL, (d) erat( ) eit(d) ct ctd
c2„, c2d, gv, and gz, would deviate slightly from ex-
periment. In a model with gauge group G,
S U(1) S [where G, —= SU(3), SU(2)L
S U(1) z], these deviations can be essentially arbi-

trary. This is not so, however, if G, cSU(5) & G„„;r„~.
In that case the generator of U(1), must commute
with SU(5). Hence the Z' bosons will have the same
couplings to members of SU(5) multiplets, i.e., to the
set (uL, dL, , uI, and eL+) and also to the set (dL, vL, ,
and el ). [It must be emphasized that G„„;r„d need
not actually break to SU(5); it may break via some
other sequence. All that is necessary is that G, be em-
bedded in some SU(5) subgroup of G„„;r„d, which is
true of almost all of the unified models ever pro-
posed. l So in grand-unified models in general, and the
superstring theory in particular, the neutral-current
predictions must satisfy certain conditions. Four such
relations derived in Ref. 5 are as follows:

el. (d) —ez(d) —gz =0, 2eL(u)+2eit(u) +eL (d) +eit (d) + gv=0, 2ct„+ c&d+ c2d=0,

(1+ 3 sin26 )e (u)+2(1 —sin Ow)eit(u) + (1 ——', sin Hw)er (d) =0.

These are identically satisfied in the standard model.
If there are Z' bosons, however, these will only be sat-
isfied, generally, if there is unification. Thus these
equations provide a precise low-energy test of grand
unification if there are light Z' bosons (perhaps, if pro-
ton decay is not seen, the only test possible). Two
other very useful combinations of parameters are

R =—2eL(u) —e„(u)+2eL(d),
S =—e~(u) + 2e„(u) + et. (d) + 5en (d).

In the standard model R = S = 0. If there are light Z'
bosons, then Aa0 and Sa0. These parameters are
thus a sensitive test of the presence of such particles.
Moreover, in unified models with light Z' bosons the

I

ratio &/S can tell us a great deal about the unified
symmetries and their breakings. For example, in most
simple SO(10) models one finds R/S = —,', and in most
SU(X) models (with a regular embedding of G, ) one
finds R/S= 2. As we shall see, there are very definite
predictions for R/S in the models that one is likely to
obtain as the low-energy limit of superstring theory.

We can distinguish four stages of symmetry break-

ing in the E8 S E8 heterotic string theory, although
some of these may overlap in mass scale. (For back-

ground, see Ref. 2, Dine et al. ,6 and Witten, ' where
these stages of breaking are discussed in detail. )
These stages are (1) the breaking to E6 S E8 at the
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compactification scale which occurs if we require that a
four-dimensional supersymmetry survive; (2) the
E6 Gt breaking that occurs at the compactification
scale if certain Wilson-loop operators2 6 s have group-
theoretically nontrivial expectation values; (3) the fur-
ther breaking to G, when certain Higgs fields develop
vacuum expectation values; and (4) the weak-
interaction breaking of SU(2)L S U(l) q to U(1), at
a scale near Mit. We will refer to these, respectively,
as Calabi-Yau, Wilson-loop, intermediate, and weak
breaking. The Higgs fields available to do the inter-
mediate breaking, Gt G„are the G, singlets in the
27 and 27' multiplets. A 27 has two such singlets
which, following Ref. 6, we denote as St and S2.
(Correspondingly there are St and S2 in 27'). A cru-
cial question is what scale characterizes (S,) and (Sz) .

In Ref. 6 the various possibilities for the intermedi-
ate group Gt are enumerated and studied. There are
found 27 possibilities, of which some can immediately
be eliminated since the intermediate breaking cannot
take them down to the standard model. The authors
of Ref. 6 further eliminate a set of models, which we
call "class III" models in Table I, as giving too rapid a
proton decay. The point is that these models give rise
at low energy to dimension-five, baryon-num-
ber —nonconserving operators coming from g-quark ex-
change. [A g quark is one of the extra charge ——,',
SU(2)L-singlet quarks that is contained in the 27's of
E6. The g quarks get mass from the intermediate
breaking. ] Unless Mg & 10'5 GeV, proton decay is too
rapid. If the upper bound on the intermediate break-
ing scale of 10" GeV is correct, then these class III
models are not viable. However, there is another
minimum (not considered in Ref. 6) to the potential

LEJ p dL p

+eI. ~ gI. gL,

NL
Hd=

L,

E+
St, S2.

Here ut is that component with the same G, quantum
numbers as the left-handed u quark. Hq{„) have the
G, quantum numbers of the Higgs doublets that cou-

for the S, at which (S;) are —Mpi. It is thus prema-
ture to rule these models out. The remaining possibil-
ities for Gt we divide into class I and class II depending
on whether they are rank 5 or rank 6.

In Table I we give the results for 8/S for each
group, Gt (we put after each group, in parentheses,
the designation that it received in Ref. 6). Besides the
classification by group, we distinguish the various pos-
sibilities for the scales of intermediate breaking.
Columns a, b, and c of Table I correspond to (a) (St)
and (S2) both "large", (b) (St) "large" and (S2)
near the weak scale, or vice versa; and (c) (St) and
(Sz) both near the weak scale. Clearly, in case (a)
there are no (ight Z' bosons and R =S=Q. (By
"large" we mean so large that there are no measurable
deviations from the standard-model neutral-current
predictions. ) In that case there is little interesting
low-energy phenomenology beyond the standard
model, and we are out of luck. We now will derive
some of the results in Table I. We should note here
that certain of the cases in Table I have been ruled out
by various phenomenological considerations in Ref. 6,
to which we refer the reader.

Let us denote the components of a 27 suggestively
by

TABLE I. Values of (R,S) predicted for various conceivable breaking patterns in E6 superstring models. N=2, . . . , 6
stands for SU(N). 1 stands for U(1). The subscript L means that the group contains the weak SU(2) group. The classifica-
tions I,II,III, and (a), (b), (c) are explained in the text. Asterisks indicate where flavor-changing effects discussed in text are
significant.

(a) (b) (c)

3C x 2L x 1L x 1„(A1)
3c x 3I x 1„(BI)
4 2L 1z {CI)

5 x 1 [anti-SU (5)]
4 x 2L x 2„(Pati-Salam)
(A 2), (A3), (A4), (A 5),

(B2),(B3),(B4),(B5), (C2b)
(C2a), (C3),(C4), (C5), (C6),

(D2), (D8),{D9),(D10)

R =S=O
R =S=O
R =S=O
R =S=O
R =S=O

R =S=O

R =S=O
R =S=O
R =S=O

R =S=O or R/S
R = S = 0 or R/S

R/S= 3
1

3
1

3

R/S=2
R/S= 2
R/S =2
IR/S =—3 or R/S =——

2
1

'R/S:—T or R/S =——~
R/S &T or R/S & —~

or R /S = other

(A2) =3cx2L x1L x 1& x1&, (A3), (A4) =3cx2Lx1L x2x]; (As) =3cx2Lx1Lx3
(B2) =3cx31 x 1Lx1~; (B3),(B4) =3cx3L x2x ' (B5)=3cx3Lx3~,
(C2) = 4c x 2L x 1 x 1; (C3), (C4) = 4 x 2L x 2 x 1; (C5) = 5 x 2I x 1; (C6) = 6 x 2L '

(D2) =5x lzx lz, (D8) =5x2x 1; {D9)=6x2; (D10) =SO{10)x lz.
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pie to the d (u) quarks, and similarly for the others.
Let us decompose the 27 of E6 under the maxi-
mal subgroup SU (3), S SU (3)I S SU (3)„:27
(3, 3', 1) + (3', 1, 3) + (1,3, 3'). Under the further
decomposition SU(3)L, SU(2)L S U(1)L we have

(3, 3', 1)= (3,2, 1)t ')+ (3, 1, 1)(2i

+g(2).

(3', 1, 3) = (3, 1,3) o' = ( ul, dl, gi ) '0;

(1,3, 3') = (1,2, 3') ' + (1, 1,3')
(1)+ p

EL NL vL
+ (eL+,S, ,S,)&-'l.

NL,
'

EL
'

eL

Here the superscripts are the U(1)I charges, TL.
Denote by T~ and T~ the SU(3)~ generators that are
diag( ——,', + —,', + —,

' ) and diag(0, —,', ——,
' ), respective-

ly, in the bases (uz, dL, gi ). The weak hypercharge is
given by Y/2= ——,

' TL+ Tz.
Now consider a group GI of rank 6. If (S2) is large

and (St) is near the weak scale, GI will break at
the large scale to a rank-5 group that contains
SU(3),e SU(2), ES U(I), e U(1),„=G,e U(1),„.
Y" is the linear combination of TI, Tz, and Tz which
is zero for S2 and is orthogonal to Y/2. That is,Y"= TL+ —', Tz+5T~. There is only one light Z',
and it couples to Y". Since Y"(uL, ) = Y"(uL)= Y"(dL, ) = Y"(eL+) = ——,

' Y"(vt. ) = ——,
" Y"(eL, )= ——,

' Y"(di ), we have that R/S= + —,'. If (St) is
large and (S2) is near the weak scale, we get a situa-
tion essentially equivalent. [We could relabel the
fields so as to interchange St S2, Hq (," ),
gL dL. ] Again, therefore, R/S= —,'. If (St) and
(S2) are both near the weak scale [case (c)], then
there are two light Z' bosons of similar mass, and so
there is no sharp prediction for R/S. However, as we
shall see later on, in these breaking schemes
[rank(G&) =6, (Si) and (Sz) near the weak scale]
the absence of flavor-changing processes tells us that
there is little mixing between dL and gi( and
between el ( ) and EI (0). That is dI is either mostly
d o with only a smal/ admixture of gL, or mostly
gL with only a small admixture of dr . In the form-
er case R/S = —,

' +0((St)2/(S2) ), and in the latter
case R/S= ——,

' +O((S&) /(S2) ). (Of course, we
get the same results if (S&) & (S2) as this case is
equivalent under a relabeling of the fields as noted
above. )

Let us now examine the rank-5 groups. The easi-
est to analyze are the groups SU(3)c S SU(2)L
S U(1)L II U(l)z, (Al) and SU(3)c S SU(3)1
S U(1)z, (Bl). As before, Y/2= ——,

'
TI + Tz. But

now the Z' couples to that charge, Y', which is a linear
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combination of TL and TR only, and which is orthogo-
nal to Y/2; namely, Y'=2TI. +3T&. If either (St) or
(S2) is large, then Z' becomes heavy and R = S =0.
But if both (St) and (S2) are near the weak scale,
then R e 0, Se0. It is easy to show that
Y'(uL, ) = Y'(uL) = Y'(dg) = Y'(er), = —2Y'(vL)
= —2 Y'(eL ) = —2 Y'(dl ), so that R/S = 2.

The case of model Cl is analyzed in a similar
manner and gives the same results for R/S as Al and
Bl, as shown in Table I (even though group theoreti-
cally it is somewhat different).

There are two more rank-5 groups to consider,
namely, "anti-SU(5) "9 and the Pati-Salam group
SU(4)L S SU(2)I SU(2)z. We do not give the
details here. The results (given in Table I) are quite
similar to the class II models. However, the predic-
tions for case (c) are sharper as there is here only one
light Z' and hence no uncertainty depending on the re-
lative size of (St) and (S2).

Now, there is one further prediction of all of the
breakings that give R/S= —,', namely, that S ~0.
This can be shown by examination of the expressions
for S given in Ref. 3. One might worry that, if the Z'
is light enough to give interesting results on the (R,S)
plot, it would mix excessively with the Zo and give Zo
mass inconsistent with experiment. Recent results'
from CERN give Mz = 92.4 + l. 1 + 1.4 GeV, about a
2.7olo uncertainty. For comparison let us take the case
of a rank-6 type-(b) model in which R/S= —,'. If we
assume that (St) & (8„)—(Hq) & (v), then one
can easily show that AMz/Mz-——(2/15410)S. If we
take the experimental value of S= —0.479+0.25,
then we find AMz/Mz =—(2 + 1)'/o. So the slight devi-
ation that already exists between the standard model
and experiment could conceivably be an effect of extra
Z' boson(s); however, it would require a careful
analysis to see whether there is any evidence presently
for such particles.

An interesting feature of some of the breaking pat-
terns that we have been considering is that they allow
certain flavor-changing processes to occur, such as
L -K mixing, LL0 p, +p, , p, -+e+-e-+e+, and
p, ey. This is due to the presence of extra leptons
(E+,E,N, N') and quarks (g,g) with which the ordi-
nary leptons and quarks can mix.

Let us consider the mass matrix for the charge ——,
'

quarks. It is of the form

f'J&N) f((St) 'd"'
(0) (0)

f"( ) f &S) (3)

Here we denote Higgs fields by the symbols for the
fermions with the same 6, quantum numbers in the
same notation explained above. i,j are family labels,
so that, e.g. , d~=s. The (0) superscripts refer to the
weak eigenstates. Were (v) and (St) to vanish, there
would be no mixing between d and g. However, (S,)
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must be nonzero and somewhat larger than about 300 GeV or else the lightest Z' will have a large mixing
with the Z . So at least the di and gJL should have some mixing. Since these have the same SU(2)L S U(1) y
charges, the Z coupling is still flavor diagonal in the charge ——,

' right-handed quarks (at tree level); not neces-
sarily so, however, with the Z' boson(s).

For breakings Al, III, and Cl, the Z' coupling is flavor diagonal for the d and g, but it is not for the remaining

breakings Thus there are tree-level diagrams involving Z' exchange, which contribute to strangeness-changing

neutral processes. For these to be significant, the Z' mass must be near the weak scale, and the mixing between

the d and g (which goes like (St)/(S2) ) must not be supersmall. Hence only if (St) and (S2) are near the weak

scale will we get substantial flavor-changing effects (see Table I). If we call the weak eigenstates
(d(o) —(o)) D(o) and the mass eigenstates (dL gz) —= DL, then there is a unitary matrix U such that—{o) One can estimate (using the vacuum-insertion approximation) the contribution of Z' exchange to

iL ij iL
the EL Ks mas-s difference,

X U-, U,, '(r. /M, ,).
»n'&w, g2, i=1, 2, 3

(4)

g, and g2 are the coupling constants of the extra U(1)z, and the SU(2)L (where the generators are normalized
consistently in E6). Using I'ir = 1.14m' and comparing to the experimental value of b, Mlr/M~ ——0.7X 10 ', we
have

(g /g2)(M /M, ) ~X,3, U- U—,
'

~

~1.7X10

If R and S are to be nonvanishing, then we see that Mz/Mz, cannot be too small. Thus this tells us that the dl
and giL mixing is small, a result we used in the previous section.

In the charged-lepton sector the mass matrix is of a form analogous to Eq. (3). The mixing of order (St)/(S2)
for the leptons is among the weak doublets, e and E . There are several diagrams that need to be considered in
the calculation of p, 3e. Let us neglect all but the Z' exchange contribution. We find"

+ + + g p ~ 3 [2
I (p, — e —e —e+) 19 z' w

X U U ~ ~24x10—]2

I (~+ e+pp) 1024 g2 M,
l

therefore

(gz./g, )(M~/Mz, ) IX3, U, U, ~

~1.»10-5. (6)
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