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If a new neutral gauge boson exists at accelerator energies, the measurement of the mixing angle(s) fixing its current could to a
large extent determine the (heterotic) string model at the Planck scale. In this paper we present the renormalization group predic-

tions for this angle.

String theories seem to be a consistent framework
to unify gravity and chiral gauge theories [1]. In this
respect, the Eg X E; heterotic string [2] appears to be
rather unique. Since it is formulated in ten dimen-
sions, the six extra dimensions must compactify and
the gauge group reduce in order to make contact with
the observed world. Four-dimensional string theo-
ries may be seen as special subcases [3]. In any case,
a crucial point is what are the gauge interactions at
low energies. Calabi~Yau manifold or orbifold com-
pactifications allow extended electroweak models, as
does experiment. Here we concentrate on the pos-
sibility of one extra gauge boson at accelerator
energies.

It must be emphasized that independently of the
details of the compactification, there are only two
possible choices for the corresponding extra U;. In
any case, one of them must always accompany the
last step of gauge symmetry breaking down to the
standard model (SM). This follows from the gauge
content of the heterotic string, from which all quan-
tum numbers derive. The argument goes as follows.
If the SM must contain the standard chiral fermions,
it must be possible to embed it in the standard SUs,
which can be identified with one of the SU; of the
maximal Eg subgroup SU;XxSUji. Under this, the
gauge representation decomposes as
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248=(24,1)+(1, 24) + (10, 5)

+(10, 5) + (5, 10) + (5, 10) . 1)

Independently of the mechanism of gauge symmetry
breaking, the only directions along which the vac-
uum can align without breaking SU§ x SU5 x U7, are
the standard SU; direction along the 24 and all the
other directions in -the 24 of the orthogonal SU..
Proton decay requires the standard SU; to be broken
at the compactification scale. Then, we must only
deal with the 24 of the extra SUS. The directions
along which the vacuum aligns define the unbroken
SU; subgroup H, which in turn defines the SUj
subgroup associated to the vacuum directions, H’',

[k h']=0, VA eH) . (2)

For vacuum alignment along the adjoint represen-
tation, H' must be some piece(s) of a maximal
subgroup of the extra SUj;, SU;XSU,xU, or
SU,xU;. Then H must necessarily contain one of
those U,. Note that this is independent of the explicit
realization of the Eg or SU gauge symmetry, and of
the scales of symmetry breaking. The last step of
symmetry breaking down to the SM must contain one
of these two U,’s. Then if only one extra U, exists
at accelerator energies, it must be one of these. Need-
less to say, that since the U,’s of the extra E; do not
couple to the standard fermions, they are not rele-
vant for our discussion. Besides, gauge invariance is
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defined by zero modes and its breaking is associated
only to the vacuum alignment along the adjoint rep-
resentation in (1).

The first U, is that of the minimal model, Y’, and
the other is B— L (see below). Interestingly enough,
both U, are included in Eg [4] *:

Es o (SU3) X Eg o (SUs3) X SU, XSUj
> (SU3) XSU, X UY' xSUs5 ,
Es 2 S04 XSO0 5 (SU;) XU, XSO,
5 (SU;) XU, xU%-- xSU;s , (3)

where U, XSO, < E¢ and SO¢~ SU,,. Thus, concern-
ing the phenomenology of the observable gauge sec-
tor, it is enough, as it is usualy done, to concentrate
on E, compactifications and the relax some E4 con-
straints [6]. On different grounds, a similar result
was argued in ref. [7].

It is noticeable that if only one new gauge boson
were found, and it could not be associated with one
of these U, superstring unification should be aban-
doned. On the contrary, if such a U, were estab-
lished, the superstring scenario would be the likely
origin. The former analysis is general, but there is a
subtlety in the case that at the last step of symmetry
breaking down to the standard model, there is more
than one U,. In this case, the lightest gauge boson
can couple to any current which is a linear combi-
nation of the extra U,’s, but then at least a second
light (gauge) boson should be found. Still one of the
extra U,’s has to be one of the former two. More-
over, it can be proven on similar grounds that if there
are more than one extra U,’s, two of them must be
Y’ and B— L, or only one of them but then a second
U, must live in SO;,, Ez>S0,4xSO,,. (However,
SO,, has only selfconjugate representations and does
not allow for chiral families.) In that case the lightest
extra neutral gauge boson will not coincide in gen-
eral with the extra gauge boson predicted by theories
with only one extra U, at low energies though in some
particular cases it might do. To ilustrate this state-
ment, let us assume that the two extra U, in E; are
unbroken, and that the multiplicatively renormal-
ized gauge bosons correspond to the extra hyper-
charge Y’ in the minimal model and the remaining

#! For a detailed discussion of E¢ and Eg see ref. [5].

90

PHYSICS LETTERS B

22 October 1987

orthogonal hypercharge Y” in Es. (We follow the
notation nd conventions of ref. [8].) If they are bro-
ken at some scale along the fundamental E; repre-
sentation, 27, the massive boson mass matrix is
proportional to

Y’ Y/I
A SARNRE ) )
y\J388a-b)  ga+b) )’ ®

where a (b)=|{¥s )Y |* are the vacuum expecta-
tion values along the neutral directions,
(Y0 Y5 )=(3/3, £1). In the case a=b,
58 2<3g" 2, the lightest gauge boson is that of the
minimal model, which is usually associated to flux
breaking [9,10]. For an arbitrary set of values, a, b,
g'/g", the lightest gauge boson can couple to an arbi-
trary combination of Y', Y”, but then another light
gauge boson must also exist and be found. If a> b we
recover B— L, and the applicability of our analysis
{b> a corresponds also to B— L, after a proper rede-
finition of matter fields [8]). In short, if an extra
gauge boson fitting one of the models (below) with
an extra U, were found at accelerator energies then
superstring theories would be strengthened, although
we could not exclude in general the existence of a
second extra gauge boson. If an extra gauge boson
fitting no model with an extra U, were found, then
either an additional (heavier) gauge boson exists in
the TeV range or superstring theories are ruled out.
Needless to say that if no extra gauge boson is found,
superstring theories are neither confirmed nor ruled
out.

With our present understanding of string theories,
no preferred extension of the SM can be singled out.
In general, all of them predict new matter fields at
low energy and, due to supersymmetry, a plethora of
new particles should be discovered in future exper-
iments. Proton decay and neutrino masses are con-
stant problems. However, string theories allow for
(discrete) symmetries, similar to those required for
light higgses, to control these diseases [6]. Extended
electroweak models are constrained by experiment,
but they are not excluded [8,10]. Nevertheless, in
order to account for the correct (vanishing) Yukawa
couplings and non-renormalizable terms in the effec-
tive low-energy lagrangian, superstring theories must
be very powerful and master our taste about natu-
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ralness. In this paper we assume the existence of extra
weak interactions from the heterotic string. We then
calculate the renormalization group predictions for
the mixing angles defining the new gauge currents,
and we observe that their measurement can deter-
mine at large extent the superstring model at the
compactification scale. We present full details and a
complete analysis elsewhere [11].

As we argued before, we can restrict ourselves to
E¢ but relaxing some constraints. The fermionic neu-
tral lagrangian is enough to fix the gauge interactions
[8,12,13],

e

P =elbd, +—— T8/, +ci FZL,

SWW

Jem=J1 +3,

Jr =C3Jz0 83070, Jz-=83J70 +C3J70- ,
Jzo=J, —5%Jem »
Jyor =/3s1¢1(A=1/A) ],
+(cHA+As) (=3 +5203)] (5)

where A, Z, Z’' correspond to the photon, the
observed Z and the new gauge boson, respectively.
e is the clectromagnetic constant, s, (¢,,) the sinus
cosinus) of the Weinberg angle and J# the E¢ cur-
rents. (J4 =y T,y are the fermionic currents, with
(T;)=(T5., Y, Y Y"”) an orthogonal basis of gener-
ators, explicitly given in ref. [8]). ¢; (s;)=cos8;
(sin§,), where @5 gives the Z°Z’ mixing. This is
known to be small [12]. It mainly depends on the
ratios of the different vacuum expectation values, and
will be strongly constrained in forthcoming experi-
ments. @, can take, up to a degeneracy, only two val-
ues [8], corresponding to the two different extra U,
at low energy. Finally 6,e[—in, 4n) and
A=%,/8;>1 (a ratio of coupling constants) are the
two parameters probing the high-energy region
through renormalization effects, and the ones we
want to calculate. They could be measured in pro-
duction experiments [8,12,13]. If so, they would at
large extent fix the string model at the compactifi-
cation scale.

We work at one loop. Two-loop contributions
should be small, and due to the large uncertainties,
it appears unnecessary to consider them in general.
If they were large, perturbation theory would loose
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Table 1

(i) G-SU§ xSUs x U} xU,

B3: SU§ xSULxSUY xU, (Vas)
B4:  SU§ xSUS xSUY" xU, Vasy
B7: SU§ xSUYxSUX x U, {vsy
B8: SU§xSUL xSUR xU, {vay
B13: SUS“xURxU, {vsy
Cl:  SU§xSULxUY xU, {Vasy
C2:  SUYxSUYXUY xU, Vasy
C3:  SU§ xSUYxSUY xUY xUY Ve
C4: SU$ xSUrxUR XU, Vay
C5:  SU§ xSUs xSUF xU, xU, (v
D: SUS xSUY xUY x Uy xUY” Vas)

(ii) G-SU§ x SU% x SUS x U,

"A4: SUS§ xSU% xSUS™ C {Vas)
B6: SU§-xSUR XU, {Vs)
B8: SUY xSULxXSUR XU, Vs
B9:  SUSR xSUL XU, Vs
Bll: SU§ xSU% xSUYxU, {vsy
C5:  SU§ xSUL xSU¥ x U, XU, {¥s>

(iii) SUS xSUs xU{ x UV

(iv) SUS xSU% x U,

its applicability, and then even one-loop corrections
could not be trusted. To classify the different pos-
sibilities we follow closely the analysis of ref. [14].
More details are given elsewhere [11]. E¢ extended
electroweak models with one extra neutral gauge
boson can be of rank 5 or 6 at the compactification
scale. If they are of rank 6, they must allow for a large
intermediate scale. In this case the low-energy group
(~1TeV) can be (assuming that the vacuum mainly
aligns along fundamental E4; representations)
SU§ xSUL xUY XU, or SUS xSUY xSUR XU, #.
Limits on proton decay, neutrino masses and rare
processes, in particular K—pe, exclude other possi-
bilities [11,14]. The Es subgroups of rank 6 which
reduce to them are collected in table 1 (i), (ii). The
allowed (large) vacuum directions correspond to v, s.
The broken direction is given in brackets. Left-right
(LR) models require v5 to be the non-zero vacuum
direction. When v, s give equivalent results, both are
in brackets. For easier contact with ref. [11], we

#2 C stands for color, SUS X UY is the standard model and R cor-
responds to the usual right-handed current [ [5].
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enumerate the different cases in the same way as we
do there (B3, B4, ...), although here it looks weird,
for only some groups are of interest. On similar
grounds, the groups of rank 5 at the compactification
scale which can survive down to low energies are,
SUS xSUSx U xUY' (iii) and SU§xSU;xU,
(iv). Given the gauge group, the model is specified
once the matter content is fixed. We assume
throughout the paper a supersymmetric spectrum
down to 1 TeV.

Let us first discuss the predictions for the rank 6
groups with a large intermediate scale. Usually the
strong and the electromagnetic coupling constants
03(Mz)=0.12 and ox(Mz)=(128)""!, (a=g%4n
and M;=92 GeV) are input parameters. Then uni-
fication fixes the Weinberg angle [16]. We use, how-
ever, this as an input parameter,
sin®0,,=0.225+0.015, and then unification fixes the
intermediate scale. Which in turn fixes the renor-
malization of 8; and A. The results are given in fig.
1 for the minimal electroweak extension SU$ X
SUY xUY XU, in table 1 (i). Here, we assume the
minimal matter content at the compactification scale:
3 complete 27 plus the components of 2727 where
the field directions acquiring a large VEV lie. We then

assume that ‘27> couplings give masses to all pos-
sible fields except for the standard Higgses at the
intermediate scale [10,14,17,18]

M, ~ (M, /3,)V/Pn=2) pf@n—3)/(2n-2) " (6)

where M, is the effective scale of supersymmetry
breaking along the flat direction, A, the ¢oupling of
the non-renormalizable term (2727)" lifting the
flatness and My, the Planck mass. These couplings
will provide a common mass M, to all survivors of
27+427. The new gauge boson and the supersym-
metric particles (except the standard higgsinos) get
masses at 1 TeV. Below 1 TeV we only consider the
three chiral families of standard fermions and the
standard higgses and higginos. (Light SM neutrals
do not contribute at this state.) Multiplet assign-
ments and B functions are given in ref. [11], as well
as an exhaustive numerical analysis of different mat-
ter contents. Lines in fig. 1 can stop in between
52 =0.21 and s2 =0.24 because we do not find per-
turbative unification between 10'°-2° GeV, because
a Landau pole is reached before unification or
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Fig. 1.

because M| (<My) is below 10* GeV. In table 2 we
give for the different cases, and as a function of 52,
the initial and final values of M, Mx and o, where
X (I) stands for the compactification (intermedi-
ate) scale. Their dependence on' s3 interpolates
almost logarithmically between their extreme values.
Parameters satisfying the limiting conditions are
outlined. Although we allow for any intermediate
scale between 10* GeV and My, it is expected to be
typically ~10'° GeV (a value which we mark with
dots in fig. 1), see eq. (6), or 10'* GeV if dangerous
proton decay operators of dimension five are present
[11,14]. Similarly Mx~10'""'° GeV. As we ignore
renormalization effects due to the spreading of mat-
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Table 2
Case s2 log M, (GeV) log My (GeV) oy
B3 0.21 14.6 17.3 0.05
0.228 4 16.3 0.06
B4 0.21 8.3 17.9 0.06
0.24 13.3 15.7 0.05
B7 0.21 17.0 18.0 0.05
0.24 13.6 19.7 0.05
B8 0.228 9.0 20 0.06
0.24 12.3 17.2 0.05
Cl 0.230 16.2 16.2 0.04
0.24 9.8 15.6 0.04
C2 0.21 134 17.5 0.04
0.230 16.2 16.2 0.04
C3 0.21 5.7 17.4 0.07
0.230 16.2 16.2 0.04
C4 0.230 16.2 16.2 0.04
0.24 13.9 16.4 0.04
Cs5 0.230 16.2 16.2 0.04
0.237 7.6 20 0.06
D 0.21 5.7 17.4 0.07
0.230 16.2 16.2 0.04

ter masses around each scale (to make the problem
tractable), we effectively use M; as a free parameter.
For M very large the compactification might be dis-
turbed, but we are only concerned with possible
renormalization effects. For non-standard SUs uni-
fication, B13 in table 1(i), M, must bef very large to
avoid too large a rate for proton decay. Anyway, we
do not find any M; fulfilling all requirements in this
case. For the other models we always find solutions,
but in cases B3, B7, C4, only those with M;> 10"
GeV are allowed in order to banish proton decay
within experimental bounds. The circles in fig. 1 cor-
respond to M;=10'* GeV, and they separate the
excluded region from the allowed one in those cases.
One may wonder about the meaning of the common
point, sin’f,,=0.23, §,=—0.9, 4=1.04, for cases Cl,
C2, ..., C5, D. It corresponds to the case in which the
intermediate and the unification scales coincide
(~10'%2 GeV). Then the renormalization results
from evolving the SUY xSU%Y xUY x U, coupling
constants in the presence of three families of 16+1
elements.

Since the E; representations are not complete at
each energy scale, the multiplicatively renormalized
gauge bosons do not coincide in general with those
chosen conventionally. Then, rotations must be done
at each stage to diagonalize the matrix of U, f-func-
tions as well as to take into account the symmetry
breaking. There is no simple general expression for
them, and we must then perform a numerical anal-
ysis [11].

For the LR models at low energy, (ii) in table 1,
we have performed a similar analysis. We find, as is
well known [1,14] that no model gives the correct
value for the Weinberg angle (assuming unification
near the Planck scale), but rather values that are too
large. Spreading the masses around the different mass
scales could improve the predictions, in particular
the supersymmetric spreading around 1 TeV could
have an effect. Numerically the only general possi-
bility to recover phenomenologically these models
seems to rely on the relaxation of the unification
hypothesis at the compactification scale. (Which is
our working ssumption and which allows for pre-
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dictions.) This has been proposed in standard grand
unified theories [ 19], where it was argued that grav-
itational effects could change standard predictions.
In string theories the unification of coupling con-
stants occurs at tree level [6]. It is reasonable, how-
ever, that if there is not a real gauge unification at
the compactification scale, the same mechanism
spoiling the gauge unification may renormalize the
coupling constants differently. There is a claim that
such effects must exist at higher order in the loop
expansion of the string theory [20] and in particu-
lar, that string loop corrections can be large [21]. We
studied numerically the necessary spreading of cou-
pling constants at the compactification scale for LR
models at low energy elsewhere [11]. (Contribu-
tions from extra matter were also considered.)

All models in table 1 (i), (ii) contain after sym-
metry breaking 7%, T% and B— L, the diagonal gen-
erators of SULxSURXU#-L [11,15]. Strictly
speaking, with the conventional assignments of mat-
ter fields this is so only when the vacuum aligns along
{vs>. The case {(v,) #0 differs by a rotation which
can be absorbed in a redefinition of the matter fields
[8]. {¥s4) always leave an SO;, unbroken and the
resulting group is the intersection of this SO,, and
the corresponding rank 6 subgroup of E. If this group
distinguishes between both directions then both cases
have to be analysed separately, in particular the
renormalization effects we consider are different. In
all models (c,, $,)=(,/3/8,/5/8) in eq. (5) (but
for ¢v,> breaking, however, a rotation, not relevant
here, must accompany the matter fields if the stan-
dard assignments are going to be maintained).

Finally we calculate the mixing angle(s) charac-
terizing the models of rank 5 at the compactification
scale, SUS xSU% x U, and SUS xSUyY xUY xUY'.
The assumptions are the same as before but now there
is no large intermediate scale. (¢, $,) =(0, 1) in eq.
(5) for both cases. For the minimal model SU§ X
SUSxUYxUY [10] in table 1 (iii) we find
52=0.204, Mx =107 ax=0.09,0,=0,A=1 (Min
fig. 1). That is too low a Weinberg angle for present
experimental limits [8,22]. The addition of extra
matter can increase the value of the Weinberg angle
but lowers the value of the unification scale [11].
Model (iv) in table 1, SUS xSUY xU,, does not
unify as SU$' couplings run parallel. But unifica-
tion can be reached adding extra matter, although at
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the cost of too low a mass scale and too low a Wein-
berg angle. Relaxing the unification hypothesis, many
case are recovered. '

In conclusion, we have shown that if a new gauge
boson exist around 1 TeV, its interactions, if coming
from superstrings, are essentially fixed by two
parameters 6, A. It is worth emphasizing that the
angle 8,, which comes essentially from renormali-
zation effects, should not be mistaken for 6, in eq.
(5), which is group theoretically fixed by the vac-
uum alignment. Actually, 8, can take any value,
between — 3z and 47, as can be seen in fig. 1, while
8, can only take two values in (heterotic) super-
string models if only one extra gauge boson is pres-
ent at low energy. We present the renormalization
group predictions for 6,, 4, as well as for sin?4,,, ...,
(assuming the minimal matter content) and show
that their measurement can provide crucial infor-
mation on the model at the compactification scale.
The results are collected in fig. 1 and table 2 for
models with a large intermediate scale and one extra
U, at 1 TeV. LR models use to give too large a Wein-
berg angle, whereas models of rank 5 at the unifi-
cation scale give a low Weinberg angle (M in fig 1)
or do not unify. Extra matter (in incomplete
27+27) spreads the range of variation of the dif-
ferent parameters. The possible additions are
described elsewhere [11]. If no unification is
assumed, any set of parameters can be in general
obtained at low energy by properly choosing the ini-
tial conditions at the compactification scale.

We thank G. Kane for a careful reading of the
manuscript and P. Ramond, G.G. Ross and F. Zwir-
ner for valuable discussions. One of us (F.A.)
acknowledges the stimulating atmosphere and kind
hospitality extended to him when visiting the Phys-
ics Department at the University of Florida, where
this work was partially done. We borrowed the inspi-
ration for the title of this paper from ref. [23]. We
hope new neutral currents to be less elusive than has
been proton decay so far.
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