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A recently proposed model, where the b quark couples to the ¢ quark through a second W boson,
is analyzed. In a two-generation version of this model, enhanced Yukawa couplings to new particles
are considered for a unified account of the observed forward-backward asymmetry in e *e ~—bb

and in ete~—7t7r.
GeV is predicted.

I. INTRODUCTION

In a recently proposed model' inspired by the particle
content of supersymmetric E4 gauge models as the low-
energy manifestation? of the heterotic superstring,® the b
quark is assumed not to decay via the standard W boson
according to the conventional analysis based on the
Kobayashi-Maskawa mixing matrix.* Instead, it is sup-
posed to decay mainly into the ¢ quark through a second
W boson with a right-handed coupling. Constraints from
precise et spectrum measurements in polarized ut de-
cay’ and the b lifetime® together with an estimate! of the
Michel parameter in semileptonic b decay indicate that
the mixing angle { between the two W’s is of the order
—0.015 and that the mass of W, is not too far above 400
GeV. In the framework of the SU(3)xSU(_2),
X SU(2), X U(1) subgroup of Eg, this is realized by assign-
ing (c,b)g as a doublet under SU(2),, while keeping
(u,d); and (c,s); as doublets under SU(2); as usual. Now
b; can also be part of an SU(2); doublet, i.e., (£,b);, in
which case the assumption that b; does not couple to ¢,
or u; becomes rather ad hoc, but this assignment will
certainly be necessary if the experimental evidence’ for
the existence of the ¢ quark is confirmed. A more in-
teresting scenario is for b; to be a singlet under both
SU(2); and SU(2),. In that case, it can be accommodated
as one of the extra states available in the fundamental 27
representation of E¢, and a third generation will not be
needed, assuming now of course the absence of a t quark.
However, if b; and by are both singlets under SU(2),, b
will have no axial-vector coupling to the standard Z bo-
son. The same thing will also happen to the 7 lepton, be-
cause 7; and 7r are then both SU(2); doublets
if a third 27 is not available. Hence the observed for-
ward-backward asymmetry® in ete~—bb and in
ete~—77r~ will have to be explained in some other
way. This is the subject matter of the present paper.

In Sec. II the model is described in some detail. In par-
ticular, the lepton assignment will be slightly changed
from that of Ref. 1, and will be more in keeping with the
expectation that b and 7 should be together. In Sec. III
the issue of electroweak interference is fully discussed. It
will be shown that a one-loop amplitude involving a new
scalar boson and a new charged lepton, both belonging to
a 27 supermultiplet of E¢ is a possible way to account for
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Copious production of new particles in e *e ~ annihilation well below 100

the observed forward-backward asymmetry in e Te ~—bb
and in e Ye "—7177. These new particles should be rela-
tively light, say about 30 GeV, and have enhanced cou-
plings to electrons. In Sec. IV their possible copious pro-
duction in e e ~ annihilation is briefly discussed. Final-
ly, in Sec. V, there are some concluding remarks.

II. DESCRIPTION OF THE MODEL

The fundamental 27 representation of E4 can be decom-
posed according to its [SO(10),SU(5)] content as

27=(16,5)+(16,10)+(16,1)+(10,5)+(10,5) +(1,1) .
(1

Each combination of 5 and 10 of SU(5) contains one com-
plete generation of the usual quarks and leptons. Al-
though 10 appears only once in the decomposition of 27,
5 appears twice. This allows for the existence of some-
thing like half a generation. Consider two 27’s. The first
two generations of quarks and leptons are assigned as

(uu,d;e): (16,10), (2)
(cSe,s;u): (16,10), (3)
(d%v,,e),: (16,5), (4)
(s5vup): (10,5) . (5)

The subscript L refers to the left-handed chiral projection;
the superscript ¢ denotes the charge-conjugate state so
that ¢¥7 can be interpreted as 1. At the
SU@3)xSU(2), X U(1)y level, the above assignment is ex-
actly the same as in the standard model. Hence all in-
teractions involving only the first two generations will be
unchanged. The difference comes in when one tries to
place a third generation. Since both (16,10)’s are used up,
there is no slot for the ¢ quark. As for the b quark and
the 7 lepton with its associated neutrino, the following as-
signment is quite natural:

(bSv,,7): (16,5), (6)
(b;7,NS): (10,5) . 7)

To round out the two 27’s, there should be extra quarks
and leptons; namely,
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(h&vg,E)p: (10,5), (8)
(h; ES,Ng).: (10,5), 9)
(NL,(Np)p: (16,1), (10)
ny,np: (1,1). (11

Consider first 7 decay. As long as N, is heavier than 7,
the latter will decay only into v, via the standard W bo-
son, exactly as the standard model. On the other hand,
the neutral-current interaction of 7 is different from that
of the standard model, because 75 is now part of a doublet
instead of a singlet. The axial-vector coupling g to the
Z boson is now zero, instead of — % The same problem
also occurs for gf’,, because b; is now a singlet as well as
bg, so again g is zero in this model, instead of — 5. As
for b decay, although it cannot proceed at the SU(2)
X U(1) level, it will do so at the next level, through a
second SU(2). To see this in more detail, consider the
SU(3) X SU(2),; X SU(2), X U(1) decomposition of the two
27’s:

(u,d)p,(c,s)p: (3,2,1,4), (12)
(d%u®),(b%c): (3,1,2,—¢), (13)
(Vese)r,(vpT)p: (1,2,1,— ), (14)
(eS NS, (SN (1,1,2,5) (15)
hp,br: (3,1,1,—3), (16)
hf,sf: (3,1,1,5), (17
vg E°€ v, T

E Nl e el (1,2,2,0), (18)
np,np: (1,1,1,0) . (19)

The above assignment differs from that of Ref. 1 in the
switch of (v,,7), with (v,,u); so that b] combines with
(v,, 7). in one (16,5) as shown earlier. The phenomenolo-
gy of b decay remains the same, as was fully discussed in
Ref. 1. On the other hand, there is now an interesting
change in the neutrino sector: v, still combines with N/
to form a Dirac neutrino. This means that v, is capable
of producing ™~ via a right-handed charged current. Al-
ternatively, in semileptonic b decay, the neutrino associat-
ed with u~ is capable of reproducing 71 via the usual
left-handed charged current. Furthermore, since (7°,v,)
couples to W, there is a neutrino component in 7~ decay
which is capable of producing u* as well. These and oth-
er similar considerations will be relevant for future beam-
dump experiments. The other neutral lepton that 7 is cou-
|
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The expression for A4, is the same except g, is replaced by

g3. Since A, and A4, are both experimentally known to

be consistent with being one, the phenomenological re-
quirement is clearly

pled to via W, is N ., which is assumed heavier than 7, so
it will have to be observed in W or Z decay if kinemati-
cally allowed.

III. ELECTROWEAK INTERFERENCE

In ete™ colliders, the forward-backward asymmetries
in bb and 7t7 production have been measured® and
found to be in fair agreement with the standard-model
prediction of g§=g7=— <. Therefore, there is a serious
discrepancy with the present model where these couplings
are zero, unless some other mechanism can be found
within the model able to account for the data. The first
thing to consider is the effect of the possible neutral vec-
tor gauge bosons. However, there are phenomenological
mass limits on these in either the SU(2); X SU(2)g X U(1)
extension® or the SU(2); X U(1)y X U(1) extension,'® and a
simple analysis shows that the effect is always much too
small, and often of the wrong sign.

The next thing to consider is the exchange of scalar bo-
sons in the ¢ channel. Since the model has supersym-
metry, there are many new scalar bosons which can have
substantial Yukawa couplings to the known quarks and
leptons. A Fierz rotation of the scalar or pseudoscalar in-
teraction may then generate an effective axial-vector con-
tribution to e e ~—bb and e Te ~— 77", Unfortunate-
ly, this effect turns out to be always of the wrong sign.
Actually, this mechanism is rather unattractive for
e Te ~—bb in the first place, because it would require a
scalar leptoquark boson with a mass of the order 10?> GeV.

Consider now the one-loop diagrams of Fig. 1. The in-
teraction Lagrangian is given by

Liw=0(gEge; +8,7r7r +83bgbr)+H.c. , (20)

where the scalar boson ¢ transforms as (16,1) and every
single term in the above is of the form (16,1)(16,5)(10,5),
as allowed in the 27x27x27 product. Let Vs be the
center-of-mass energy of the ete ™ collision, 6 the angle
of the outgoing 7~ or b relative to the incoming e ~, my
the mass of ¢, mg the mass of E; then the one-loop am-
plitudes of Fig. 1 involve integrals of the form

sz(

d21d22d23d246( 1 —Z1—2Zp—2Z3 —-24)

zy+zy)myt+zympt—s[z12; —z3z4(1+c0s) /2]
(21

To get an idea of the size of this contribution, assume for
simplicity mgy=mg=m, and expand I in powers of
s/4m?. The resulting asymmetry for e e ~—7%7—, nor-
malized to the standard-model prediction, is then given by

2
7 s
— . (22)
}“L 135 | 4m? ] ]
I
2 2 8G
g1 g2 1 ~ F , (23)
41 47 | m? V2

and g;~g,. Now m has to be greater than 23 GeV in or-
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FIG. 1. One-loop amplitudes contributing to ete ~—7tr~
and e*e~ —bb. The neutral scalar boson ¢ and the charged
heavy lepton E are new hypothetical particles.

der to be consistent with the absence of ¢ or E production
at present e e~ colliders. This puts a limit

822

47

&’

>0.035 . (24)
4qr ~

Hence the Yukawa couplings g;, g,, and g3 have to be
enhanced relative to, say, gz =e /sinf,cos0), by at least a
factor of 2.

The coupling g, will appear in other processes as well.
Its contribution to the anomalous magnetic moment of
the electron is given by

1 —8 12"182

a=+(g—2) 92mm? (25)
Now even if g;2/4m=1 and m =23 GeV, a is only
—3%107 12, well short of the possible discrepancy!! be-
tween theory and experiment of 3 107!, A more seri-
ous constraint comes from e te ~—ete ™, where a dia-
gram similar to those of Fig. 1 will contribute to the
forward-backward asymmetry, but the effect here is
roughly 2g,2/3g,? times that of A,; hence, it could be
much smaller. Experimentally, the asymmetry A, is not
measured very accurately, because z-channel one-photon
exchange, not possible in other processes, dominates here
in the differential cross section. Therefore, a small
change from the standard-model prediction cannot be ex-
cluded.

The measured asymmetries A, and A4, are mostly
based on data taken at Vs =29 and 34.5 GeV, hence the

s /4m? correction in Eq. (22) is about 5% and 8%, respec-
tively, if m is as low as 23 GeV, whereas the standard-
model s/Mz? correction is 10% and 14%. In the stan-
dard model, A, is equal to A, naturally, and both are in
agreement with data. In the present model, 4, is equal to
A, only if g, =g3, and both magnitudes have to be adjust-
ed to fit the data. Hence the standard model is clearly su-
perior in this regard. On the other hand, the best mea-
sured asymmetry is in e e ~"—u*u ™, and there has long
been a hint of disagreement there with the standard-model
prediction. Therefore, it cannot be ruled out that more
precise determinations of A4, and A, will not find
disagreement with the standard model. Now even if A4, is
normalized to one so that the forward-backward asym-
metry is the same in this model as in the standard model
for ete~—7%77, there are still differences between the
two models in that the effective gpg; and gjgy couplings
are now + and 5 —sin’Qy, respectively, instead of
+—sin?Qy, for both. Preliminary measurements'? of
these quantities have errors of the order of their differ-
ences and cannot yet distinguish between the two models.

IV. PRODUCTION OF NEW PARTICLES

The proposed new particles ¢ and E should be much
lighter than 10? GeV, or the Yukawa couplings g;, g3,
and g; would have to be bigger and the considerations of
the previous section become less likely as an alternative
explanation of the electroweak-interference effect. Hence
they are expected to be produced copiously at forthcom-
ing e te™ colliders such as TRISTAN at KEK and SLC
at SLAC.

Consider first e e “—¢*¢. The differential cross sec-
tion is easily calculated to be

2
&’
4

p3(1—cos®6)
16E [2E (E +p cos®)+mg2—m4*]? '

(26)
where E=V's /2 and p =(E2——m¢2)’/2. This is to be
compared with the standard ete ™ —u*u~ result from
one-photon exchange:

do _
dQ

92

2
1+ cos?0
41 '

16E?

do _

a0 - (27)

If g, is much greater than e, the production of ¢*¢ will
become dominant above threshold. On the other hand,
the production of a single ¢ or ¢* via e Te ~—@(d* )77~
or ¢(¢*)bb may become important at a much lower
threshold. Let E4(py) be the energy (momentum) of ¢,
and 6 the angle it makes with e, then the differential
cross section for e te ~—¢7 77, assuming negligible the
mass of 7, is given by

2 3

Py
16E2
y E(E—Ey)+my’/4

(E —E4)[2E(E4+pgcosd) +mg*—my?1*
(28)

&’
41

&’
41

do 1

_ao _ 1 2
dE¢dQ_417 (1—cos“0)
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If m ¢ is as low as 23 GeV, a rough numerical estimate
shows that g,?/4m<0.2 is required for the necessary
suppression of ¢ ( and ¢*) production at present e te ™
colliders. This is compatible with Eq. (24), but since
g,%/4m should not be too big, g,2/4 is not expected to
be much smaller than about 0.1; hence, ete ™ —¢*¢
above threshold will be at least one order of magnitude
greater than e e ~—pu u ™ and should be readily observ-
able. The decay of ¢ and ¢* will be prominently into
77~ and bb, and if kinematically allowed, into e *E~
and e "E T, respectively.

Pair production of ETE~ via e*e ™ annihilation has
also a very large cross section above threshold. The dif-
ferential cross section is given by

2
do

dQ

&’
47

p(E —p cosh)?

16E[2E(E —p cos®)+my>—mp*]*

(29)

This is comparable to ¢*¢ production if mg and my are
not too different. Single E production is presumably not
favored by kinematics, because E does not have to couple
strongly to low-mass states, as ¢ does to 77~ and bb.
Once produced, E~ decays into ¢e ~ if kinematically al-
lowed, or 7¥7~e ™ and bbe ~ if ¢ is virtual. The branch-
ing fraction into the usual decay modes through the stan-
dard W boson will be highly suppressed.

V. CONCLUSION

If the ¢ quark turns out to be absent, it will be very in-
teresting to see if all the known particles can be accommo-

dated into two 27 supermultiplets of a supersymmetric Eg4
gauge model as inspired by superstring theory. The parti-
cles usually assigned to the third generation, i.e., b and 7,
must then find new homes. This can be done rather easily
within present experimental and phenomenological con-
straints as far as charged-current interactions are con-
cerned.! However, it is unavoidable that the axial-vector
couplings of both b and 7 to the standard Z boson become
zero instead of —+. Hence there is a need to account
for the observed forward-backward asymmetry in
ete —7%tr" and in ete~—bb within the framework
of this two-generation model. In this paper, a solution is
put forward where two of the extra particles in a 27 su-
permultiplet, ¢ and E, with masses of the order 30 GeV,
are supposed to have enhanced Yukawa couplings to e, 7,
and b. Electroweak interference then comes from one-
loop amplitudes with internal ¢ and E contribu-
tions. Consequently, forthcoming e *e ~ colliders such as
TRISTAN at KEK with center-of-mass energy 60—70
GeV, and SLC at SLAC as well as LEP at CERN with
energies 100 GeV or more, will certainly be able to pro-
duce these new particles ¢ and E and the cross sections
will be at least an order of magnitude greater than the cor-
responding ones from quantum electrodynamics. There
will be no difficulty then in deciding whether or not this
model is correct.
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