
PHYSICAL REVIE%' D VOLUME 50, NUMBER 5 1 SBFTBMBER 1994

Information and discrimination from b quark production on the Z resonance
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We introduce and deSne operatively, in a model-independent way, a new "heavy" 5-vertex param-
eter g& that can be derived &om the measurement of a special polarization asymmetry for production
of b quarts on the Z resonance. Vfe show that the combination of the measurement ef qg with that
of a second and previously de6ned "heavy" b-vertex parameter b&z can discriminate a number of
models of new physics that are associated with different "trajectories" in the plane of the variations
of the two parameters. This is shown in particular for some popular SUSY and technicolor-type
models. In general, this discrimination is possible if a measurement of both parameters is performed.

PACS number(s): 12.60.—i, 13.10.+q, 14.65.Fy, 14.70.Hp

I. INTRODUCTION

In the fU'st four years of running at the CERN e+e
LEP collider 1, remarkable experimental efFort has al-
lowed the collection of a number of events that begins to
approach the 10 limit, that was once considered noth-
ing more than an optimistic dream. This is the result of
a number of machines' modifications or improvements,
whose main features can be found in several recent pub-
lications or in the proceedings of dedicated workshops.

Meanwhile, on the other side, the theoretical approach
to the interpretation of this huge amount of data has
also been adapted and improved. In fact, in very re-
cent years it has become clear that, to a certain extent,
the comparison of the various results with the minimal
standard model (MSM) predictions, and the consequent
search for possible signals of new physics through small
deviations due to one-loop efFects, can be performed in a
rigorously model-independent way. In particular, it has
been stressed [1] that the leptonic charged processes can
be "read" in terms of two parameters, originally called

ei s in the first of Ref. [1], in a totally unbiased way, that
is, for models of new physics that are able to modify any
of the three classes (self-energies, vertices, boxes) of one-
loop radiative effects (in practice, owing to their intrinsic
irrelevance of LEP 1 physics at the starting MSM level,
boxes are usually neglected for this kind of search).

The generalization of the previous philosophy to
hadron production requires some more care. In fact, the
extra vertex corrections that enter the theoretical expres-
sions are not universal and introduce new unwanted de-
grees of freedom of both "light" (in practice, massless)
and "heavy" quark type. The latter effect is, for the spe-
ci6c case of e+e physics on the Z resonance, entirely
due, in the MSM, to that component of the Zbb vertex
due to the charged would-be Goldstone boson exchange
that behaves as m~ for large top masses, as has been
exhaustively shown in the literature [2]. Since various

models of new physics generally contribute either to the
light quark and lepton or to the heavy quark degrees of
&eedom but not to both, it becomes necessary to develop
an appropriate strategy to perform a satisfactory search
for new physics effects.

A fIrst possible attitude is that of only considering
those models that would not contribute to the lepton and
light quark vertices. Then, one only has to add to the
"canonical" quantities eq 3 one extra parameter. For the
latter, an operational de6nition should now be provided.
The original proposal [3,4], to which we shall stick in this
paper, was to define the vertex correction bshe from the
ratio of the Zbb and Zas partial widths: i.e.,

b'av. = (—12 + 10) x 10 (2)

1+ bt, vI',

where the physical b width (we follow in fact the slightly
modified version given in Ref. [4]) should be taken.

Once the definition of Eq. (1) is chosen, a systematic
analysis of all LEP 1 data that includes both leptonic and
hadronic channels can be performed in terms of three pa-
rameters: e.g. , 6y, 63 B'av or Ap, A3q, b~v in the notation
of Ref. [4], for the previously selected set of models of
new physics. This was proposed in Ref. [4] and also in
another series of papers [5], where an essentially similar
Zbb vertex parameter was introduced (and defined eq).

The full details can be found in Refs. [4] and [5]; the
point that we want to stress here is that, after the most
recent LEP 1 data [6], this type of investigation leads to
the conclusion that Ei, es ( or Ep, bshe in the notation
of Ref. [4]) are now perfectly consistent with the MSM
predictions. This means that the small discrepancy that
might have been present in the previous determinations
of es(b, sg) has now been (almost) completely washed out.
On the contrary, the possibility of a smal/deviation is still
allowed in the heavy vertex parameter b'av, since one has
now [7]
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hMsM ~ 0 021 (3)

and the MSM tolerance region (corresponding to the last
bound mi & 131 GeV [8]) is

on hsv can be parametrized as [3,4]

bsv ——
b, [bbgvs+ hg~s]1+b'

where

(4)

If one believes that a small discrepancy is still present
in Rb, one possible attitude is that of placing the full re-
sponsibility to the heavy b-vertex parameter hsv. We
shall first concentrate on this solution, in which new
physics only affects hsv as a direct consequence of the
fact that the b quark is, for a certain type of efFect, to be
considered as a member of a "heavy" doublet. We shall
return to the alternative solution in which new physics
can modify the light fermion vertices, at the end of the
paper.

In terms of shifts in the (conventionally defined) vector
and axial vector Zbb couplings, the effect of new physics

I

b=]. ——s2
3 (5)

and s2 0.231. The subscript H denotes the fact that
we are now considering "heavy"-quark-type efFects.

From the previous discussion it appears, we believe,
that for the purposes of this search it would be extremely
important to be able to define and to measure a certain
experimental quantity where a diferent combination of
shifts in gvs, g~s enters. In fact, such a quantity exists
and has been proposed a few years ago [9]. It was de-
fined as the "longitudinally polarized forward-backward
bb asymmetry" and usually called As,

o(eL, w bz) —o(e~ + bz) —o(e~ ~ b&) + o (e~ w b&)

o (eL ~ bz) + o (e& ~ b~) + o(e& ~ b~) + o(e& m b~)
' (6)

and, as one sees, it requires the availability of longitudi-
nally polarized electron beams. The remarkable feature
of Ab is that of only depending on the couplings of Z to
b, as was stressed in Ref. [9]. This explains the great po-
tential interest of its measurement that will be performed
in the very near future at the SLC if the very encour-
aging trend of recent progress in machine performance
(hopefully) continues [10], and might also be performed
in the near (distant) future at LEP if a phase with polar-
ized beams became operative [11]. If this were the case,
an extremely fruitful combination with the results on Rb
obtained by unpolarized measurements at LEP 1 would
become possible, which could allow one to draw unex-
pected conclusions on this fascinating and still existing
possibility of small MSM failures.

The aim of this paper is that of showing that, indeed,
the combination of the two independent sources of infor-
mation coming &om Rb and Ab is not only useful, but
almost necessary if a complete analysis of possible new
physics effects has to be performed. With this aim, in
Sec. II we shall very briefly recall the needed de6nitions
and the relevant theoretical expressions. In Sec. III, an
investigation of the possible combined efFects on the two
heavy vertex measurable combinations of some models of
new physics will be performed, showing that there would
be distinct "trajectories" in the (hRi„hA&) plane corre-
sponding to different models, and also a brief discussion
of some "unnatural" possibility of light vertex-type ef-
fects will be given, before we draw the 6nal conclusions.
A short Appendix will be devoted to the derivation of
some mass relationships in one of the considered models,
where one extra U(1) is involved.

i.e., as the ratios of the longitudinal polarization forward-
backward asyrnmetries for b- and s-type quarks. The
asymmetry A, (which corresponds mathematically to
that of practically massless b quarks) can be written in
the form

A. = 0.703 1 —0.158(bz'+6', ) —DqcD —'

+"negligible"
~

(8)

where Av. ' is a radiative correction entirely fixed by the
measurements at LEP 1 (SLC) of the effective angle
s2&(Mz2) defined as [12]

s,&(Mz) = s (1+6e'), s 0.231.

The quantity h', is a vertex correction [13] defined as

(9)

b,
' = — [hgvi —3hgv, —vbg~i + (3 —4s )bg~, ] (10)2s

where v—:1 —4s and b,@en is a /CD factor of order 1.
With this choice, one can easily see that the expression
of gb becomes

H
g = —

)
[hg —

bing
b 1+b2

I

Eq. (1) in the case of b&v and to introduce the quantity
gb as

As = A, (1+gs)

II. DEFINITIGN GF THE SECGND HEAVY
QUARK VERTEX PARAMETER

An immediate and natural way of de6ning a new heavy
b-vertex parameter is to follow the philosophy that led to

The shifts bgv& && in Eq. (11) take into account in the
MSM the effect of the would-be Goldstone boson ex-
change in the Zbb vertex and also QCD effects due to
the non-negligible b mass, whose complete calculation has
beer given elsewhere [14) and that are, as such, suppos-
edly known. The important feature is that, in the MSM
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4(1+ b) ~ 1 —b

(1+b2) g&& 1+ b
gbR (12)

2(1 —b) (1 + b)' a
b 1 b, bgsR+

1 b, bgsL, (13)1+ 1+

As one sees, in the (L, R) basis the two shifts are or-
thogonal, which means that eKects that would not con-
tribute to one observable will be revealed by the other
one, and conversely.

To the previous remarks one can still add a property
of gp that is a direct consequence of our chosen definition
Eq. (11). In fact, if one eliminates hgsL in Eq. (12), one
obtains

2(1 —b) „(1—b)

b 4
2bgbR — 65V (14)

and, to a very good approximation, this becomes

a
17/ = 2 bgsR 25

showing that, once bp~ is experimentally known, the
measurement of gp fixes unambiguously the pure right-
handed contributions from various models to the "heavy"
Sbb vertex.

After these preliminary definitions, all the necessary
ingredients to formulate an unbiased search of new

physics eKects in the "heavy" quark vertex sector are
at our disposal. One only has to take Eqs. (12) and

(13) and calculate the various shifts for a set of inter-
esting models to be examined. This will be done in the
forthcoxning Sec. III.

III. SURVEY OF MODELS AFFECTING THE
HEAVY' B VERTEX

The simplest known example of a model that con-
tributes to the heavy b vertex is that with just one extra

(but not a priori in the models of new physics that we
shall consider), the effect on gq of the charged would-be
Goldstone boson (that is proportional to m, in hb~) is
practically negligible, owing to the fact that it gives the
same contributions to by~~ and to hying that are nearly
canceling in the combination of Eq. (11). Thus, in the
MSM prediction for A~, the "heavy" 6-vertex component

m~ can be ignored and the relevant expression does
only contain universal self-energies and light vertices (and
known /CD corrections). Obviously, this property is a
priori no longer verified as soon as one considers models
of new physics, for which the relative role of gg could be
much more relevant or fundamental.

To xnake the previous statement more illustrative, it is
convenient to reexpress the shifts of bshe and gs, rather
than in the (gv, g~)basis, in that provided by the (con-
ventionally defined) (gg, gR) parameters. In that case,
one can write

Higgs doublet. In this case both the charged and the neu-
tral Higgs bosons will have to be considered. The charged
contribution can be decoxnposed into two terms. The first
one essentially reproduces that of the MSM (i.e. , bg&L, )
with the same kind of mz dependence [weighted by a fac-
tor cot P where tanP is the ratio of the two vacuum
expectation values (VEV's)]; the second one is propor-
tional to the product of m&2 and tan P. As such, it can
only be relevant for very large values of tang = mq/ms.
since it only modifies the right-handed Zbb coupling, it
will generate a suppressed efFect in bshe (again, of the
same sign as that of the MSM). More interestingly, it
will also be able to affect gs. The neutral Higgs sector is
described by a larger set of parameters, and is therefore
more model dependent than the charged one. In general,
it will afFect both bgsL, and bgs~ with terms proportional
to m~& and will consequently be only relevant if some en-
hancement factor can be adjusted. In particular, this can
be achieved when the value of tanP becomes very large.
In this case, its contribution to b'av can be of opposite
sign to that of the MSM [15].

These features of the simplest model with one extra
Higgs doublet remain essentially unchanged if one em-
beds it in a supersyxnmetric picture, with the additional
constraints between the various couplings and the exis-
tence of other types of contributions to be taken into ac-
count. This has been done in great detail in a number of
previous papers [16] for the specific case of the so-called
"minimal" supersymmetric standard model (MSSM) [17]
for both small and large values of tanP. The results of
all analyses indicate that in soxne cases the e6'ects of the
Higgs sector and of the genuine "soft" supersymmetric
sector can add up constructively, leading to possible ef-
fects of a few percent that should be visible at future
measurements of b'sv, gs.

Among the special situations examined in Ref. [16],
that corresponding to large tanP values was considered
as a particularly interesting one. The main motivation
is that, while for small tanP values the model essentially
contributes to bg&L, but not to bgsR, in the large tanP
case it can afFect both bgsg and b'gs~. As a consequence
of this, two independent experimental tests would be-
come available. In particular, one would be able to draw
certain "trajectories" in the (gs, b'av) plane that would
correspond to, or identify, a certain model and could be
experimentally "seen," at least in a certain part of the
plane.

In the analyses of Ref. [16], the contribution of the
Higgs sector was calculated using the supersymmetry
(SUSY) mass relationships valid at the tree level in the
MSSM. Since it has become known [18] that these rela-
tionships are appreciably modified at one loop, one might
be interested in evaluating the eventual modification of
the relevant trajectories (that are certain functions of the
various Higgs boson masses). Also, one might consider
the effect of adding an extra neutral Higgs boson to the
model since this seexns to be a reasonable extension of
the minimal" picture.

In this paper, we have examined the two possibilities
and considered as a toy model with one extra Higgs boson
the so-called g model [19], whose mass relationships at



INFORMATION AND DISCRIMINATION FROM b QUARK. . . 3079

the tree level, which have been already examined in the
literature [20], show several interesting differences &om
those of the MSSM. The results of our calculation will be
only shown for the Higgs sector and for the related trajec-
tories. The rexnaining contributions should be identical
with those computed in Ref. [16] in the MSSM case. For
the g model, a separate calculation of non-Higgs efFects

should be performed. We believe, though, that the al-

ready large existing limits on the mass of the extra Z
of this model (Mz ) 500 GeV [13]), that also push the

I

involved soft masses to large values, limit somehow in
this model their potential effect (that should not differ

drastically, in any case, forxn the corresponding MSSM
one).

The relevant diagrams containing the various Higgs bo-
son contributions are shown in Fig. 1; from these one
derives compact expressions that have already been pro-
vided in the literature. Here we shall follow the notation
of Ref. [15] that, in the large tanP limit chosen by us,
produces the relatively simple forxnulas

(16)

6gs~ =
s s ~

1 ——a
~

ps[my, M~+, mg, Mz] —m& CO[my, Mygy, mg, Mz] + (a —c )p4[M~+, mg, Myg+, Mz]am&tan p t' 4 s) 2 2

16' as M~ E
3 )

+(—1/2 + 1/3a ) (ps [ms MA, ms, Mz] + ps [ms, Mz, ms, Mz])

1 1
p4[—M—s, ms, M~, Mz] ——p4[M&) ms, Ma, Mz]

6gsr, —— » + 1/3a (ps[ms, M~, ms, Mz] + ps[ms, MI, ms, Mz])
Amstan p
16m 82M~2

1 1——p4[Ms) ms) M~) Mz] — p4[M~—) ms, Ma) Mz] (17)

MH+ ——M~ + M2 2 (18)

+ Ah

8+A gr
Z ~,it

H+ h

Ah

FIG. 1. Self-energy and vertex corrections to the Zbb ver-
tex.

Here ps 4[my, ms, ms, Mz] and Co [mq, ms, ms, Mz] are
the functions introduced in the appendix of Ref. [15].
The masses that appear in the previous expressions are
those of the charged Higgs boson (M~+), of the CP-odd
neutral Higgs boson (M~), and of that CP even neutra-l

Higgs boson (Mg) whose mass is nearly degenerate with
M~ in the MSSM and in the g model. Starting &om
the given expressions, one only has to insert, at a certain
level of accuracy, the mass relationships of the various
models that are, in general, not the same. In particu-
lar, the famous tree-level formulas of the MSSM and the
corresponding ones of the )7 model [20] can be substan-
tially difFerent. For example, one finds in the first case
the equality

I

whereas in the second model one has

2A
MH+ ——M~ + Mw 1—

g2

where A is a &ee parameter. Also, one finds a bound
for the lightest neutral in the MSSM, that becomes sen-

sibly larger in the other case [20]. At one loop, extra
non-negligible difFerences can arise in both models, which
could in principle give rise to observable efFects.

Motivated by the previous argument, we have calcu-
lated Eqs. (16) and (17) inserting the one-loop mass
relationships of the two models. For the MSSM, these
are known and can be found in the literature [18]. For
the g model, in the chosen configuration, they are given
in the short Appendix. The numerical values of tv and

gp are shown in the following figures. They will depend
on mq (f'rom the charged sector), on mbtanP (&om both
sectors), and on one residual neutral mass chosen to be
M~ Mg. The value of M~+ remains fixed by the
choice of the parameters, as shown in the Appendix, for
the MSSM. In the case of the g xnodel, for which extra
paraxneters exist, we have chosen the situation that opti-
mizes the effect and thus the related figures are actually
showing the maximal deviations that the model can pro-
duce. All the numerical results are given for mg ——5
GeV, tanP = 70, following the approach of Ref. [16].

To get a qualitative feeling of the difFerences obtained
by using the modified xnass relationships, we show in
Figs. 2 and 3 the trajectories corresponding to the MSSM
with mass constraints at the tree level, Eq. (18), and at
one loop. One sees that one efFect is that of "smooth-
ing" the mz dependence, particularly in the heavy xnass

region, say, between 150 and 200 GeV (intermediate and
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~ ~

~ ~ y ~
~ ~

~ ~ ~ ~
II

0.5-

-0 ~ 5-

FIG. 2. Plot in the
(b'av, res/2) plane of the cor-
rections (in percent) in the
MSSM case with the relation-
ships MH+ —M~ at the tree
level [see Eq. (18)]. There
are 16 point for each "curve, "
each one corresponding to a
given value of M~, in particular
(starting t'rom the right to the
left): M~ = 40, 45, 50, 55, 60,
65, 70, 75, 80, 90, 100, 120, 140,
160, 180, 200 GeV. The upper
line corresponds to m~ ——200
GeV, the intermediate one to
m~ ——150 GeV, and the lowest
one to m~ ——110 GeV.

upper lines) (this is a consequence of the fact that in
the charged Higgs boson contribution this dependence is
now weakened in the relevant ratio between the top and
the Higgs boson masses). Also, one notices a systematic
(small) decrease in gs, compensated by a corresponding
(small) increase in 6sv.

In fact, the compensation between rig and 6sv is quite
general, in the sense that for small M~ values the full

(positive) effect is on the second parameter, while for
large M~ only the first one is modified. This is related
to the fact that gp is dominated by right-handed effects
that are peculiar to the charged Higgs boson contribution
whose decoupling is slower than that of the neutral ones
(that give the important effect on 6sv).

If we accept the experimental available indication [6]
that seem to prefer positive (or, at least, not too nega-
tive) 6sv shifts, we conclude that the most relevant part
of the Higgs sector trajectory of this model lies in the
positive rig region of the plane (with the exception of the
fraction that would correspond to substantial 6sv effects

(larger than, say, two percent), i.e. , to very small M~ val-
ues, where the shift on rig could be negative). Since the
same feature seems to be valid for the remaining gen-
uinely supersymmetric contributions of the model [16],
we conclude that the observation of (small) positive de-
viations in either bp~ or gp, or possibly in both, could be
interpreted as the experimental evidence for this model
in the considered region of its parameter space. This
would require a precision of the two measurements of the
order of one percent, although in certain favorable cases
the shifts could be larger than that, particularly if the ef-
fects form the Higgs boson and the genuine SUSY sector
added in a substantial way as they seem to be willing to
do.

The previous analysis was performed at the "extreme"
value tan P = 70 considered in Ref. [16]. For lower tan P
values it is rather easy to draw the corresponding trajec-
tories since, to very good approximation, one simply has
to multiply the shifts of both 6sv and rig by the factor
(tan P/70) squared. For large (& 150 GeV) mq values this

gg/2

~0

~+ ~ ~
~ ~

~ ~ ~ ~~ ~ ~
~ ~

0
~ ~

I

~ 3

FIG. 3. The same as before
for the MSSM but with the
mass relationships at one loop
[see Eq. (22)].

-0.5-
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rrb/2

1.5-

~ I
~ ~

~ j

0.5-

~0 ~
~ ~
~ ~ ~ ~

~ ~ ~
~ ~

0
0 FIG. 4. The same as before

but for the g model and with
the mass relationships at one
loop [see Eq. (24)].

I

3
&sv

-0.5-

leads to the conclusion that values of tan P & 50 would
still be revealed by a measurement of 6str with a one per-
cent precision for M~ ( 50 GeV, while a corresponding
signal in re would be seen for tan P & 60 and M~ ranging
between, say, 100 and 180 GeV. Note that, as we already
said, the effect on rig could in principle survive for fairly
large values of M& (this remarkable feature was already
stressed in the literature [16]).

The case of the g model is illustrated in Fig. 4, only
showing the situation where the mass constraints are
used at one loop. As one sees, the results for the Higgs
sector are very similar to those of the previous exam-
ple, with a small general increase of gp and practically
no change in 6sv. Since we expect that other contribu-
tions are depressed in this case, we would conclude that
the trajectories of this model are qualitatively similar to
those of the MSSM (with possibly smaller overall efFects);
in other words, the presence of one more neutral scalar
does not afFect the trajectory in this case. Whether this
is a general feature of SUSY models with one extra (sin-
glet) scalar remains to be investigated; we postpone the
discussion of this point to a forthcoming paper.

It can be interesting to remark that in the "orthogonal"
case of technicolor-type modifications of the MSM, the
associated trajectories would be completely different for
a wide class of models. This can be deduced &om the
analysis presented in Ref. [21] where the contributions to
by~ were computed. In fact, for a broad class of extended
technicolor models the efFect on 6sv was negative and of
purely left-handed type, leading in any case to negative
corrections to gs as one can easily verify from the defining
Eqs. (12) and (13). The exception to this statement
would be represented by a class of special models where
fermion masses are due to the presence and mixing of
technibaryons [22], that produce positive shifts in 6gv.
But for these models, the shift in gg can be written to a
good approximation, using again Eqs. (12) and (13) as

finity fixes gp in a region between, practically, zero and
—6sv as shown in Fig. 5. Thus, the observation of two
small efFects of opposite sign with a negative gg would
provide evidence for this special model.

To conclude our investigation, we have considered the
(less attractive, in our opinion) possibility that the origin
of small discrepancies in 6Rs/Rs and 6As/As is due to
effects of light-fermion type. Using Eqs. (7) and (8) for
As and expressing Rs in the form [13]

+0.1 " + "negligible"

with 6q 2 given by the expressions [13]

16s a2

3(1+a2) "'

6(]) 8s tr r
2

3(1 + b2) '
(22)

%%ui( g

0
I
1~

2c=1

2caO

%%u sbv

—5

13 46 23 2

r, =
59 59 59

——:Rs ———1 + —6sv ——(6g —62) + Art'—
65

1 —5c2

5(5+ c2) ' (20)

where c2 = sin cb/sin P' and o., P' are the turo mixing
angles of the model. Varying this ratio from zero to in-

FIG. 5. The set of allowed trajectories for the Kaplan
model discussed in Refs. [21,22] at variable ratio c of the
two ~iong angles.
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in which

~„d ——4(BAl —~A. ,d ),
(~)

(24)

1 3 /'3
~uvl + —Sv~ —tlSAl —

I

——4s
2s 2 )

(25)

I 1
bd = —

2 [Sgvl —38gvd —UhQAl + (3 48 )bQAd] i (26)

86=1 ——s2 (27)

4b=1 ——s .
3

(28)

We have 6rst considered the class of models with one
extra Z' of E6 origin that has often been considered in
the literature [19]. For these models, strong experimen-
tal constraints on the mixing angle exist [13] that limit
its modulus to be less than, say, one percent. Using
this extreme value as the tolerated limit for every sin-
gle model (which is somehow optimistic) we obtain the
effects shown in Fig. 6. As expected, the possible effects
of this kind are always below the one percent level and are
spread in the (bRb/Rb, bAb/Ab) plane. In other words,
the existing limits on the mixing angle seem to rule out
visible efFects in these models. Note, accidentally, that
the contribution coming from the rI model (that would
belong in the chosen configuration of large tan P values to
positive mixing angles) goes in the opposite direction to

that of the Higgs sector, which represents a negative fea-
ture of the model. We have repeated our analysis for an
extra Z' predicted by left-right symmetry models and for
higher vector bosons predicted by various types of differ-
ent models, in particular compositeness inspired models
(Y, YL„Z') [24] and alternative symmetry-breaking mod-
els (Zv) [25]. As in the first case, the limits imposed by
precision tests in the light fermion sector prevent from
getting large effect on Rg and Ag as one can see in Fig. 6.

We can summarize the results of this preliminary in-
vestigation as follows. Assuming as a realistic goal a Anal

experimental accuracy on the measurements of both Ab
and Rb of a relative one percent, the best chances of pro-
viding visible signals seem to belong to models of new

physics that can affect the "heavy" 6-vertex component.
Among these, we have seen that those of SUSY type are
associated with trajectories in the plane of the variations
of by~ and gp that differ substantially &om those of tech-
nicolor type. We stress the fact that this differentiation
is made possible by the combined measurements of the
two observables; for instance, the discovery of a positive
effect in bp~ could not discriminate the models of Figs. 2,
3, and 4 from that of Fig. 5. Should this effect (that is
apparently not disallowed by the existing data) survive
in the future, the role of a high precision measurement of
gg would become, to say the least, fundamental.

Before concluding this paper we would like to make a
rather speculative remark concerning the possibility that
a positive shift of Rg is observed with no effect on Ab.
From a purely technical point of view, it might be pos-
sible to explain this effect in a picture where the MSM
calculation is still valid, but where the effective axial vec-
tor coupling of Z to the top is slightly decreased. In fact,
in the large mt limit, the dominant contribution to bgbL,

can be expressed in the form

QAb
%, Ab

Qmt
~gbL —

2 2 gt A8~s M~
(29)

i.RI

0 ~i
pv

—,5

ILR

~5

E6

% gR b
Rb

and values of gt A slightly smaller than one-half (with no
eKect on the corresponding b vertex) could provide this
possible deviation, thus motivating searches of reasonable
models where the axial "form factors" of heavy quarks
can be possibly modified [23].
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FIG. 6. Maximal allowed Z-Z' mixing eKects in the
(bRl, /Rq, bAl, /Ab) plane, from E6 based models with

cos(p) & +1 (dashed), from I, Rsymmetry ba-sed

models with +~ & col.R ( ~2 (full), in both cases with

IOM I
= 0.01. We have also indicated the trajectories or small

domains allowed for various alternative models of higher vec-

tor bosons (Y, Yl. , Y', Zv) taking into account the constraints
established in Ref. [7].

APPENDIX

In this Appendix we give the expressions of the rel-

evant radiative corrections (RC's) to Eq. (18) in the
MSSM and to Eq. (19) in the tl model. The Higgs sec-

tor of the MSSM at the tree level is described by two

parameters tanP and MA, when we include the radia-
tive corrections all the parameters which describe the
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spectrum of the theory enter in the mass formulas. The
most important contributions to the RC's come &om the
top-squark —bottom-squark sector, so we must 6x the soft
squark masses (mI R

——mz &
——m4 1 TeV), the tri-

linear SUSY-breaking parameters (Ai ——Ab = 100 GeV),
the SUSY HqH2 coupling JM, and of course the top mass.

MH+ ——M~ + Mw + 6MH+ (A1)

where

In the large tanP limit the one loop mass relationships
read [18]

AMz2+ —— Sg', &~'-»,'~
2m&ms tan P —Mw(mz + mb tan P) + —Mw ln + m&32 'Mw 3

~
m~~ 96vr2

~
m2

2 2 ~iLi —2As Sg M2

mmmm&tan

p (A, + As)
m - ) 647I' Mw

~
m )

y, (m~ + m&tan p) Sg2m~2m2stan2p ~AiAs —y2)
Mw ) (A2)

The radiatively corrected mass Mh of the CP-even
neutral Higgs boson which runs into the loop of Fig. 1 is
always nearly equal to M~.

In the g model the tree level Higgs sector is de6ned by
four parameters: tanP, M~, z, A. The new parameter z
is the VEV of the extra complex Higgs field N and fixes
the scale of the breaking of the extra U(1) gauge group, so
naturally z &) vq, v2. In this large z limit the Higgs sec-
tor, that is described by three CP-even, one CP-odd, and
one charged-state, eH'ectively reduces, at the Mz scale,
to that of the MSSM with the following identifications:
y, = Az, ms ——AAgz (ms is the soft SUSY-breaking term
of the operators HiH2 in the MSSM, A~ is the trilinear
soft term which multiplies the product NHqH2 in the po-
tential). When RC's are evaluated, in addition to the pa-
rameters of the MSSM there is another Yii&awa coupling
It@ of the exotic quark sector (m@ ——m4, A@ = A&). So fi-
nally the extra new parameters are A, z, and h@. We fix z
via the mass of the extra 2' boson: Mzi = 25jl8gi z 1
TeV. The exotic Yukawa coupling gives very little contri-
butions (some GeV) to the "standard" Higgs sector and
can be safely fixed to 1. The Higgs spectrum is at the
contrary very sensitive to the A parameter: this strong
dependence is exhibited by the charged Higgs sector [see
Eq. (19)] and by the lightest CP-even mass. As shown
in Ref. [20] (for values of M~ (Mz~) the lightest Higgs
boson mass (Mi) is a convex parabola in the A -Mi plain.

The imposition of the experimental bound M~ & 60 GeV

where b,M&2+ is the same as in Eq. (20) with the suitable
identifications and b'M~2+ is the small contribution of
the exotic sector:

e2 ™~b, MH+ = —,Mw , hE ln-
8x2 g2

t' 1) A@ma

E6) m,'+mE (A4)

In general when A —+ 0 we have the same relationships
M~+ —M~ as in the MSSM and the trajectories in the
plane (b'av, its) are the same. What we have shown in
Fig. 4 are the trajectories with the maximum value of A
such that the neutral Higgs sector is beyond the present
experimental bound.

gives a very strong upper limit on A (typically A ( 0.4);
therefore the difference between the charged Higgs bo-
son mass (for fixed M~) in the two models cannot be
arbitrarily large. The mass Mp is again nearly equal to
M~. So, the only efFective difFerence between the g model
and the MSSM, in this region of the space parameters, is
contained in the relation M~+ —M~,

M&+ = Mg + Mw l
1 —

2 l
+ b,M&+ + b, Ma+

t' 2A I 2 I

)
(AS)
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