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1. Introduction

A precise measurement of the decay rate for Z — bb has a number of advan-
tages as an indirect test for physics beyond the standard model. It is well known
that a heavy top quark gives large contributions to the Z partial widths through its
appearance in vacuum polarization diagrams. These corrections grow as m?, but,
since they appear only as an overall rescaling of the partial widths and a renor-
malization of sin® @y, these effects are essentially universal among fermion species.
However, the decay to bottom quarks receives an additional, unique correction,
also proportional to m?, arising from the direct coupling of the b to the top quark
in vertex and external leg diagrams. This correction has been calculated by a num-
ber of a,uthors,1 -3 who find that it results in a 1% reduction in the Z — bb partial
width for m; = 150 GeV, increasing to a 3% reduction as m; goes to 250 GeV.
Measurement of the effect is thus difficult but feasible. Once the top quark mass is
known, this effect could be used as an indirect test between the minimal standard
model and other models which include new direct couplings to the bottom quark.
One interesting model of this sort is the minimal supersymmetric extension of the
standard model. In a recent paper, Djouadi et al’ gave a survey of the effects of
a variety of models of new physics on the Z — bb partial width. In this paper, we

will reexamine the effects of supersymmetry in somewhat more detail.

Since we are interested in the vertex correction, we would like to consider a
measurement which is insensitive to corrections entering indirectly via loops in the
Z propagator. An ideal quantity would be the ratio I'(Z — bb)/T(Z — s3); clearly
all indirect, or oblique, corrections would be the same for both the b and the s,
and would cancel in this ratio. Unfortunately this is not measurable in practice,

and instead one must look at the ratio I'(Z — b)/T(Z — hadrons), henceforth



called Ry. This quantity has only a weak dependence on oblique corrections. To
see this, following Boudjema, Djouadi, and Verzegnassi,5 let us write the Z — bb

partial width as
I(Z — b8) = T\O(1 + VO (my) + 1.498p1), (1.1)

where I‘l()o) is calculated in the standard model using a small value of the top mass,
say my = 50 GeV. Vgt)(mt) contains the m; dependent parts of the vertex diagrams

and behaves as:

20« [ m?

for large my, while Ap(Y) contains the oblique corrections from a large top mass

and has the behavior:

2
ApD ~ 220 1.3
It can then be shown that the branching ratio is given by:
['(Z — bb)

By = I'(Z — hadrons)

= 0.2196(1 + 0.78V ) (m,) — 0.06Ap1). (1.4)

We see that that for m; = 250 GeV the oblique term only gives a 0.1% cor-
rection, which is negligible when we consider measurements at the 1% level of
accuracy. When we add supersymmetry, we will obtain new vertex contributions

SUSY

V,‘f us Y(mt), new oblique corrections Ap , and the supersymmetric corrections

to the branching ratio will be:

ASUSY (Ry) =0.2196[0.78(V5V5Y (my) — V5USY(0)) s
+0.34(V375Y (0) — VEUSY(0)) — 0.06A 5757

where VEZSY(O) are the vertex contributions for up and down type quarks, u, d #

t,b. The oblique correction is, again, highly suppresed. V35USY(0) — VSUSY(0)



is also a negligible quantity, so the supersymmetric contribution to the branch-

ing ratio is determined simply by the m; dependent part of the vertex function,

VIVSY (my) — V§VSY(0), which will henceforth be denoted by V§VSY.

The fact that we need only consider the m; dependent parts of vertex diagrams
greatly simplifies our task. In the minimal supersymmetric model the top mass
appears in only a limited number of new couplings, and the number of new diagrams
we must evaluate is small. In particular, diagrams involving neutral particles in
their loops need not be considered. A possible exception to this rule, the case of

large tan 8, will be discussed in Section 4.

This paper is organized as follows. We briefly review the standard model
calculation, and the relevent details of the minimal supersymmetric extension. We
then present results for diagrams containing chargino and charged Higgs loops.
Finally, we look at the high tan 8 case and diagrams involving neutralinos and

neutral Higgs scalars.

2. The Calculation

In the standard model, the diagrams for the vertex correction to Z — bb
involving top quarks and charged bosons are shown in Figure 1. Several features
are worth noting. Since these diagrams involve the exchange of W’s, and since
the b mass is negligible at the scale we are considering, only the production of left
handed b’s will be affected. However, this does not result in any significant change
in the weak asymmetries, since the tree level amplitude overwhelmingly favored
left handed &’s to begin with? Tt is also worth noting that even though the top

mass appears in the denominators of top propagators, these diagrams grow with



my. This is most easily seen in the ’t Hooft-Feynman gauge, where m; appears in
the Yukawa coupling of the b to a charged unphysical Goldstone boson.,

Before discussing the additional corrections let us briefly review the relevent
features of the minimal supersymmetric model. It is well known that, in super-
symmetric models, one cannét give mass to both the top and bottom quarks with
a single Higgs doublet. In the minimal case, two seperate Higgs doublets are re-
quired. This has two consequences for our calculation. First, in addition to the
unphysical Goldstone boson which arises in the standard model, there is a physical
charged Higgs boson which will enter our diagrams in loops with the top quark.
If Hy and H; are the Higgs doublets giving mass to the top and bottom quarks

respectively, the-physical charged Higgs is given by:
H* = cos BH; + sin BH, (2.1)

where ‘characterizes the relatiye sizes of the two vacuum expectation values,
tan 8 = v1/va. The charged Goldstone boson is the state orthogonal to this. The
minimal model predicts that Ht will have a mass M+ which is greater than MW.7
The second consequence of the two doublet structure is that relationships between
the Yukawa couplings and the quark masses are modified. Whereas in the standard

model the top and bottom Yukawa couplings were give by:

ASM _ T ysM 9T (2.2)

CVeMy' P T VaMy

with the addition of a second doublet these become:

o gm o gm
V2 My sinﬂ’ V2 My cosﬂ‘

It follows that H* has a coupling to a left handed b proportional to m;cot 8 and

At (2.3)

to a right handed b proportional to my tan 8. We note that values of 3 for which



tan # > 1 will lead to a greatly enhanced ;. This situation is analyzed in Section
4. For now we assume tan 3 is of order one and the bottom coupling can be

neglected.

The diagrams involving the charged Higgs scalar appear in Figure 2. All di-
agrams are propbrtional to mf cot? B and their sum is finite. As was the case for
the standard model, only left handed b’s are affected. We give explicit formulae in
Appendix B. These diagrams have been studied in some detail by Hollik® in the

context of the general two doublet model, and our results are in agreement.

Finally we consider the effects of the supersymmetric particles themselves. Su-
persymmetry requires that whenever we have a cubic coupling involving 2 fermions
and a scalar, ¢a\ilb\Pc + h.c, it must be part of a larger term ¢, V3 ¥, + 6.V, ¥p +
$Vc Vo + h.c., where ¥, and ¢, are supersymmetric partners. Thus the coupling
between the Higgs, right handed top quark and left handed bottom, proportional
to A¢, will be accompanied by a coupling of the same strength between the bot-
tom, higgsino and “right” stop. A more detailed description is given in Appendix
A. The only complication is that a mixing term arises between the gauginos and
higgsinos, and we must take as mass eigenstates charginos, designated x*, which

are mixtures of higgsinos and winos.

Figure 3 shows the supersymmetric diagrams contributing to I'(Z — bb). Note
that all these diagrams are proportional to m?/ sin? 3, and have a finite sum. Our
explicit result for the supersymmetric contribution is given in Appendix B. For
the special case of unmixed squarks, this agrees with the result of Djouadi et al.,4
except that we find the opposite overall sign. We defend our choice of sign in

Appendix B.

In addition to tan 8 and My, there are a number of other parameters in



the supersymmetric lagrangian which enter into this calculation. A coupling u
between the two Higgs fields and a supersymmetry breaking wino mass parameter
M enter via the chargino mass matrix. There are also squark mass terms, including
in general mixing between the left and right squarks. This is a large number of
free parameters, and we shall explore which regions of parameter space yield a

significant effect.

3. Results

Now let us consider the size of the effects. Figure 4 is a plot of Ry versus top
mass, for sample values of parameters which are chosen to show a maximal effect.
Results are shown for the minimal standard model (MSM), the two-doublet model,

and the minimal supersymmetric standard model (MSSM).

We see from Fig. 4 that in the standard model the branching ratio is decreased
from the tree level expectation. Adding a second Higgs enhances the effect. How-
ever adding the supersymmetric particles increases the width I'(Z — bb), canceling
out to some degree the contribution of the Ht and the MSM radiative corrections.
The fact that supersymmetric contribution is positive unfortunately makes the de-
tection of such effects more difficult. However, the fact that this sign is unique
to the supersymmetric contribution would, if observed, provide a clear distinc-
tion between this and a non-supersymmetric two-doublet model. We note that
for different parameter values, the MSSM result could be anywhere between the
two-doublet and MSSM curves of Fig. 4, and for some parameters the Ht and

chargino contributions could cancel, leaving the MSM prediction unchanged.

Numerical results for the H* diagrams can be found in Hollik’s paper on the

)

+
two doublet model® For reference we include a plot of VI(,H as a function of My+



(Figure 5). We note that while it can be quite large for tan 8 = 1, it falls off as

tan~% 8 and is negligible for tan 8 > 2.

Now let us examine the dependence of supersymmetric diagrams on parameter
space. This is difficult to plot as the number of parameters is large. The dependence
on m; however, coming only“from Yukawa couplings, is simply quadratic, so we
shall take m; = 150 GeV. For different values of m; our results simply scale as
(m¢/150)%. The effects of tan 3, M, and p are more subtle as they become mixed up
both in the masses of the charginos and in the mixing angles defining the chargino
couplings. Perhaps most useful are plots describing the effects of these 3 variables.
Raising 1 lowers the magnitude of the effect but changes the dependences on
the other paraméters very little. For the moment we assume there is no mixing

between right and left squarks.

In Figures 6 and 7 we plot contours for V,(,XJr) as a function of M and u, for
tan 8 = 1 and tan # = 10 respectively. For reference, we have also plotted the limits
in parameter space coming from past and future direct searches for supersymmetry.
The fact that supersymmetric particles have not been observed in Z decay allows
us to exclude regions in the M, u plane which give chargino masses below 45 GeV.
This is shown by the first set of dashed lines. Neutralino masses depend on another
supersymmetry breaking parameter, the U(1) gaugino mass M’, as well as M and
p. If we assume our model is embedded in a grand unified theory, we may relate
M'to M ,9 and then put a stronger limit by asserting that the 2 lightest neutralinos
must have a total mass greater than 90 GeV. This is shown by the dotted lines.
The second set of dashed and dotted lines show what these same limits will be if
supersymmetric particles are not observed directly at LEP2, assuming a center of

mass energy of 180 GeV.



From Fig. 6, taking into account the factor of 0.78 appearing in (1.5), we see
the maximal chargino contribution to Ry is about 1.2% for m; = 150 GeV. This is
a significant effect, slightly larger than the standard model correction. However,
this large contribution occurs for values of M and p along the edge of the region
allowed by currént chargino mass limits. For these parameters, charginos would
soon be directly observable. Perhaps it is more useful to consider how large the
effect could be in regions of parameter space which will not be accesible to LEP2.
From Fig. 6 we see that the maximum contribution above the second set of limits
would be approximately 0.6%. This could still be significant, especially for a top
mass somewhat higher than 150 GeV, however we must not forget that it will be
partially canceled by the H contribution. In fact, from Fig. 5 we see that a 0.6%

chargino contribution would be almost completely canceled for Mg+ ~ 100 GeV.

For tan 8 = 10, we see from Fig. 7 that the maximum chargino contribution
to Ry would be 0.5%. This is somewhat smaller than the tan 8 = 1 case, mostly
because of the sin~! # dependence of top Yukawa coupling. In the region inaccesible
to LEP2, the maximum is 0.3%, which is unmeasurably small. For a 250 GeV top
quark, however, this grows to a 0.7% effect, none of which will be cancelled since
the Ht contribution is negligible for large tan 3. These results change very little

with tan 8 for tan 8 > 3.

Finally, let us consider the effect of squark masses and mixings on these results.
The above results all assumed that there was no mixing between ¢ and iy, and
that {g, which couples to the left handed b, has a mass of 100 GeV. In Figure 8
we show the dependence of the chargino graphs on the mass of the right handed
squark, for sample values of M, u. The chargino contribution falls off rapidly with

the squark mass, decreasing by 33% as ; is increased to 150 GeV, and by 50%



when it is increased to 200 GeV. In the case of mixed L and R squarks, we will

have mass eigenstates

{1 =cosfip +sinbiy

(3.1)

tg = —sin@ip + cosbif.

In Figure 9 we assume 7 to have a mass of 100 GeV, and show the dependence
of Vgx+) on g and 0 as g is varied from 100 to 300 GeV. Obviously, mixing
is irrelevent when the two masses are degenerate or nearly so. When there is a
large mass difference, the maximum effect occurs when 8 is close to zero (actually
~ 10°), so the effect of mixing is in general to decrease the size of the contribution

from the unmixed case.

4. Large Tang

In the case where tan # > 1, a number of interesting new effects arise. The
bottom Yukawa coupling constant“ Ab oc my/ cos B ~ mytan B becomes large, and
indeed surpasses A at tan 8 = my/my, and so we may in principle get sizeable
contributions from graphs proportional to the bottom coupling, which we ignored
before. These include loops with neutral gauginos/higgsinos and neutral Higgs
scalars. Also, whereas for low tan 3 all radiative corrections were to the production
of left handed b’s, for high tan 3 the production of right handed 4’s can be enhanced,
and may have an observable effect on the weak asymmetries. We will present

corrections to the bottom left-right asymmetry,

AbLR _ (a(Z — bLT)R) —o(Z - bRBL)) ’ (4.1)

- o(Z — bLT)R) +o(Z — bRBL)
as well as to Ry. A% g can be most easily observed in the polarized forward-

10



backward asymmetry for bb production:

2 _(a(ez—>BF)—0(62_’BB)“U(e;z_’BF)“i'U(e}Tz_’BB))
0ot \o(er — Br) + (e} — Bs) +o(eg — Br) + o(eg — Br)/ (49)

3
‘—‘ZA%R(l - 2x)

where x is the parameter of B — B mixing. We will present results for tan 8 = 70;
for different large values of tan 8 simply scale these results as tan? 3.

First, we note that the chargino graphs considered earlier have right-handed
components proportional to Ay. Figure 10 shows their contributions to A’i g and
Vgx+). We notice that the contribution to Vgx+) 1s negative, opposite to that from
the chargino’s left handed contribution, and of a smaller magnitude, and would
therefore decreas-e the net chargino contribution to Ry. The high tan 3 contribution
to A’i g would be more significant, being up to .01 in the currently allowed region
and .003 in the region outside of LEP2 range.

Secondly, neutralinos, neutral ‘gauginos and higgsinos which mix as described
in Appendix A, have both left and right handed couplings to the b proportional to
Ap. The relevent diagrams are shown in Fig. 11. . Figures 12 and 13 show contours
for VI()XO) and for the neutralino contribution to A’}/ gr- We see that there is a region
along the edge of the currently allowed parameter space where the contribution to
Ry would be quite large, and in this region it would be positive and enhance the
chargino contribution. Unfortunately, the neutralino contribution falls off rapidly
away from this region and is negligible outside the LEP2 boundary. Thus it would
only have a significant effect in the case where supersymmetric particles would

soon be directly observable anyway.

Finally, we must consider contributions from the neutral Higgs scalars, and

from the right handed couplings of the charged Higgs scalar considered earlier. In

11



the minimal supersymmetric model, there is one physical pseudoscalar,

A® = cos fIm(HY) + sin BIm(HY), (4.3)
dnd two neutral scalars,

H® = sin aRe(H?) + cos aRe( HY) (4.4)

h? = cos aRe(H}) — sin aRe( H). (4.5)

H° and h® have Yukawa couplings to b proportional to A\;cosa and Ay sina re-
spectively, and A® has a coupling porportional to A, sin #4° , so the diagrams in
Figure 14 give contributions proportional to m% tan? 8. These diagrams are stud-
ied in some detail in a recent paper by Denner et al. on the non-supersymmetric
two-doublet model.10 The MSSM gives tree level relations between the masses of

these particles,7 which are rather simple in the limit of large tan 3:

M}y = M3 + M3 (4.6)

Mpo = max{Mz, M} Mo =min{Mz, M40} (4.7)

with

— 2—1, M0<M;
a:{ /8 2 A s (48)

0, My > Mj.

In Figure 15 we plot V,()H) , which includes the effects both charged and neutral
Higgs scalars, and the scalar contribution to AI’L g> as a function of M 4o, using

these tree level relations. For a pseudoscalar mass near 45 GeV there would be a

12



large positive contribution to Rj; which would enhance the chargino and neutralino
contributions, while for larger M 40 it would be smaller and negative. The scalar
contribution to Ali g would be positive and would add constructively with the

chargino contribution.

5. Conclusion

In the minimal supersymmetric standard model, radiative corrections to the
ratio I'(Z — bb)/T(Z — hadrons) could result in an increase in this quantity over
the standard model expectation. However, this effect would be detectable at the 1%
level of experimental accuracy only in a limited region of supersymmetry parameter
space, much of which will be ruled out if supersymmetric particles are not observed
directly at LEP2. The usefulness of this process as a complement to direct searches
for supersymmetry ultimately depends on the top mass; for mt’ ~ 150 GeV its
usefulness would be rather limited, while if the top mass were surprisingly large,

say my ~ 250 GeV, it might still provide a significant opportunity.

The authors thank M. Peskin for suggesting this topic and for many useful

conversations.

APPENDIX A

For reference, we give the parts of the supersymmetric lagrangian relevent to
this calculation. For a more complete treatment, see for example Gunion and

Hamber.11 We borrow much of our notation from Haber and Kane.9

The supersymmetric particles entering this calculation are the following: the

13



gauginos,

. 1
W= —
V2

H ( i ) i ( - 3) (A.2)

and the squarks, i,ig and by, bp. Fermions are represented here by two compo-

(W!sWw?), W3, B, (A.1)

the higgsinos,

nent left-handed Weyl spinors. The Higgs and higgsinos are taken to be members
of the conjugate representation of SU(2);. The squarks are chosen to have the

conventional quantum numbers of their spin 1/2 partners.

Let b, ¢ represent the left handed components of quark fields, and b, f the right
handed components, all in the left handed Weyl representation. The Higgs-quark

couplings and their supersymmetric counterparts are then:

Lo == M{HD Q) + T(AV Q) + G:(AD)
‘ L o (A.3)
~M{HP Q) + B (TP Q) + O;(ADB)} +hc.,
where Q12 = t,b. Here, for two spinors ¢ and x, (¢¥x) = €aﬂ¢ﬂXa-

The higgsinos and winos have the mass term:

e M V2My sin g\ [ —iWw+
i () ()

The mass eigenstates form two Dirac fermions:

+
xi = (ia;((;:)*) i=1,2 (A.5)

xt=Viol xi=Uiy; (A.6)
where @bih,z = —iW= g% Explicit expresions for Vj;, U;;, and the mass eigenvalues

14



M; can be found in Ref. 9. The neutralino mass term is:

1
Ly = —5(4°)" My° (A7)
M 0 —Mw sinﬂ(%) Mw cosﬂ(%—l)
MO = 0 , M My sin 3 — My cos 3
—Mw sinﬂ(%—) My sin 8 0 —
My cos B(%) —~Mw cos g —p 0
—iB
w=| W (A9)
= f]? .
H
The mass eigenstates are the four Majorana fermions:
7
0 __ Xg .
Xi = (iazxg*) i=1,4 (A.9)
X§ = Niji; (A.10)

The N;; must be calculated numerically. The squark mass matrix is conventionally

parameterized as:

2,02 2 ~ g
@t it) P tmg Ammg i (A.11)
LR Ammy  R2m24+m? ) \ip

The mass eigenstates are #; = T,'quj where d~)1,2 = 17, p. An explicit expression for

T;; can be found in Ref 9.
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In four component notation, the quark fields are

b t
"=\ ) T i (A.12)

The coupling of the charged Higgs scalar to the bottom is:

- (\/fL]\/IW) H*#(my cot BPf, + mytan BPR)b + h.c., (A.13)

where Py = %(1 —4%) and Pp = %(1 + 4°). The couplings of the b quark to

supersymmetric particles are:

Lint =gVAT! (XEPL) — MVisTh(xEPLb) — NUiad (¢ Prb)

+ ~5-g' Nia By (X Prb) — X5 Niab}, (! Prb) (A.14)
1 gl * *\7 ~ * 7 —
+ (3N -9 5B (RIPLb) — M NABL (X PLb) + hec.

V2

Xi = (iaz?;;*')*) (A.15)

where we have included gaugino couplings as well as higgsino couplings. Feyn-
man rules for the quark-squark-guagino/higgsino vertices follow readily from this

—

expression. This lagrangian uses the convention D, = 0, — igT - W,.
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APPENDIX B

We give here explicit formulae for the vertex functions.

In the limit of vanishing bottom mass, the effect of the vertex diagrams can be

written as a change in the effective left and right handed couplings between the Z

JRQUINS SV IS
dlua uviie u.

(a4

o F P2

vp=vLt 47 sin? 0w 2(P7me)
' a 2

= ———Fr(P ,

VR =VR Y 4 sin? Oy R(PZ,m)

where
1 1 1
vL =5 + -gsin2 0w vRp = —?;sin2 Ow .

The functions F g are related to the function Vy by:

Vi

_ a (ZvLFL(M%,mt) +2vRFR(M§,mt)>
 4rsin® Ow v% + v%z )
The functions for the Higgs contribution are:

Fégi :bl(MH+ s T,y ml%)vL,R)‘%,R

2
1
Fé?}{ :{[%CG(MhH,mt,mt) — 5 - CO(MH*’amt,mt)]vg’)L
R
2
m
+ ﬂ_;'CZ(MH+,mt, mt)v(Lt,)R}A%’R
R

|
FI(,?}z :CO(mt,MH+,MH+)(§ _ San GW)/\%,R,

where
1 2 2
v(Lt) =373 sin? Oy vg) =-3 sin? 0w,
my myp tan S8
AL ==,

- V2Mw tan B V2Mw

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

and pp is the mass scale which arises in dimensional regularization. Note that my

17



may be taken as zero except in those places where it is enhanced by 1/ cos 5.
The chargino contributions are:

1 L,R
F},-}z— 3 Y by, MiymB)or lALF?
1=1,2 5=1,2

Y 1
Fﬁi =D Z > cO(Mk,mi,mi)(gsmz Owéij — 5 ATi)AL A"
i=1,2 j=1,2 k=12

B.7)
2 (
3 9 1 - R.L
FEL=3" 5 S {1 eoliie, Mi, M) — 5 — co(re, Mi, Mj)]O;;
i=1,2j=12k=12 FR
M;M;
Fr
where
AL =Ty _< my ) X
* wal V2Myy sin B ' ]2
AR = b ) Usa, B.8
! (\/_MW cos 3 ahth (B-8)
M; are the chargino masses, OZL], OR are defined by
L 2 1 *
0;j = — cos” Owbij + §Ui2U,’2
(B.9)

1
05 = — cos? Ow bi; + 5

VieVj3,
and Tj; is the squark mixing matrix defined in Appendix A. These expressions
should be subtracted at m; = my/ cos f = 0 when used to calculate the branching
ratio Ry.

These expressions disagree with those appearing previously in the literature®
by an overall minus sign. The overall sign can be checked by considering those

diagrams involving b self energy corrections. If we increase the b mass until it

exceeds the sum of the stop and chargino masses, the b will aquire a width into

18



these particles, and this width will be related to the imaginary part of the b self
energy, H(ﬁ)’ as

['(b — tx~) = —2 ImIl(my). (B.10)

The imaginary part of II(mp) must therefore be negative in this case, and this
provides a check on the overall sign of our expression. Once the sign of the external
leg diagrams has been established, the signs of the other diagrams are fixed by the

cancelation of divergences.

Finally, we give expressions for the neutralino diagrams:

1 5 R
Fﬂz = Z Z bl(mj’Mi,mg)vLyRIAﬁ i
1=1,45=1,2

' o1 1.
F =3 ¥ cO(Mk,m,-,mj)(ﬁBleﬂ — 5 sin’ Ow bi ) AR EATER
i=1,2 j=1,2 k=1,4

3D IR

_2
i=1,4 j=1,4 k=1,2 Fr
MM

1
6(Mk, Mi, M;) — 5~ co(hg, Mi, M; )]O

Fr
(B.11)
where
my
tan O N¥, — N%)Bi1 — * Biz,
\/_(3 an 0w N ]2) ! (\/_chosﬂ) 42
T G
AR = X2 tan 0y Niy Big — NisBit, B.12
iy = 3 tanbw N Bip V2 My 003 B 4Bi1 ( )
and
1
Of ==(N},Njs — N3 Nj3)
P e (B.13)

R L
Oij = = O]l
Here 7; are the bottom squark masses and B;; is the bottom squark mixing matrix

defined analogously to Tj;.
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The b’s and ¢’s here are reduced Passarino-Veltman functions,1 ? defined by

1
[bo, b1, b, b3](m1, m2, ¢*) =/dx log[—¢°z(1 — ) + zm} + (1 — 2)m3 — ic]/u%)
0
X

[1,:1), (1 - .’II), :l:(l - :l:)]
(B.14)

[Co, C]](ml, mz2, m3) = / dXdde(s(x +ty+z— 1) log(A/p%)[l, Z]

[c2, €3, ¢4, €5, €6, €1] (1, M2, M3) =/dXdde5($ +y+2-1)(pk/A)

x [1,z,2% 2% ¢, zy]
(B.15)

where

A = zm? + em?2 + ymg — 2(1 — z)m} — 2y P? — ie. (B.16)
For the reader’s convenience we give expressions for the functions used here in
terms of the conventional Passarino-Veltman functions

1
by(m1,mz) =Bi(mz,m1) + 5(A ~In )

1
co(my, ma,m3) = — 2C24(ma, m1,m3) + §(A —In p%) (B.17)
c2(m1, ma, ms) =p%Co(ma, my, m3)
cg(m1,mg, m3) = — p}[Cas + C11](m2, m1, ms),
where A = 1/(2 — d/2) — v — In7 is the divergence which arises in dimensional

regularization.
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FIGURE CAPTIONS

1) Standard model diagrams contributing to Z — bb in unitary gauge. In
renormalizable gauges these are accompanied by diagrams with unphysical
charged Goldstone bosons.

2) Charged Higgs diagrams contributing to Z — bb.

3) Chargino diagrams contributing to Z — bb.

4) Ry as a function of top mass for 1) the minimal standard model (MSM),
2) the standard model with a second Higgs doublet (2HD), 3) the minimal
supersymmetric standard model (MSSM), assuming tan 8 = 1, M = 50 GeV,
u =30 GeV, my = Mg+ = 100 GeV.

5) VI(,H+) as a function of Mg+, assuming m; = 150 GeV.

6) Contours for Vl(,x+) x 100 as a function of M and g for tanf = 1 and

my = 100 GeV. Lowest dashed lines show limits set from current bounds

on chargino masses, as explained in the text. Higher set of dashed lines
shows the the corresponding limits which would be set by LEP2. Dotted

lines show corresponding limits set by neutralino masses.

7) Contours for Vgx+) x 100 for tan 8 = 10, m; = 100 GeV.

8) Vgx+) as a function of m; for tanf = 1 and a) M, = 50,30 GeV, b)
M, = 80,—80 GeV.

9) Contours for Vgx+) x 100 as function of mixing angle and heavier squark

mass, for tan § =1 and M, u = 50,30 GeV.

10) Contours showing chargino contribution to AI}IR x 100, assuming tan 8 = 70
and m; = 100 GeV. The right-handed contribution to Vl(,x+) can be obtained

by multiplying by -1/2.
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11) Neutralino diagrams contributing to Z — bb.

12) Contours for Vgxo) x 100 for tan 8 = 70 and a squark mass of 100 GeV.
13) Contours showing neutralino contribution to A% p x 100.

14) Neutral scalar diagrams contributing to Z — bb.

15) Contributions to V,(,H) and A% g from charged and neutral scalars for tan § =

70.
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