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A gauge-invariant subset of minimal supersymmetry, driven by the quark-squark-gluino Lagrangian,
is our concern in the context of precision measurements at the CERN e "e™ collider LEP on Z decays.
Shifts of the parameter R =T'},,4/T";, a precisely measured top-quark-free observable at LEP, due to ver-
tex corrections induced by the above interaction, have been evaluated for different regions of the super-
symmetric parameter space. Owing mainly to the stringent bounds on the masses of the squarks and the
gluino from the direct search at the Fermilab Tevatron, the effects are not too large to cast an observable

impact at the present stage of LEP precision.

PACS number(s): 13.38.+c, 14.80.Ly

I. INTRODUCTION

Even at the end of the accumulation of the full 1990
data of the CERN e "¢~ collider LEP on the Z boson—
a catch of around 550000 Z decay events—no experi-
mental signal contradicting the standard model (SM) pre-
diction has come up. Nonetheless, the failure to detect
the top quark and the Higgs boson remains a challenge.
Our inability to pin down the top-quark mass (m,)
currently provides the largest source of uncertainty in
predicting or limiting the parameters of much of the
physics beyond the standard model which are either on
the threshold of confirmation or in a position of being
ruled out. Supersymmetry (SUSY) is one such extension
of the standard model scenario crying out for verification.
No concrete signal of SUSY has so far been on the
scene—the unification of the strong and electroweak
couplings might be providing a hint—but possibilities
still seem to be there for its manifestation either through
the direct production of superparticles at higher energies
or through the radiative correction of observables which
have been very precisely measured. An important cri-
terion of those observables is that they should be free
from uncertainties coming from the standard model itself
which can mask a signal of physics beyond it. Our con-
cern in this paper is the minimal version of the supersym-
metric standard model which has a very strong theoreti-
cal motivation behind it. We calculate the supersym-
metric effect on the parameter R =I'y,4/I" 7, which is a

precisely measured variable in the current phase of LEP
and, additionally, it does not suffer from the uncertainties
coming from the top quark due to an accidental cancella-
tion [1] between the oblique and the vertex correction
contributions. The present experimental value [2] for R
is 20.92+0.11 whose standard model prediction is
20.75+0.06. In this paper we limit our interest only to
the supersymmetric effects on the Zqg vertices in the pa-
rameter R. Boulware and Finnel [3] have calculated the
radiative correction to the Zbb vertex taking into account
the triangle diagrams mediated by the gaugino and the
Higgs sector of minimal SUSY. They showed that the
effect would be detectable at the 1% level of experimental
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accuracy only in a limited region of supersymmetric pa-
rameter space. We explore a different sector of minimal
SUSY driven by the quark-squark-gluino Lagrangian,
which itself is a completely gauge-invariant subset of the
whole theory and is a potentially promising one since it
provides a strong correction to a weak vertex. We ar-
range this paper in the following way. In Sec. Il we dis-
cuss the formalism for the calculation of the squark- and
gluino-mediated triangle diagrams and comment briefly
on the accidental cancellation of the top-quark contribu-
tion in the R parameter. In Sec. III we investigate the ex-
tent of the supersymmetric contribution to R for different
SUSY parameter zones. Finally, in Sec. IV we guess
about the possibilities of catching a hint of a supersym-
metry signal from such indirect methods which in view of
our results seem to be somewhat remote at this stage.

II. FORMALISM

In the SM the partial width I'(Z — ff) can be written
as

D(Z—ff)=N{(V2Grm} /48m)(v}+a}) , (1

where Gp is the Fermi constant and v, and a; are the
vector and the axial-vector couplings of Z to the fermion

f:

v, =Vp(2t{ —4Q;sin’fy,) ,

a;,=Vp2{, ()
where p is the ratio of the neutral- to charged-current
cross sections at vanishing momentum transfer and

sin’Qy, is the effective sin’0y, which takes into account
v-Z mixing at the Z pole:

sin?0y, =55, ~s3 —28p , (3)
with
s§=1—11—4u>/m$)"*, @

)
where pu’=wa(mz)/(V2Gg). The leading top depen-
dence of the oblique correction 8p is given by [4]
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8p=(3Gym?2)/(87*V2) . (5)
N/ is given by
ch=1~i—(30¢/4'n')Qf2 for leptons ,
=3[1+(3a/4m)Q} [ 1 +a, /m+1.405(c, /)]
for quarks . (6)

To take into consideration the extra top dependence com-
ing from the Zbb vertex, one should use [5]

v, =vy—19AY)/30; a,=a, —19A%) /30 (7)
with

AY)=—(20a/19m)[r}+ L2 1nr?), r,=m,/m,. (8)

It should be noted that although the top dependences in
8p and AY) have roughly the same magnitude, they have
opposite signs, which plays a crucial role in making the
quantities R =T,4/T'; and T',; practically top insensi-
tive.

In this paper we consider the leading gluino exchange
contributions to the Zgg vertices from the diagrams
shown in Fig. 1. The quark-squark-gluino Lagrangian, a
supersymmetrization of the strong interaction vertex, is

Lq—q —l‘/igsthaga A a’2)ab
1+vys

2

1—vys
2

X

ry +r§ qt, 9)

where for three generations the flavor indices i =1-6 (for
each quark flavor there are two squark states), p=1-3
and the color indices a,b =1-3 and a=1-8. The (6X3)
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FIG. 1. The lowest-order gluino-exchange contributions to
the Zqq vertex.
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matrices I'; and I'p are determined by the quark and
squark mass matrices (see below).

The Lagrangian, Eq. (9), has been much studied partic-
ularly in the context of gluino-induced flavor-changing
effects and CP violation [6,7]. We follow the notation of
Ref. [7] where the SUSY effect on Z — f¢ was calculated
and refer to it for more details. The basic features are
outlined below.

Each quark flavor has two chiralities, left and right,
which correspond to two different squark states. Hence
with three generations of quarks there are six up-type and
six down-type squarks. Supersymmetry is assumed to be
broken explicitly by soft terms generated from N =1 su-
pergravity. We also note that the quark and squark mass
matrices are not diagonal in the same basis.

In N =1 supergravity models, the d mass squared ma-
trix (in a basis in which the d-quark mass matrix is diago-
nal) is

pil+M2+cKM2KY Am, M,

M2= Py
¢ Am3/2ﬁd prl+M7|° 1o

where p; and pu, are flavor-blind SUSY-breaking terms
for left- and right-type squarks, respectively. K is the
standard Kobayashi-Maskawa matrix. M, and ﬁd are
diagonal (3X3)u- and d-quark mass matrices. Quantum
corrections affect the left- and the right-handed sectors
differently. For example a d-type left squark couples to a
u-type quark and a charged Higgsino. Such couplings
are proportional to the quark mass at each vertex. Then
it is obvious that through Higgsino loops the left-handed
sector of the down- tyzpe squark mass matrix has a term
proportional to cKM K Owing to the fact that the b
quark couples in full strength with the ¢ quark via W ex-
change (K,,~1), the radiative mass correction in the
left- handed sector of the M} 2 matrix must have one entry

~cm?. Thus one of the down -type squark mass eigenval-
ues is strongly dependent on the choice of the top-quark
mass. The number ¢ can be estimated from the
renormalization-group equation of the mass parameters.
In our calculation we treat ¢ as a phenomenological in-
put. The off-diagonal blocks in Eq. (10) correspond to the
mixing of the left and right squarks which is induced by
the hidden sector, m 3, being the gravitino mass and 4 is
a parameter which contains the details of the hidden sec-
tor. Here we take A to be real. T’y  of Eq. (9) are given

_ 10 _
by I',=U O » Tr=U141 |5 where U diagonalizes M‘%

[Eq. (10)] and 1 is the (3 X3) identity matrix.
The other ingredient necessary for this calculation is
the Z coupling to squarks. For example, for d-type

squarks,
L, 4 =i _s5,35dz". (11)
4 cosOy,
Here i,j =1-6 and
(vg+ay)l 0
s=0" 0 (vg—ay)l U (12)
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where v, and a, are the Z couplings to the d-type quark
[see Eq. (2)]. The above results for the d-type quarks and
squarks can easily be extended to the u-type sector.

To express the final results in a concise form it is con-
venient to define the following (3X3) matrices O,
(m,n=1=3):
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(04 )y =TS THE(LR)] , (14)
(0} ) =L[TI"TP+(LR)], (15)
( 9,8)mn=‘;‘[rzmir\§¥i‘(L<—>R)] . (16)

In the above i, j are squark indices running from 1 to 6.
The amplitude following from Figs. 1(a), 1(b), and 1(c)

(04 3)py =1IT}™S,; TP+(L-R)], (13)  for Z—qg can now be written as
J
88w
W= | == | 37(p")y,{20,[m*(C; + Cy)— Cyy | —203mm,(Co+Cyy)+20,Cr75}q(p) , (17)
24COSHW7T ij
88w
(b (€)= _ | 555W Z(p' —_ —
AP+ 4= 2 coshy gq(p 7 u{lvg(OsF; —0ymgFy)+a,06B, ]~ (v,<a,)ys}q(p) (18)
I
where (=91.2 GeV) to the minimum of the squark and gluino

Flzﬁ(mBl) and Fﬁfn—wo) .
m and m, denote the quark and gluino masses, respec-
tively. In writing Eq. (17) we have dropped form factors
proportional to (p—p"),, (p—p")¥s, (p—p')0,,, and
(p —p"),0 4, ¥ s which we have verified are negligible. The
B and the C functions are defined in Appendix A. F; and
F, can be expressed in terms of the C functions corre-
sponding to the special case i =j. In our calculation the
B and C functions have been evaluated numerically fol-
lowing the prescription of Ref. [8] and have been cross
checked in several different ways [7].

It is rather easy to convince oneself that the total con-
tribution from the diagrams is finite. For this purpose it
is enough to note that of the B and C functions only B,
B,, and C,, are divergent and in the dimensional regular-
ization scheme the divergent parts are related by

divB,=—2divB, =4 divC,, =2/(d —4) . (19)

Using the above relation and Egs. (13)-(18) one can veri-
fy that the divergence cancels when the summation over
the squark indices are carried out.

We have also repeated the whole calculation analytical-
ly by expanding in powers of the ratio of the quark mass
to the minimum of the squark and gluino masses. The
heaviest known quark is the b quark whose mass is
around 4.6 GeV and we are exploring the squark and
gluino masses in the region of 125 GeV onwards. As a
matter of fact, in this second method of calculation we
also had to expand in powers of the ratio of the Z mass
]

masses and retained only the leading term which goes as
the square of this ratio. From a purist’s standpoint this
has to be taken with a grain of salt, as the expansion is
valid only in the region mz <<min (m, or m,). But it
turns out that the coefficient in front of this expansion
parameter is small and even for 125 GeV squark and
gluino masses the result obtained in this procedure with b
quarks in the external legs agrees fairly well with the ones
from the other method where no such expansion has been
made. The motive behind this exercise lies in the follow-
ing fact. In the former procedure the calculation of the
self-energy diagrams with identical quarks in the external
legs involve derivatives of the B functions which can be
expressed as linear combinations of some of the C func-
tions. These C functions are different from the ones re-
quired for the calculation of the triangle diagram only in
the replacement of the Z mass as one of the input param-
eters by an extremely small artificial mass parameter to
take care of some computational problems with two iden-
tical quarks in the external legs. Now, for the lighter
quarks belonging to the first two generations, the numeri-
cal evaluation of C functions with three very small mass
parameters cannot be done reliably. On the other hand,
with the b quark in the external legs the aforesaid prob-
lem does not arise and the agreement between the two
methods of calculation gives us confidence in the results
obtained using the expansion technique which we have
adopted to present our final results on the supersym-
metric corrections to the R parameter.

In this method we write the amplitudes (only finite
parts) of Figs. 1(a), 1(b), and 1(c) as

g(p" )y {—O0[3r2 T (2)+ 12T (2) /6 —Jo(2)]— O3 [ 20T 5(2) +rrEJ5(2) /3]
“

+0,[r2(2)+7r304(2)/6—Jo(2)]ys}q(p) , (20)

w_ |__ 88w
H 24(:059;4/772 ij
ngW
(b) = |__88W ISz — 2
A4,)+A4,0= 24 cost 7 ;q(p Y u[ (g {Os[ —Jo(2)+3r2T (2)]+20,17,(2)}

+aq06[—Jo(z)+r2J1(z)])—(vq<—<>aq)ys]q(p) , (21)
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where r=m/mg,, rz=mz/m,, and z=m,»2/mg2, where

m; is the mass of the ith squark floating around the loops.
The integrals J,—J, as functions of z are listed in Appen-
dix B.

III. RESULTS AND DISCUSSIONS

Before we enter into a discussion of the change in the
R parameter due to supersymmetric vertex corrections,
we stress again that due to the conspiring interplay be-
tween the quadratic top dependences coming from the
effective weak angle 8y, and from the Zbb vertex, R is
practically stable against the top mass. So any change in
the R parameter would be a hint of new physics. In Fig.
2 we have plotted 6R against m,. For all ranges of the
parameter space scanned in our analysis SR is positive.
In selecting the supersymmetric parameter space we have
kept in mind the recent Fermilab Tevatron bounds on the
squark and gluino masses. The ¢ parameter has been
fixed to the popular value —0.1. We have checked that
the mixing between the left- and the right-handed
squarks does not affect our results significantly and we
prefer to set A =3. As is observed from Fig. 2 R is
about 1.8% for m, =125 GeV and the squark mass pa-
rameter u; ~up =pu=150 GeV. The contribution falls
off with increasing gluino masses and for m, ~400 GeV
becomes ~1%. If we set ¢ =0, then for u=150 GeV,
mg=125 GeV, and A~=3, S8R =1.7%. For nonzero c¢
(¢=—0.1) one of the b squark masses (~136 GeV) is re-
duced by an amount ~cm? and thus the propagator
suppression is less compared to the situation for ¢ =0.
This is what is responsible for a smaller value of R for
¢ =0. Increasing m, from 100 to 200 GeV results in an in-
crease of 6R by 0.1%.

In Fig. 3 we have plotted SR against the squark mass
parameter u for fixed my; =150 GeV. c has been set to
—0.1 and 4 to 3. For u=125 GeV, 8R is maximum, be-
ing slightly larger than 2%. The contribution falls off
rapidly as we go from u=125 to 450 GeV becoming
~0.5%. As has been pointed out before, the left-right

20 k SQUARK MASS = 150 GeV

c = -0

102 8R
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FIG. 2. The supersymmetric correction 8R as a function of
the gluino mass with the SUSY-breaking scale fixed to 150 GeV.
The solid (dashed) line corresponds to m, =100 (200) GeV.
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FIG. 3. The supersymmetric correction SR as a function of
the average squark mass (~pu) for fixed gluino mass = 150 GeV
and m, =200 GeV.

mixing of squarks does not affect our results. We also
mention that the change of m, from 100 to 200 GeV does
not make any perceptible shift of 8R within the scale of
our figure.

Though perhaps a minority point of view, the possibili-
ties of existence of lighter gluino and squarks [9] cannot
be strictly ruled out. Then, for example, for m, =100
GeV and p =120 GeV (setting ¢ =0 to avoid any further
reduction of b masses), 8R =2.6%. If, instead, the as-
signments of masses is m, =120 GeV and =100 GeV
(¢ =0), 8R =3.2%. Of course, our estimate should not
be taken too seriously in such parameter ranges as the ex-
pansion in m2 /mg2 or m2 /qu is no longer strictly valid.

It should be stressed that SUSY also entails contribu-
tions to the Zgg vertices from charged-Higgs-boson,
Higgsino, and W-ino exchanges. But in this paper we
have not taken into consideration this interaction, which
is another gauge-invariant subset of minimal supersym-
metry. It has been shown in Ref. [3] that this subset pro-
vides a positive correction to the parameter
R,=T,/T',,q- We have checked that the corresponding
correction from the gluino interactions is of the same
sign. The gluino-induced effects are, however, small
mainly in view of the fact that the bounds on masses of
squarks and gluino are relatively stronger than the ones
for gauginos causing larger propagator suppression. Typ-
ically, for m, =200 GeV, mg=125 GeV, u=150 GeV,
and ¢ = —0. 1, the gluino-induced 8R, ~4X 107>,

Finally, we comment on another often discussed vari-
able (see, e.g., Ref. [1]) T'=(3R —30y)/59, where
y=9T ,/[a(Mz)M;]. In the SM T =0.530. On ac-
count of the gluino-mediated interaction 87 =38R /59
and the contribution is again too small, at least at this
stage, to be detected.

IV. CONCLUSION

In conclusion, we have studied gluino-induced contri-
butions to the variable R which has the attractive feature
that it is free from potentially large top corrections. We



2018

have confined ourselves to a gauge-invariant subset of the
minimal supersymmetry, the core of which is formed by
the quark-squark-gluino Lagrangian. This is a potential-
ly rich sector in the sense that it attributes a strong
correction to a weak vertex. However, the effects are
highly suppressed owing to large masses of the squarks
and gluino, the lower bounds of which are pushed up to
150 GeV from the direct searches at the Tevatron. As a
result, the present stage of experimental precision is un-
likely to yield a positive signal for supersymmetry. Al-
though we have not calculated the correction to the R
parameter induced through gaugino- and Higgs-mediated
processes, we have checked that the correction to
R,=T,/T},q from the subset of our consideration is of
the same sign to the corresponding correction as obtained
in Ref. [3] from the other subset. The contributions to
R, from the two subsets are, however, different mainly
because the present bounds on the gaugino masses are not
as strong as the ones for squarks and gluino. However,

GAUTAM BHATTACHARYYA AND AMITAVA RAYCHAUDHURI 47

one comment is worth mentioning. As has been dis-
cussed in Ref. [9] the Tevatron bounds on the squark and
gluino masses stand on the assumption that the sparticles
decay to a massless lightest supersymmetric particle
(LSP). If the LSP becomes very massive there could be
no bound on the squark and gluino masses at all. More-
over, the possibilities of cascade decays of squarks and
the gluino can weaken their bounds to some extent. In
that case, a precision measurement of R might turn out
to be a sensible hunting ground of supersymmetry even if
the top quark is not discovered soon.
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APPENDIX A
The B and C functions are defined as
1 . (1,k,) _
— [d*k =(By,—p,B,), (A1)
im? f (k2+mg2)[(k—~p)2+m,~2] 0 " Put
—l_fd4k (17ky,’k‘u,ky)
i (kK2+m2)[(k —p)*+m?][(k —p'+m]]
={Co,—Pu,C11t(Pp—p"),C12:PuP,Co1 +Hp—p")(p—P"),Cor—[p.(p—P" )y +p,(p—P"),1C23 +8,,Ca4} - (A2)
[
APPENDIX B ~ 1 x 1
K= 4 =— 1—z+Inz),
(2= J| AtU—xzP | (1—gp TEHRD)
= 1 —_ —_— 2
Jo(2) fodx(l x)In[x +(1—x)z] K;(Z)Zfoldx +(f_ ) 2=(1—1 )3(1_22+221nz)’
_ . z2—2) 143224z [x T 2] z
2(1—2) 41—z Ry)=[ldx—>F——
. 1 _1 0 [x+(1—x)z]
Ko2)= [ dx =—=, 1
0 o x+(l—x)z 1—z =————(1—6z+322+223—6z%nz) ,
Ky@)= [ dx——>% — 2
z)= x = 1—z+z1 ,
! o  x+(1—x)z (1—z)? ztzinz) I?‘«,(z)=f1a’x———-x4
0 [x+(1—x)z]?

[l X2
K,(z) fodxx+(1—x)z

:""——1“—(1—4z+322—2221nz),

2(1—2z)
Ky(2)= [lde— 2
3 0 x+(1—x)z
=———1—4<2—9z+18z2—1123+6z31nz) ,
6(1—2z)

=—3~(11—)5(1—6z+1822—1023—3z4+12231nz) ,
4

J(2)=K(z)—2K,(2)+K;(z) ,
Jy(2)=K,(z2)—K,(z) ,
J3(z2)=K,(2)—3K,(z2)+3K;(z2)— K ,(2),
J4(2)=Ky(z)—3K(2)+3K,(z)—K;(z) .
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