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Abstract

We calculate the supersymmetric O(a,;) QCD corrections to the cross section ete™ —
qﬁj (4,7 = 1,2) within the Minimal Supersymmetric Standard Model. We pay particular
attention to the case of the left-right squark mixing and to the renormalization of the
mixing angle. The corrections due to gluino exchange turn out to be smaller than those
due to gluon exchange, but they can be significant at higher energies even for a gluino
mass of a few hundred GeV.



1 Introduction

Supersymmetry [1] requires the existence of two scalar partners §; and gr (squarks) for every
quark ¢g. Quite generally, §; and gr mix, the size of mixing being proportional to the mass
of the quark [2]. Therefore, the scalar partners of the top quark are expected to be strongly
mixed so that one mass eigenstate £; can be rather light. Within the Minimal Supersymmetric
Standard Model (MSSM) b; and bg can considerably mix [3] for large tan 3 = vs/v; (where
v; and v, are the vacuum expectation values of the neutral components of the two Higgs dou-
blets). Therefore, it is possible that #; or b, will be discovered in the energy range of the present

colliders.

+ +

The stop production in e*e™ annihilation, eTe™ — t~1£~1, was first studied at tree level in [4].
The conventional QCD corrections to this process including virtual and real (soft and hard)
gluon radiation were given in [5, 6]. These corrections are quite large, for instance, they are
about 35% for m; =80 GeV at /s = 190 GeV [7]. The QCD corrections within the MSSM
including virtual gluino and squark exchange were first calculated in [8], where to some extent
the process ete™ — §1g, was also included. However, the calculations in [8] are incomplete in
the sense that the correction due to the virtual gluon exchange in the unequal squark mass case
is not quite correct, and furthermore, the renormalization of the squark mixing angle 6; has not
been treated in a fully satisfactory way because it is not applicable in the whole range of ;.
A proper renormalization of the squark mixing angle is necessary whenever stop and sbottom

play a role. Moreover, no numerical analysis at all has been given so far for the unequal mass

case or for squark mixing angle §; # 0.

Here we want to present the complete formulae for the supersymmetric QCD corrections
up to O(a,) within the MSSM including virtual and real gluon exchange, virtual gluinos and
squarks for general §z—¢gr mixing. In particular, we propose a suitable renormalization of the

squark mixing angle. Furthermore, we give a detailed numerical analysis of these corrections.



2 Tree level formulae
The squark mixing of §r and §g is expressed by
g1 = drcosb; + grsin by g» = —qrsinb; + grcos by, (1)

where 1, §» are the mass eigenstates (with my < mg,) and 6; is the squark mixing angle. The
production ete™ — §q;, (2,7 = 1,2), proceeds via v and Z exchange in the s—channel (see
Fig. 1a), s = (k + k)?, k and k being the four-momenta of the outgoing §; and g;.

The cross section at tree—level is given by:
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Here \jj = (1 — pf — p3)? —4plpl, pi ; = ml, /83 €q is the charge of the squarks (e; = 2/3, ¢, =
—1/3) in units of e(= \/R) a. and v, are the vector and axial vector couplings of the electron
to the Z boson: v, = —1 + 4s%, (with sy = sinfw), a. = —1, and a;; are the corresponding

couplings thﬁj:
a1 = 4(I3L cos® 5 — shye,) , @z = 4(I3L sin? 5 — s¥hye) , a1 = as = —2I§’L sin 20; , (6)

where Ig’L is the third component of the weak isospin of the quark q.

3 SUSY-QCD corrections

The supersymmetric QCD corrected cross section in O(a;) corresponding to the Fig. 1 can be

written as:

=01 809+ 8§09 1+ 8519, (7)



§c9 gives the standard QCD gluonic correction (Figs. 1b—f), 57 is the correction due to the
gluino exchange (Figs. 1g, 1h) and §a? due to the squark exchange (Figs. 1i, 1j). As will be
seen later, within the renormalization prescription used §o? = 0.

According to eq. (2) the correction can be written as:
80% = cij [2e,A(€)\26:; — Tyz(egbij Aaly + A(ey)'d 2Tzza:;Aa = 9,5,G. (8
o Cij |4€q ( ) ij ’YZ(e iGAa;; + ( ) a'zg) + 21zza;;Aa » @ =4,9,9- ( )

3.1 Gluonic correction

609 can be written as
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Ao = (=g =2+ N dp = —(AFul 0l - N, (11)

285

and Lig(z) = — fy log(1 — xt)/t dt. Eq. (10) has been calculated from the graphs in Figs. 1b—f
including soft and hard gluon radiation. For ¢ = j the expression eq. (10) was already derived
n [5, 8], and we agree with their formulae. However, for ¢ # j our result eq. (10) is different

from that given in [8].



3.2 The four—squark interaction

Quite generally, we can decompose the corrections due to the four-squark interaction (Figs. 1i,

1j) in the following way:

Aaz(?) = 5a(~1~”q)—|—5a(~w’q)—|—5a(~é’q), (12)
Ale)? = 8(e) 7 +8(eg)?. (13)

Here the upper index v denotes the vertex correction (Fig. 1i), w the wave—function correction
(Fig. 1j), and 6 the renormalization of the mixing angle f;. The last term in eq. (12) is
necessary as the couplings a;; depend on the mixing angle (see eq. (6)). The vertex correction
is proportional to the momentum of the exchanged photon or Z boson, and hence the related
matrix element for ete™ — qij is zero, that is 5(1( o) — 5(e )(v 4@ — (. There is, however, a
squark wave—function correction 5(1( “4) due to the four-squark interaction.

The self-energies due to the squark loops in Fig. 1j are given by:

E@(p2) _ 1% cos? 20 Ao(m~ ) + sin 296, Ao(m?b) %sin 46; (Ao(m?b) — Ao(mgl)>
" 3 5 sin 46; (Ao(mtb) — A°(m 21)> sin? 294A0(m21) + cos? 294A0(m22)
(14)
Here A° is the standard one—point function [9], A%(m?) = —ir~2 fdPq(q> — m?)~! in the

convention of [10]. Notice that the self-energies are independent of p?, hence Eg)(mél) =

E(q)( 5) = E(q). We therefore get for 5(1( D,

(wd) _ < (d) @ i =) L
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with the squark wave—function renormalization constants

. Re{xl . Re{xnl@
6Z1(§):72{ 2L 579 = 72{ =1 (16)
Mg, — Mg, Mg, — My,

Note that 5(eq)(w D — 0 because the contributions coming from the squark loop Fig. 1j and the
corresponding graph with the loop at the antisquark cancel each other. Hence A(eq)g) = 0.

The correction term 5(1( 4 in eq. (12) will be treated in section 3.4.



3.3 Correction due to gluino exchange

Now we turn to the corrections due to gluino exchange (Fig. 1g, 1h). Asin eq. (12) and eq. (13)

we can write:
Aaz(?) = 5a(~1~”§) + 5(1@’&) + 5(1@"6) , (17)
Aleg)d = 8(eq)y? + 8(eq)i? (18)

with 5(11(;"6), 5(e )( vd) corresponding to the vertex correction (Fig. 1g), and 5a(~1~”’§), 8(eq )(.@,g) cor
(6.9)

responding to the wave—function correction (Fig. 1h). Again da;;” is due to the renormalization
of the mixing angle and will be calculated in section 3.4.

The gluino vertex corrections are given by:

Saf7 = 22 dmamgoy(51:(2C5 + CY) (19)
+vg8i5 [(2m + 2m2 + mZ, + mE)Ch + 2miCY + B(s,mZ,m?)| + ag(AY)y |
(2m2 — 2m2 + m2, +mZ)C + (m2, — mZ)C5 + 2m2CY + B°(s,m2,m2)| },
and
Sea? = eas o { 2mamy(ST)5(205 + OF) (20)

+6;; [(2m —|—2m —I—m —I—m )C++2m900 —I—Bo(s m mZ)] 1,

where 6;; is the identity matrix, v, = 2I3L — 4, e,, ap = 2I§’L,

s ( cos2f; —sin 26; ) gi _ ( —sin260; — cos 26; ) (21)

—sin20; — cos26; —cos20;  sin 26;
The functions 05 are defined by

1 2 1 2
0%% , 0—:¥. (22)

The arguments of all C—functions are (mg » S, m2 m2 m , M ) B°,C°,C*, and C? are the usual

two— and three—point functions as given, for instance, in [10]:

02 2 .2y _ d%q 1
Bk, miymy) = /i7r2 (2 —m?)((¢g+ k)2 —md)’
0 purn  pupe] _ [ 47 [1,¢"] _
CRLCRS /iﬁ2(q P—mi)((q+ k) —m)((qa—k)* —m7)
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The squark wave—function renormalization due to the squark self-energy graphs with gluino

exchange (Fig. 1h) leads in the on—shell scheme to:

1 5 5 "

60" = J(6Z + 82 )ai; + 82 av; + 82 )aiy (23)
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and
w w e ~ ~

Bea)i™ = —eRe{B(mE)} o (e)is? = Ly g Re{BigmE) — T(mi)} , (24)

with the squark self-energy contributions E(g)( ?) and their derivatives
21 (m?) = 920 (p?) ) 8p%[prm e

4043

55(°) = (") = 5~ *mgmy cos 20,Bo(p", m3, m3) (25)
and
v @2y — 2a, B 2 2 2 _ o \p 2
i (p7) = g?[O(IMm m2) + (p* — mj — mz)By(p®, m}, m})
—2mgmyz(—1)'sin 2943(’)(p2,m§,m2)] . (26)

3.4 The renormalization of the squark mixing angle

We still have to discuss the renormalization of the squark mixing angle 5(1( q) eq. (12), and

50%('3 9)7 eq. (17). From eq. (6) one gets for 5az(~j @) (with @ = ¢, §):
6a§ﬁ’a) = 2a1,60,%) = —6a§0;’a) day (0 ) = §q (0 9= = (azs — a11)665 . (27)

Now Aaz(?) of eq. (12) has to be free from ultra—violet divergencies and is therefore finite.
Choosing Aag"; = 0 one gets from eqgs. (12) and (15)

60,50;4) = (0,22 — 0,11)69(1*(6) = —6Z§?)0,22 — 5Z1(g)a11 . (28)
Eq. (28) means that the related counterterm 5(152‘1) is nothing else than the negative sum of

the graphs corresponding to Fig. 1j containing the self-energies 25‘12) and Eg‘i). We now do the
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same for 5(1( 2 by taking again the negative sum of those parts of the graphs Fig. 1h, which
(65

contain the self-energies E(g)(m~ ) and Eg“i)(m~ ). 5(112’9) is then also given by

6a§02’§) = ((122 - a11)59¢i(§) = —5Z§‘?a22 - 5Z1(‘g)a11 5 (29)
with @ ) @ )
. Re {235 g . Re {353 9
829 = {2 . il , 8§28 = {2 . )}. (30)
Mg — Mg, Mg, — Mg

Inserting the results for 6Z1(‘§),6Z§‘f) in eq. (28) and 6Z1(§),6Z§§’) in eq. (29), one gets

; la, sindf;
~(‘1) e . S 0 2\ 40 9
V=5 mZ, —m2, (4°(m3,) — 4°(m3)) (31)
and
g ]- (o megin
69‘(39) - g?]”’(m; —qm% ) (Bo(m§27m§7mz)a11 — BO(TI’L;,?TL2 mZ)au) . (32)
q q1 g2

By egs. (27) we then obtain 5(11(5’4) and 5(11(5"6). With this result for 5(11(5’4) there is no correction

from the four-squark interaction graphs: Aaz(?) = 0, and due to A(eq)g) = 0 also §0? = 0.

By knowing 5(1( 9 we can write the final result for the total gluino correction:
5 0§ 1 4o, mzm
Ad? = 5a9 — Re{ 5 (S5(m2) + 5,(m)) ai; + g?ﬁ&j (33)

X [Bo(méi,mg,mz)((—l)i+12aii/ cos 2045 — a;y sin 20;) + B%(m? m2 mZ)aii sin 294] 1,

gpr?

with 7' # 7, and A(eq)g’) = 5(eq)z(.;.”§) + 6(611)1(';”’&) as in eq. (18), where 5a(v 9 , X5 (mi), 5(eq)(v’§)
and 6(611)1(.;”‘6) are given by egs. (19), (26), (20), and (24), respectively. Note that Aa(g) nd
A(e,) are ultra—violet finite.
Inserting Aa(g) and A(e )Ej) in eq. (8) gives the total gluino correction §¢9 which does not
factorize as the gluon correction in eq. (9).

Our renormalization condition for the mixing angle 6; is different from that of [8]. For
5 = 0 and mg = myg, our results agree with those of [8]. However, in the scheme of [8] there

appears a singularity at ; = 45°. In our scheme there is no such singularity as can be seen in

eq. (32) so that it is applicable in the whole range of 6;.



4 Numerical results

We now turn to the numerical analysis of the SUSY-QCD corrections. For the gluonic correc-
tion §0¢ we evaluate egs. (9), (10) and (11), and for the correction due to gluino exchange §a¢

we take eqgs. (33) and (18) together with eq. (8).

We have first calculated the corrections to the cross section o(ete”™ — t~1£~1) at the LEP2
energy /s = 190 GeV as a function of the stop mass my, for cos6; = 0.7, taking my; = 200 GeV
and my, = 250 GeV. This is shown in Fig. 2. The gluon correction is rising from 17% of o
for m;, = 45 GeV up to 35% for m; = 80 GeV. The gluino correction is only about 1% and

quite independent of m; .

In Fig. 3a we show the corrections to the cross section o(ete™ — t~1£~1) as a function of the
mixing angle cos 0z, for \/s = 500 GeV, m; = 150 GeV, m;, = 300 GeV, and myz = 300 GeV.
According to egs. (9) and (10) o9 has the same dependence on cos 6; as the tree-level cross
section, whereas the gluino correction introduces a different ; dependence. For the c. m. en-
ergy and masses chosen the gluino correction is now higher than at LEP2 energies and is about
15% of the gluon correction. Fig. 3b exhibits the /s dependence of §9/c'"* and §a9/c'"*¢ for
cos B; = 0.7 and keeping the masses as in Fig. 3a. Notice that §o9/c""*¢ is decreasing with /s,

tree

whereas §09/0'"*¢ is becoming negative at /s = 700 GeV with the absolute value increasing

with +/s.

Fig. 4a and b show the cos 6; dependence for a higher energy and mass scenario, /s = 2 TeV,
m;, = 500 GeV, m;, = 700 GeV, and myz; = 600 GeV. Here §59 is about —35% of 09 for fi
production. Fig. 4b exhibits the t~1£~2 channel. §09/c%"*¢ is about 16%. 809 is about —40% of
b0? at the peak values Notice that the gluino correction is not always positive. In Fig. 4c we
also show for this scenario the corrections in the case of the t~2£~2 production. Here the gluino

part is even larger (—50% of the gluon contribution).



We have also computed the SUSY-QCD corrections to o(ete™ — i)j)l). For \/s =2 TeV,
mg, = 500 GeV, my = 700 GeV, and my = 600 GeV 657 is about —30% of §57 almost inde-
pendent of cos ;. The gluon correction for i)j)J must be the same as that for t~i£~j production,

provided the squark masses are the same. This can also be seen explicitely in eq. (10).

It is particularly interesting to study the dependence on the gluino mass. This can be seen
in Fig. 5, where we have /s = 500 GeV, m; = 150 GeV, m;, = 300 GeV, and cos §; = 0.5
in Fig. 5a, and /s = 2 TeV, m;, = 500 GeV, m;, = 700 GeV, and cos §; = 0.5 in Fig. 5b. It
is somewhat surprising that the gluino correction is first increasing as a function of the gluino
mass and only very slowly decreasing. Of course the correction would be largest for a small

gluino mass (my < 50 GeV) but this is excluded by experiment (mgz > 130 GeV).

In conclusion, our analysis of the SUSY-QCD corrections to scalar quark pair production

*e~ annihilation has shown that the correction due to the gluino exchange are smaller than

in e
the conventional QCD corrections, but they are significant at energies envisaged for the next
linear collider [11]. In particular, they exhibit a dependence on the mixing angle 6;, which
is different from the tree-level cross section corrected by the gluon exchange. Moreover, the

correction due to gluino exchange decreases only very slowly with increasing gluino mass.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Feynman diagrams for the lowest order SUSY-QCD corrections to ete™ — @33 Note
that there are also the corresponding diagrams to c), d), €), h), and j) for the antisquark

q;-

SUSY-QCD corrections §09/c'*® and §09/0*"*° as a function of my, for ete™ — £14, for

Vs =190 GeV, cos §; = 0.7, my, = 250 GeV, and my = 200 GeV.

SUSY-QCD corrections §09/a'"*¢ and §a9/c'"*¢ for eTe™ — e

(a) as a function of cosf; for \/s = 500 GeV, m; = 150 GeV, m;, = 300 GeV, and
my = 300 GeV,

(b) as a function of /s for cos6; = 0.7, my, = 150 GeV, m;, = 300 GeV, and my =
300 GeV.

SUSY-QCD corrections 8§09 and §o? as a function of cos 8; for

Vs =2TeV, my =500 GeV, my, = 700 GeV, and myz = 600 GeV.
(a) for ete™ — t~1£~1

(b) for ete™ — t~1£~2

(c) for ete™ — t~2£~2

Dependence of the SUSY-QCD corrections §a9/c'"*¢ and §a979 /5" on the gluino mass

for ete™ — t~1£~1.

(a) for /s = 500 GeV, m;, = 150 GeV, m;, = 300 GeV, cos 0; = 0.5
(b) for /s =2 TeV, m; = 500 GeV, m;, = 700 GeV, cos f; = 0.5
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