
PHYSICAL REVIEW D, VOLUME 61, 033008
SUSY electroweaklike corrections to top pair production in photon-photon collisions
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We study the one-loop contributions of the gaugino-Higgsino sector to the process of top-quark pair pro-
duction viagg fusion at the NLC in framework of the minimal supersymmetric standard model. We find that
the corrections togg→t t̄ ande1e2→gg→t t̄ are found to be significant and can approach a few percent and
one percent, respectively. Furthermore, the dependences of the corrections on the supersymmetric parameters
are also investigated. The corrections are not sensitive toMSU(2) ~or umu) when MSU(2)@umu ~or umu
@MSU(2)) and are weakly dependent on the tanb with MQ ~or umu) being large enough. However, they are
sensitive to the c.m.s. energy of the incoming photons.

PACS number~s!: 12.15.Lk, 12.60.Jv, 14.65.Ha
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I. INTRODUCTION

The direct discovery of the top quark was presented
1995 by the Collider Detector at Fermilab~CDF! and D0
experiments at the Fermilab Tevatron@1#. This is considered
to be a remarkable success for the standard model~SM!,
since the present value of the top quark mass determine
the Particle Data Group~PDG! average is 173.865.2 GeV
from the direct observation of top events@2#, which coin-
cides with the indirect determination from the available p
cise data of electroweak experiments. But the SM has
some theoretical problems, such as the hierarchy prob
the necessity of fine-tuning, and the nonoccurrence of ga
coupling unification at high energies. The supersymme
~SUSY! models can solve these problems by presenting
additional symmetry. Among all the extensions of the S
the minimal supersymmetric standard model~MSSM! @3# is
the most attractive one at present, since it is the simplest
of the SUSY models.

Because of the strong Yukawa couplings of the top qua
the SUSY electroweak radiative corrections in the top-qu
pair production process are especially interesting. People
lieve that an accurate measurement of top quark pair pro
tion at the present and future colliders should be effective
measuring the physical effects induced by the virtual sup
symmetric particles and can afford us much informat
about the MSSM. Any deviation of the cross section of to
quark pair production from the SM predictions, includin
QCD and electroweak radiative corrections, would give
hint of new physics beyond the SM. Therefore testing t
process to make the indirect search for virtual SUSY p
ticles is an attractive theme at present and future collide

In previous studies, many works were concentrated on
top-quark pair production at thee1e2 and hadron colliders
such as the CERNe1e2 collider LEP2, CERN Large Had
ron Collider ~LHC!, and Tevatron. In Ref.@4#, the SUSY
QCD and SUSY electroweaklike~EW-like! corrections at
pp colliders are presented. Recently, Hollik and Sch
pacher calculated the MSSM radiative one-loop correcti
to top-quark pair production viae1e2 collisions at LEP2
energies and found the relative difference between the
0556-2821/2000/61~3!/033008~18!/$15.00 61 0330
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dictions of the MSSM and the SM is typically below 10%
@5#.

The future Next Linear Collider~NLC! is designed to
give the facilities for bothe1e2 and gg collisions at the
energy of 500–2000 GeV with a luminosity of the order 1033

cm22 s21 @6#. A large number of top quark and other partic
pairs can be produced at this machine operating ingg colli-
sion mode with an agreeable production rate@7#. The events
would be much cleaner than those produced atpp and pp̄
colliders. It has been also found that thet t̄ production rate in
gg collisions is much larger than that from the dire
e1e2→t t̄ production both with and without considering th
threshold QCD effect of top quark pair at center-of-ma
energies of the electron-positron system around 1 TeV@8#.
Thus the processgg→t t̄ has a large potential for studyin
top quark physics directly.

The next-to-leading order QCD corrections in the SM a
MSSM for this process both for polarized and unpolariz
photon-photon collisions have been discussed in detai
Ref. @9#. There it was shown that the QCD corrections
both the SM QCD and the MSSM QCD are about 10% a
of the order21022, respectively. Denner, Dittmaier, an
Strobel calculated the corrections to the processgg→t t̄ in
the electroweak standard model and found that the correc
reduction for unpolarized or equally polarized photons c
reach almost 10% close to threshold@10#. In Ref. @11#, Li
et al. calculated theO(amt

2/mW
2 ) Yukawa corrections from

Higgs sector to top-quark pair production via photon-pho
collision in the SM, the general two-Higgs-doublet mod
~2HDM! as well as the MSSM. They found that the corre
tion to the cross section is about a few percent in the SM,
the correction can be more significant (.10%) in the
MSSM. Therefore the SUSY loop contributions have cons
erable effects. In this paper, we study the possible effe
from the additional EW-like one-loop corrections throug
the virtual presence of charginos, neutralinos and squark
the NLC. We provide explicit analytical expressions for t
form factors which parametrize the one-loop corrections
gg→t t̄ subprocess, and present numerical results both
the subprocess and processe1e2→gg→t t̄ at the NLC.
©2000 The American Physical Society08-1
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The paper is organized as follows: In Sec. II, the the
about the chargino or neutralino is introduced, and the r
tive Feynman rules used in the calculation are listed. In S
III, we discuss the tree level and one-loop EW-like corre
tion cross section, respectively, and give the explicit anal
cal formulas for them. In Sec. IV, the numerical results a
discussions are described. Finally, we give a short summ
In the Appendixes, the form factors used in the cross sec
calculations are listed in detail.

II. LAGRANGIAN AND FEYNMAN RULES

We denote the process of the top-quark pair produc
via gg fusion as

g~p3!g~p4!→ t̄~p1!t~p2!, ~2.1!

wherep1,2 and p3,4 represent the four-momenta of the ou
going top quark pair and the incoming photons, respectiv
In this work, we consider one-loop corrections of t
gaugino-Higgsino sector in the MSSM to this process. At
one-loop EW-like correction order, the vertexgt t̄ is modi-
fied by the virtual exchange of two charginosx̃ i 51,2

6 and four
neutralinosx̃ i 51;4

0 , which are respectively combinations o
charged gaugino and Higgsino~for charginos!, and neutral
gaugino, Higgsino, photino andz-ino ~for neutralinos!. The
mass eigenstatesx̃1,2,3,4

0 , x̃1,2
6 for the charginos and neutral

nos are respectively obtained by diagonalizing the mass
tricesX andY in four component representation@3,12#. The
chargino mass term in Lagrangian has the form

Lm52
1

2
~c1c2!S 0 XT

X 0 D S c1

c2D , ~2.2!

with a 232 X defined in Ref. @3#. The two masses o
charginomx̃

1,2
1 extracted from the diagonal elements of m

trix X are worked out as

M 6
2 5

1

2
$MSU(2)

2 1m212mW
2 6@~MSU(2)

2 2m2!2

14mW
4 cos22b14mW

2 ~MSU(2)
2 1m2

12MSU(2)m sin 2b!#1/2%. ~2.3!

As to the neutralino sector, the mass term in Lagrang
has the form as

Lm52
1

2
~c0!TYc01H.c. ~2.4!

The definition of the 434 matrix Y can also be found in
@3,12#.

Since we do not take theCP violation into account, all
the possibleCP phases@12# are assumed to be zero. Th
physical masses of neutralinos are obtained by utilizing
transformation matrixN to diagonalize the 434 mass matrix
Y. The detailed steps to work outN and the diagonal matrix
YD are described in Ref.@12#. The above equations show th
the chargino and neutralino masses are related to the MS
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parametersMSU(2) , MU(1) , m and tanb. In our work we
adopt the assumption that theSU(2)3U(1) theory is em-
bedded in grand unified theory~GUT!, so we have the fol-
lowing relation:

MU(1)5
5sW

2

3cW
2

MSU(2) . ~2.5!

In the MSSM, each quark has two scalar partners ca
squarks:q̃L and q̃R . Without consideringCP phases, the
mass matrix of scalar quark takes the following form@13#:

2Lm5~ q̃L* q̃R* !S mq̃L

2
aqmq

aqmq mq̃R

2 D S q̃L

q̃R
D . ~2.6!

The expressions of the masses for the squark current ei
states are listed in Appendix A, Eqs.~A1!–~A3!. Then the
masses ofq̃1 and q̃2 read

~mq̃1

2 ,mq̃2

2 !5
1

2
$mq̃L

2
1mq̃R

2
7@~mq̃L

2
2mq̃R

2 !214aq
2mq

2#1/2%.

~2.7!

The Feynman rules for the couplings oft2b̃L,R2x̃1,2
1 and

t2 t̃ L,R2x̃1,2,3,4
0 are presented in Ref.@3#. The squark mixing

anglesu b̃, u b̃ and phasesf b̃, f b̃ enter in the couplings when
the weak eigenstatesq̃L ,q̃R above are transformed into th
mass eigenstatesq̃1 ,q̃2. In this paper we denote the vertice
in squark mass eigenstate basis as

t̄2b̃i2x̃ j
1 : V

tb̃i x̃j
1

(1)
PL1V

tb̃i x̃j
1

(2)
PR , ~2.8a!

t2 b̄̃i2 x̄̃ j
1 : 2V

tb̃i x̃j
1

(2)*
PL2V

tb̃i x̃j
1

(1)*
PR ,

~2.8b!

t̄2 t̃ i2x̃ j
0 : Vtt̃i x̃j

0
(1)

PL1Vtt̃i x̃j
0

(2)
PR , ~2.8c!

t2 t̄̃ i2 x̄̃ j
0 : 2Vtt̃i x̃j

0
(2)*

PL2Vtt̃i x̃j
0

(1)*
PR ,

~2.8d!

respectively, wherePL,R5 1
2 (17g5) and the explicit expres-

sions of the notations defined in Eqs.~2.8a!–~2.8d! are listed
in Eqs.~A4!–~A11! in Appendix A.

For the Feynman rules of the Higgs-quark-quark, Higg
squark-squark, Higgs-chargino-chargino andZ(g)-chargino-
chargino, one can refer to Ref.@3#. The couplings of
Higgs(B)2x̃k

12x̃k
1 have a general form as

VBx̃
k
1x̃

k
15VBx̃

k
1x̃

k
1

s
1VBx̃

k
1x̃

k
1

ps
g5~B5h0,H0,A0,G0!. ~2.9!

The notations defined above which appear in the form fac
are explicitly expressed in Eqs.~A12!–~A15! of Appendix
A.

For Higgs-quark-quark and Higgs-squark-squark co
plings, we denote
8-2
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H02t2t: VH0tt5
2 igmtsina

2mWsinb
, ~2.10a!

h02t2t: Vh0tt5
2 igmtcosa

2mWsinb
,

~2.10b!

A02t2t: VA0ttg55
2gmtcotb

2mW
g5 .

~2.10c!

G02t2t: VG0ttg55
2gmt

2mW
g5 ,

~2.10d!

The couplings ofH0(h0)2q̃i2q̃i ( i 51,2,q5t,b) are

VH0t̃1t̃1
5

2 igmZcos~a1b!

cosuW
F S 1

2
2

2

3
sin2uWD cos2u t̃

1
2

3
sin2uWsin2u t̃G2

igmt
2sina

mWsinb

1
igmt

2mWsinb
~Atsina1m cosa!sinu t̃cosu t̃,

~2.11a!

VH0t̃2t̃2
5

2 igmZcos~a1b!

cosuW
F S 1

2
2

2

3
sin2uWD sin2u t̃

1
2

3
sin2uWcos2u t̃G2

igmt
2sina

mWsinb

2
igmt

2mWsinb
~Atsina1m cosa!sinu t̃cosu t̃,

~2.11b!

VH0b̃1b̃1
5

igmZcos~a1b!

cosuW
F S 1

2
2

1

3
sin2uWD cos2u b̃

1
1

3
sin2uWsin2u b̃G2

igmb
2cosa

mWcosb

1
igmb

2mWcosb
~Abcosa1m sina!sinu b̃cosu b̃,

~2.11c!

VH0b̃2b̃2
5

igmZcos~a1b!

cosuW
F S 1

2
2

1

3
sin2uWD sin2u b̃

1
1

3
sin2uWcos2u b̃G2

igmb
2cosa

mWcosb

2
igmb

2mWcosb
~Abcosa1m sina!sinu b̃cosu b̃,

~2.11d!
03300
Vh0t̃1t̃1
5

igmZsin~a1b!

cosuW
F S 1

2
2

2

3
sin2uWD cos2u t̃

1
2

3
sin2uWsin2u t̃G2

igmt
2cosa

mWsinb

1
igmt

2mWsinb
~Atcosa2m sina!sinu t̃cosu t̃,

~2.11e!

Vh0t̃2t̃2
5

igmZsin~a1b!

cosuW
F S 1

2
2

2

3
sin2uWD sin2u t̃

1
2

3
sin2uWcos2u t̃G2

igmt
2cosa

mWsinb

2
igmt

2mWsinb
~Atcosa2m sina!sinu t̃cosu t̃,

~2.11f!

Vh0b̃1b̃1
5

2 igmZsin~a1b!

cosuW
F S 1

2
2

1

3
sin2uWD cos2u b̃

1
1

3
sin2uWsin2u b̃G1

igmb
2sina

mWcosb

2
igmb

2mWcosb
~Absina2m cosa!sinu b̃cosu b̃,

~2.11g!

Vh0b̃2b̃2
5

2 igmZsin~a1b!

cosuW
F S 1

2
2

1

3
sin2uWD sin2u b̃

1
1

3
sin2uWcos2u b̃G1

igmb
2sina

mWcosb

1
igmb

2mWcosb
~Absina2m cosa!sinu b̃cosu b̃,

~2.11h!

respectively.

III. CALCULATIONS

In the calculation, we take the ’t Hooft gauge and ado
the dimensional reduction~DR! scheme@14#, which is com-
monly used in the calculations of the MSSM radiative co
rections as it preserves supersymmetry at least at one-
order, to eliminate the ultraviolet divergences in the virtu
loop corrections. We choose the on-mass-shell~OMS!
scheme@15# for doing renormalization.

A. The tree-level formulas and notations

In the process of top-quark pair production via photo
photon collision, the Mandelstam variablesŝ, t̂ and û are
defined asŝ5(p11p2)2, t̂5(p12p3)2, û5(p12p4)2. The
8-3
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corresponding Lorentz invariant matrix element at the low
order for the reactiongg→t t̄ is written as

M05Mt̂1Mû, ~3.1a!

where

Mt̂5F ū~p3!~2 iegm!
i

t”̂2mt

~2 iegn!v~p4!em~p1!en~p2!G ,

~3.1b!

Mû5F ū~p3!~2 iegn!
i

u”̂2mt

~2 iegm!v~p4!en~p2!em~p1!G .

~3.1c!

The corresponding differential cross section is obtain
by

dŝ0~ t̂,ŝ!

dt̂
5

Nc

16p2ŝ
(

spins

—

uM 0u2, ~3.1d!

where the summation with a bar overhead means the su
the spins of final states and the average of the spins of in
photons. After integration overt̂, the total Born cross sectio
with unpolarized incoming photons is worked out as

ŝ0~ ŝ!5
32pa2

27ŝ
F2b̂~ b̂222!1~32b̂4!ln

11b̂

12b̂
G ,

~3.1e!
in
nt

rk

03300
t

d
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where the kinematic factor is defined as

b̂5A124mt
2/ ŝ. ~3.1f!

The total cross section including the leading one-loop c
rections in the frame of the MSSM is

ŝ5ŝ01dŝ12 loop, ~3.1g!

where dŝ12 loop represents the interference term betwe
tree level and one-loop correction amplitudes.

B. Self-energies

The top quark wave function correctionsdZtt’s are deter-
mined in terms of the one-particle irreducible two-poi
function iG(p2) for top quarks in the dimensional reductio
~DR! mass basis. It should be written as@16#

G tt~p2!5~p”2mt!1@p”PLS tt
L ~p2!1p”PRS tt

R~p2!

1PLS tt
S,L~p2!1PRS tt

S,R~p2!#. ~3.2a!

With the Feynman rules of the interactions of top-quar
bottom-squark–chargino and top-quark–top-squar
neutralino, the corresponding unrenormalized chargino s
energies read@see Fig. 1~f!#
S tt
S,L~p2!5

1

16p2 (
j 51,2

S (
i 51,4

mx̃
i
0Vtt̃j x̃i

0
(1)

Vtt̃j x̃i
0

(2)*
B0@2p,mx̃

i
0,mt̃j

#1 (
i 51,2

mx̃
i
1V

tb̃j x̃i
1

(1)
V

tb̃j x̃i
1

(2)*
B0@2p,mx̃

i
1,mb̃j

# D , ~3.2b!

S tt
S,R~p2!5

1

16p2 (
j 51,2

S (
i 51,4

mx̃
i
0Vtt̃j x̃i

0
(2)

Vtt̃j x̃i
0

(1)*
B0@2p,mx̃

i
0,mt̃j

#1 (
i 51,2

mx̃
i
1V

tb̃j x̃i
1

(2)
V

tb̃j x̃i
1

(1)*
B0@2p,mx̃

i
1,mb̃j

# D ,

~3.2c!

S tt
L ~p2!52

1

16p2 (
j 51,2

S (
i 51,4

uVtt̃j x̃i
0

~2! u2B1@2p,mx̃
i
0,mt̃j

#1 (
i 51,2

uV
tb̃j x̃i

1
~2! u2B1@2p,mx̃

i
1,mb̃j

# D , ~3.2d!

S tt
R~p2!52

1

16p2 (
j 51,2

S (
i 51,4

uVtt̃j x̃i
0

(1) u2B1@2p,mx̃
i
0,mt̃j

#1 (
i 51,2

uV
tb̃j x̃i

1
(1) u2B1@2p,mx̃

i
1,mb̃j

# D . ~3.2e!
Imposing the on-shell renormalization conditions given
Refs. @15,16#, one can obtain the renormalization consta
for the renormalized top quark self-energies as@9#

dS tt~p2!5CLp”PL1CRp”PR2CS
2PL2CS

1PR . ~3.2f!

Thegg andgZ0 self-energies with only quark and squa
one loops were presented in Ref.@17#. We can see that the
s
self-energies ofgg and gZ0 have no contribution to the
relevant counterterms of thegtt vertex. The renormalization
constant for theGgtt

m vertex is written in the form

dGgtt
m 52 iegm@CLPL1CRPR#, ~3.2g!

where
8-4
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CL5
1

2
~dZtt

L 1dZtt
L†!,

CR5
1

2
~dZtt

R1dZtt
R†!,

~3.2h!

CS
25

mt

2
~dZtt

L 1dZtt
R†!1dmt ,

CS
15

mt

2
~dZtt

R1dZtt
L†!1dmt ,

dmt5
1

2
Rẽ@mtS tt

L ~mt
2!1mtS tt

R~mt
2!1S tt

S,L~mt
2!

1S tt
S,R~mt

2!#, ~3.2i!

dZtt
L 52RẽS tt

L ~mt
2!2

1

mt
Rẽ@S tt

S,R~mt
2!2S tt

S,L~mt
2!#

2mt

]

]p2
Rẽ$mtS tt

L ~p2!1mtS tt
R~p2!1S tt

S,L~p2!

1S tt
S,R~p2!%up25m

t
2, ~3.2j!

dZtt
R52RẽS tt

R~mt
2!2mt

]

]p2
Rẽ$mtS tt

L ~p2!1mtS tt
R~p2!

1S tt
S,L~p2!1S tt

S,R~p2!%up25m
t
2, ~3.2k!
h

03300
where Rẽtakes the real part of the loop integrals. It ensu
reality of the renormalized Lagrangian.

C. Renormalized one-loop corrections

The renormalized one-loop matrix element involves t
contributions from all the self-energy, vertex, box, triang
and quartic interaction one-loop diagrams and their relev
counterterms. The Feynman diagrams for the process~2.1!
are depicted in Fig. 1, where~a! is for the tree level and
~b!–~f! are EW-like one-loop diagrams contributing to th
cross section in the frame of the MSSM. Specifically, F
1~b.1–4! are the vertex diagrams, Fig. 1~c.1–3! are the box
diagrams, Fig. 1~d.1–2! are the quartic interactions, Fig
1~e.1–2! are the triangle sectors, and Fig. 1~f! is the self-
energy diagram. Below we denote them by the upper inde
of v, b, q, tr and self, respectively. The relevant Feynma
rules are shown in Sec. II@3#. In the calculation, some of the
s-channel Feynman diagrams involving quark loops with
exchanging ofg or Z0 boson in Fig. 1~e.2! can be neglected
as the consequence of Furry theorem. This is because F
theorem forbids the production of the spin-one compone
of the Z0 and g, and the contribution from the spin-zer
component of theZ0 vector boson coupling with a pair o
chargino is very small and neglectable. The calculation a
shows theg and Z0 exchangings-channel diagrams in Fig
1~d.2! and Fig. 1~e.1! with a squark loop have no contribu
tion to the cross section, in which the contribution from ea
of theg andZ0 exchangings-channel diagrams in Fig. 1~e.1!
is canceled out by the corresponding one with exchang
incoming photons. Including all the diagrams appearing
Fig. 1, the renormalized matrix elements fort t̄ pair produc-
tion in gg collision is written as
dM12 loop5M v1M b1M q1M tr1M sel f

5M v, t̂1M v,û1M b, t̂1M b,û1M q1M tr , t̂1M tr ,û1M sel f, t̂1M sel f,û

5em~p3!en~p4!ū~p1!$ f 1gmgn1 f 2gngm1 f 3gmp1n1 f 4gmp2n1 f 5gnp1m1 f 6gnp2m1 f 7p1mp1n1 f 8p1mp2n

1 f 9p1np2m1 f 10p2mp2n1 f 11p” 3gmgn1 f 12p” 3gngm1 f 13p” 3gmp1n1 f 14p” 3gmp2n1 f 15p” 3gnp1m1 f 16p” 3gnp2m

1 f 17p” 3p1mp1n1 f 18p” 3p1mp2n1 f 19p” 3p1np2m1 f 20p” 3p2mp2n1 f 21g5emnabp1
ap3

b1 f 22g5emnabp2
ap3

b%v~p2!,

~3.3a!
ing
-
r-
with form factors

f i5 f i
v1 f i

b1 f i
q1 f i

tr1 f i
sel f ~ i 51 – 22!. ~3.3b!

Here we have divided each matrix elementM v, M b,
M tr andM sel f into t-channel andu-channel parts. For eac
of the corresponding form factors we have

f i
k5 f i

k, t̂1 f i
k,û ~k5v,b,tr ,sel f, i 51 –22!. ~3.3c!
The vertex, box and triangle diagrams with exchang
photons~i.e., u-channel! are not shown in Fig. 1. The ampli
tude parts from theu-channel vertex, box and quartic inte
action corrections can be obtained from thet channels by
doing exchanges as below:

M j ,û5M j , t̂~ t→u,p3↔p4 ,m↔n! ~ j 5v,b,tr ,s!.
~3.3d!

Then we list only the explicitt-channel form factors in
8-5
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FIG. 1. The Feynman diagrams at tree level and EW-like one-loop diagrams in the MSSM for subprocessgg→t t̄. ~a! Tree level diagram;
~b! vertex diagrams;~c! box diagrams;~d! quartic coupling diagram;~e! triangle diagrams, and~f! self-energy diagrams. Thet̃ and b̃ that
appear in diagrams have two physical particle eigenstates, whilex̃0 have four mass eigenstates, andx̃1 have two. The diagrams with
exchanging incoming photons are not shown in the figures except for~d!.
033008-6
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Appendix B. Now we can obtain the one-loop corrections
the cross section from the chargino and neutralino sectors
this subprocess in unpolarized photon collisions:

dŝ12 loop~ ŝ!5
Nc

16p ŝ2Et̂2

t̂1

dt̂2 Re(
spins

—

~M 0
†
•dM12 loop!,

~3.3e!

where t̂65(mt
22 1

2 ŝ)6 1
2 ŝb. The cross section of the top

quark pair production via photon-photon fusion at thee1e2

linear collider, can be obtained by folding the cross sect
of the subprocessŝ(gg→t t̄) with the photon luminosity
@18,19#.

IV. NUMERICAL RESULTS AND DISCUSSIONS

The SUSY EW-like corrections to top-quark pair produ
tion process are strongly related to the fundamental MS
parameters through the electroweak couplings involving t
quark, squark and chargino~neutralino!, i.e., Vtb̃x̃1 andVtt̃x̃0

as expressed in Eqs.~2.8a!–~2.8d!. For our numerical calcu-
lation of squark sector, we takeMQ , u t̃ and u b̃ as input
parameters, and we setu b̃50, andu t̃ approachesp/4, so that
the masses of top squark pair split remarkably, while the s
of the sbottom masses is minimized. From Eq.~2.7! and
relevant expressions, we can see that the parameterMQ is
strongly related to the masses of top and bottom squa
therefore it would affect the MSSM correction quantitative
in some regions of the parameter space.

As stated in Sec. II, the correction should also depend
the fundamental MSSM parameters tanb, MSU(2) and m
through gaugino and Higgsino couplings. Note that these
rameters take part in the EW-like corrections not on
through the chargino and neutralino mass spectra, but
through the couplings including their transformation ma
cesU, V andN.

We take some of the general constants asmt5175 GeV,
mZ591.187 GeV,mb54.5 GeV, sin2uW50.2315, anda
51/128. And we adopt the following set of input paramete
by default, in case the parameter is not set as the indepen
variable of the figure and no special declaration has b
presented on them:

Aŝ5500 or 1000 GeV, tanb54 or 40,

MQ5MSU(2)5m5200 GeV, ~4.1!

u t̃544.325°, u b̃50.

We use the analytical formulas for the masses of
MSSM Higgs bosons~including two-loop leading-log cor-
rections and squark mixing effects! given in Refs.@20,21#:

mh0,H0
2

5
1

2
@Tr M27A~Tr M2!224 detM2#, ~4.2a!

where

Tr M25M11
2 1M22

2 , detM25M11
2 M22

2 2~M12
2 !2,

~4.2b!
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with

M12
2 52v2@sinb cosb~l31l4!1l6cos2b1l7sin2b#

2mA0
2 sinb cosb,

M11
2 52v2@l1cos2b12l6cosb sinb1l5sin2b#

1mA0
2 sin2b, ~4.2c!

M22
2 52v2@l2sin2b12l7cosb sinb1l5cos2b#

1mA0
2 cos2b,

wherev5174.1 GeV. The mixing anglea is determined by

sin 2a5
2M12

2

A~Tr M2!224 detM2
. ~4.2d!

One can find the explicit expressions ofl i( i 51, . . . ,7) in
Ref. @20#. In this work, we takemA05150 GeV.

Our numerical results are presented in the figures. In F
2~a! and 2~b!, the correctionDs and the relative correction
d5Ds/s0 of the process~2.1! depending on the c.m.s. en
ergyAŝ are plotted, respectively. From our analyses, we
pect that for the curves of tanb54 in Figs. 2~a! and 2~b!,
there should be some spikes or turning points atAŝ;2mb̃1

5403 GeV, 2mb̃2
5415 GeV, 2mx̃

2
15546 GeV, and 2mt̃2

5628 GeV due to the resonance effects. But we see in b
figures that the first two resonance points merge each o
in the curves of tanb54 because they are too near. F
tanb540, there are only two obvious resonance points t
can be seen on the curve in Fig. 2~a! in the vicinities ofAŝ
;2mb̃1

;2mb̃2
;410 GeV andAŝ52mx̃

2
15531 GeV, while

only one obvious resonance peak can be seen on the cur
tanb540 atAŝ52mx̃

2
15531 GeV in Fig. 2~b!.

In Figs. 3–6 we depicted the dependences of the rela
radiative correction on the fundamental supersymmetric
put parametersMQ , MSU(2) and umu, respectively. In each
figure we take four data sets for discussion:~1! tanb54,
Aŝ5500 GeV; ~2! tanb540, Aŝ5500 GeV; ~3! tanb
54, Aŝ51 TeV; ~4! tanb540, Aŝ51 TeV. From Fig. 3
one can see the absolute value of the relative correction
comes generally larger whenAŝ goes higher. The same fea
ture is also shown in Fig. 2. Figure 3 presents that the ab
lute value of the relative correction goes down to a sma
constant withMQ increasing. SinceMQ is related to the
masses of squarkst̃1,2 andb̃1,2 as stated in Eq.~2.7!, it can be
easily understood as the feature of the decoupling effect.
can conclude that the smallerMQ is, the more significant the
correction can be. We can read from Fig. 3 that the rela
correction can reach22% whenMQ is about 150 GeV, and
for largeMQ with the sameAŝ the parameter tanb tends to
make little difference on the relative correction. In Fig. 4, t
corrections as the function ofMSU(2) are plotted with the
four data sets. The grooves around 230 GeV on the
curves forAŝ5500 GeV and the small heaves in the vicini
8-7
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of 450 GeV on the two curves ofAŝ51 TeV, are all because
of the resonance effect:Aŝ;2mx̃

2
1. WhenMSU(2) is large, all

of the four curves become very plain because of the dec
pling effect. In Fig. 5, there are two peaks at the posit
aboutm;470 GeV on the curves ofAŝ51 TeV due to the
resonance effect, but the resonance effects around the re
m;230 GeV on the curves withAŝ5500 GeV are not clear
And we can see that the correction is no longer sensitiv
tanb and m when m gets larger than 600 GeV. This is be
cause the parameter tanb andm are not only related to the
masses of sparticles, but also involved in some verti
which are concerned in our calculation. Both Fig. 4 and F
5 show that the higher the c.m.s. energyAŝ is, the larger the
relative corrections to subprocess are.

Figure 6 shows the cross section of the parent proc
e1e2→gg→t t̄ including one-loop EW-like corrections a
the function of c.m.s energy of incoming electron-positr
pair. In Fig. 7, the relative corrections for tanb54 and
tanb540 are plotted, respectively. It is clear that the ab
lute value of the relative correction becomes larger with
increasing of thee1e2 c.m.s energy. The reduction of th

FIG. 2. The corrections as the functions of c.m.s. energyAŝ for
subprocessgg→t t̄. ~a! The absolute corrections;~b! the relative
corrections. The solid line is for tanb54 and the dashed line is fo
tanb540.
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cross section of the parent process due to the one-loop
like correction can approach one percent.

V. SUMMARY

In this work we have studied the complete one-loop
diative corrections from the gaugino-Higgsino sector in t
processgg→t t̄ in the frame of the MSSM at the NLC. Thi
process has great importance at the future NLC operatin
photon-photon collision mode. From the numerical calcu
tion with several typical sets of input parameters, we fi
that the EW-like corrections from the chargino or neutrali
sector can be a few percent for subprocess and can appr
one percent for the parent process. These corrections
smaller than the QCD corrections, but are comparable to

FIG. 3. The relative corrections as the functions ofMQ for sub-
processgg→t t̄. The solid line is for tanb54, Aŝ5500 GeV, the
dashed line is for tanb540, Aŝ5500 GeV, the dotted line is for
tanb54, Aŝ51 TeV, and the dash-dotted line is for tanb
540, Aŝ51 TeV.

FIG. 4. The relative corrections as the functions ofMSU(2) for
subprocessgg→t t̄. The solid line is for tanb54, Aŝ5500 GeV,
the dashed line is for tanb540, Aŝ5500 GeV, the dotted line is
for tanb54, Aŝ51 TeV, and the dash-dotted line is for tanb
540, Aŝ51 TeV.
8-8
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electroweak correction part from the Higgs sector in
MSSM. Therefore the correction from chargino or neutrali
sector is also significant and unneglectable. We investiga
also the dependences of the corrections on the supersym
ric parameters. With the variation of the parametersMQ ,
MSU(2) and umu, we can see some physical features, such
the decoupling effects, threshold effects and the resona
effects, where the relative correction can be significantly
hanced or diminished. We conclude that the EW-like o
loop correction to Born cross section is strongly depend
on the c.m.s. energy and the related MSSM parameter
some cases. We find that the correction is not sensitiv
MSU(2) ~or umu) when MSU(2)@umu ~or umu@MSU(2)). The
correction is weakly dependent on the ratio of the vacu
expectation values tanb, whenMQ ~or umu) is large enough.
But it is related to the c.m. energy of the incoming photo
obviously.

FIG. 5. The relative corrections as the functions ofm for sub-
processgg→t t̄. The solid line is for tanb54, Aŝ5500 GeV, the
dashed line is for tanb540, Aŝ5500 GeV, the dotted line is for
tanb54, Aŝ51 TeV, and the dash-dotted line is for tanb
540, Aŝ51 TeV.

FIG. 6. The cross section including the contributions of on
loop EW-like corrections for the parent process as the function
e1e2 energyAs.
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APPENDIX A: SOME EXPRESSIONS DEFINED
IN LAGRANGIAN

In the Lagrangian shown in Eq.~2.6!, we denoteq̃L and
q̃R as the current eigenstates. For the up-type scalar qua
we have

mq̃L

2
5M̃Q

2 1mq
21mZ

2S 1

2
2QqsW

2 D cos 2b,

mq̃R

2
5M̃U

2 1mq
21QqmZ

2sW
2 cos 2b, ~A1!

aq5m cotb1AqM̃ .

For the down-type scalar quarks,

mq̃L

2
5M̃Q

2 1mq
22mZ

2S 1

2
1QqsW

2 D cos 2b,

mq̃R

2
5M̃D

2 1mq
21QqmZ

2sW
2 cos 2b, ~A2!

aq5m tanb1AqM̃ ,

where Qq5 2
3 ~for up-type!, 2 1

3 ~for down-type! is the
charge of the scalar quark,M̃Q

2 , M̃U
2 and M̃D

2 are the self-
supersymmetry-breaking mass terms for the left-handed
right-handed scalar quarks, andsW5sinuW, cW5sinuW. As
an assumption at Planck scale, we chooseM̃Q5M̃U5M̃D

5M̃ . SinceCP effects are not considered, the valueaq is
real. Whenq̃L and q̃R are mixed, they give the mass eige
statesq̃1 and q̃2. The mass eigenstatesq̃1 and q̃2 are ex-
pressed in terms of the current eigenstatesq̃L , q̃R as

-
f

FIG. 7. The relative correction for the parent process as
function ofe1e2 energyAs. The solid line is for tanb54 and the
dashed line is for tanb540.
8-9
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q̃15q̃Lcosuq2q̃Rsinuq ,

q̃25q̃Lsinuq1q̃Rcosuq ,

with

tan 2uq5
2aqmq

mq̃L

2
2mq̃R

2 . ~A3!

The explicit expressions for the notations used in E
~2.8a!–~2.8d! are listed as below:

V
tb̃1x̃

j
1

(1)
5

igmt

A2mWsinb
Vj 2* cosu b̃, ~A4!

V
tb̃1x̃

j
1

(2)
52 igS U j 1cosu b̃1

mb

A2mWcosb
U j 2sinu b̃D ,

~A5!

V
tb̃2x̃

j
1

(1)
5

igmt

A2mWsinb
Vj 2* sinu b̃, ~A6!

V
tb̃2x̃

j
1

(2)
52 igS U j 1sinu b̃2

mb

A2mWcosb
U j 2cosu b̃D ,

~A7!

Vtt̃1x̃
j
0

(1)
52 igA2S mt

2mWsinb
Nj 4* cosu t̃1

2

3
tanuWNj 1* sinu t̃D ,

~A8!

Vtt̃1x̃
j
0

(2)
52 igA2XS 1

6
tanuWNj 11

1

2
Nj 2D cosu t̃

2
mt

2mWsinb
Nj 4sinu t̃C, ~A9!
03300
.

Vtt̃2x̃
j
0

(1)
52 igA2S mt

2mWsinb
Nj 4* sinu t̃2

2

3
tanuWNj 1* cosu t̃D ,

~A10!

Vtt̃2x̃
j
0

(2)
52 igA2XS 1

6
tanuWNj 11

1

2
Nj 2D sinu t̃

1
mt

2mWsinb
Nj 4cosu t̃C, ~A11!

The shorted notations defined in Eq.~2.9!, are explicitly
expressed below:

VH0x̃
k
1x̃

k
1

s
5

2 ig

A2
@cosa Re~Vk,1Uk,2!1sina Re~Vk,2Uk,1!#,

~A12!

Vh0x̃
k
1x̃

k
1

s
5

ig

A2
@sina Re~Vk,1Uk,2!2cosa Re~Vk,2Uk,1!#,

~A13!

VA0x̃
k
1x̃

k
1

ps
5

g

A2
@sinb Re~Vk,1Uk,2!1cosb Re~Vk,2Uk,1!#,

~A14!

VG0x̃
k
1x̃

k
1

ps
5

2g

A2
@cosb Re~Vk,1Uk,2!2sinb Re~Vk,2Uk,1!#.

~A15!
for the
APPENDIX B: FORM FACTORS

In this appendix we list all the form factors for the one-loop correction diagrams by using some abbreviations
following expressions:

B̄0
1,k5B0@2p12p2 ,mb̃k

,mb̃k
#2D, B̄0

2,k5B̄0
1,k~mb̃k

→mt̃k
!,

B̄0
3,i , j5B0@p32p1 ,mx̃

i
0,mt̃j

#2D, B̄1
3,i , j5B0@p32p1 ,mx̃

i
0,mt̃j

#1
D

2
,

B̄0
4,i , j5B0@p32p1 ,mx̃

i
1,mb̃j

#2D, B̄1
4,i , j5B0@p32p1 ,mx̃

i
1,mb̃j

#1
D

2
,

C0
1,i , j ,Cab

1,i , j5C0 ,Cab@2p1 ,p11p2 ,mx̃
i
1,mb̃j

,mb̃j
#,

C0
2,i , j ,Cab

2,i , j5C0 ,Cab@2p1 ,p11p2 ,mx̃
i
0,mt̃j

,mt̃j
#,

C0
3,k ,Cab

3,k5C0 ,Cab@2p3 ,p11p2 ,mx̃
k
1,mx̃

k
1,mx̃

k
1#,

C0
4,k ,Cab

4,k5C0 ,Cab@p3 ,2p12p2 ,mb̃k
,mb̃k

,mb̃k
#,
8-10
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C0
5,k ,Cab

5,k5C0 ,Cab@p3 ,2p12p2 ,mt̃k
,mt̃k

,mt̃k
#,

C0
6,i , j ,Cab

6,i , j~k1 ,k2!5C0 ,Cab@2k1 ,k11k2 ,mb̃j
,mx̃

i
1,mx̃

i
1#,

C0
7,i , j ,Cab

7,i , j~k1 ,k2!5C0 ,Cab@2k1 ,k11k2 ,mx̃
i
1,mb̃j

,mb̃j
#,

C0
8,i , j ,Cab

8,i , j~k1 ,k2!5C0 ,Cab@2k1 ,k11k2 ,mx̃
i
0,mt̃j

,mt̃j
#,

D0
1,i , j ,Dab

1,i , j ,Dabc
1,i , j5D0 ,Dab ,Dabc@p1 ,2p3 ,2p4 ,mb̃j

,mx̃
i
1,mx̃

i
1,mx̃

i
1#,

D0
2,i , j ,Dab

2,i , j ,Dabc
2,i , j5D0 ,Dab ,Dabc@2p1 ,p3 ,p4 ,mx̃

i
1,mb̃j

,mb̃j
,mb̃j

#,

D0
3,i , j ,Dab

3,i , j ,Dabc
3,i , j5D0 ,Dab ,Dabc@2p1 ,p3 ,p4 ,mx̃

i
0,mt̃j

,mt̃j
,mt̃j

#,

D0
4,i , j ,Dab

4,i , j ,Dabc
4,i , j5D0 ,Dab ,Dabc@2p3 ,p1 ,2p4 ,mb̃j

,mb̃j
,mx̃

i
1,mx̃

i
1#,

At5
i

t̂2mt
2

, Au5
i

û2mt
2

,

Ah5
i

ŝ2mh
2

, AH5
i

ŝ2mH
2

,

AA5
i

ŝ2mA
2

, AG5
i

ŝ2mZ
2

,

F
1
tb̃j x̃i

1

52uV
tb̃j x̃i

1
(1) u22uV

tb̃j x̃i
1

(2) u2, F
2
tb̃j x̃i

1

52V
tb̃j x̃i

1
(1)*

V
tb̃j x̃i

1
(2)

2V
tb̃j x̃i

1
(2)*

V
tb̃j x̃i

1
(1)

,

and

G
1
t t̃j x̃i

0

52uVtt̃j x̃i
0

(1) u22uVtt̃j x̃i
0

(2) u2, G
2
t t̃j x̃i

0

52Vtt̃j x̃i
0

(1)*
Vtt̃j x̃i

0
(2)

2Vtt̃j x̃i
0

(2)*
Vtt̃j x̃i

0
(1)

.

The one-particle-irreducible~1PI! correction to the vertexgtt stemming from squark, chargino and neutralino can
written in terms of the form factors

DGgtt
m ~k1 ,k2!5g1~k1 ,k2!k1

mg5k” 11g2~k1 ,k2!k2
mg5k” 11g3~k1 ,k2!k1

mg5k” 21g4~k1 ,k2!k2
mg5k” 21g5~k1 ,k2!k1

mg5

1g6~k1 ,k2!k2
mg51g7~k1 ,k2!g5gmk” 1k” 21g8~k1 ,k2!g5gmk” 11g9~k1 ,k2!g5gmk” 21g10~k1 ,k2!g5gm

1g11~k1 ,k2!k1
mk” 11g12~k1 ,k2!k2

mk” 11g13~k1 ,k2!k1
mk” 21g14~k1 ,k2!k2

mk” 21g15~k1 ,k2!k1
m1g16~k1 ,k2!k2

m

1g17~k1 ,k2!gmk” 1k” 21g18~k1 ,k2!gmk” 11g19~k1 ,k2!gmk” 21g20~k1 ,k2!gm,

wherek1 andk2 are the four-momenta of the lightest top quark pair and along their outgoing directions, respectively.
equation above, the form factors of the Lorentz invariant structures includingg5 do not contribute to the cross sections of o
subprocess. Therefore we shall list only the explicit expressions of the form factorsgi ( i 511–20). The form factorsgi ( i
511–20) are expressed as follows:

g11~k1 ,k2!5
ie

16p2 (
i 51,2

(
j 51,2

F
1
tb̃j x̃i

1

~C11
6,i , j2C12

6,i , j1C21
6,i , j1C22

6,i , j22C23
6,i , j !~k1 ,k2!2

ie

32p2
Qb (

i 51,2
(

j 51,2
F

1
tb̃j x̃i

1

~C11
7,i , j2C12

7,i , j

12C21
7,i , j12C22

7,i , j24C23
7,i , j !~k1 ,k2!2

ie

32p2
Qt (

i 51,4
(

j 51,2
G

1
t t̃j x̃i

0

~C11
8,i , j2C12

8,i , j12C21
8,i , j12C22

8,i , j24C23
8,i , j !~k1 ,k2!,
033008-11
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g12~k1 ,k2!5
ie

16p2 (
i 51,2

(
j 51,2

F
1
tb̃j x̃i

1

~C22
6,i , j2C23

6,i , j !~k1 ,k2!1
ie

32p2
Qb (

i 51,2
(

j 51,2
F

1
tb̃j x̃i

1

~C11
7,i , j2C12

7,i , j12C22
7,i , j12C23

7,i , j !~k1 ,k2!

1
ie

32p2
Qt (

i 51,4
(

j 51,2
G

1
t t̃j x̃i

0

~C11
8,i , j2C12

8,i , j12C22
8,i , j12C23

8,i , j !~k1 ,k2!,

g13~k1 ,k2!5
2 ie

16p2 (
i 51,2

(
j 51,2

F
1
tb̃j x̃i

1

~C0
6,i , j1C11

6,i , j2C22
6,i , j1C23

6,i , j !~k1 ,k2!1
ie

32p2
Qb (

i 51,2
(

j 51,2
F

1
tb̃j x̃i

1

~C12
7,i , j22C22

7,i , j12C23
7,i , j !

3~k1 ,k2!1
ie

32p2
Qt (

i 51,4
(

j 51,2
G

1
t t̃j x̃i

0

~C12
8,i , j22C22
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Then the form factors in the renormalized amplitude of thet-channel vertex diagrams in the processgg→t t̄ can be written
as
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The form factors from the renormalized amplitude oft-channel box diagrams@Fig. 1~c!# are expressed as
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The form factors in the renormalized amplitude of the quartic interaction diagrams in Fig. 1~d! have the form as
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The form factors in the renormalized amplitude from thet-channel triangle diagrams depicted in Fig. 1~e! are listed below:
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4,k5C24

4,k2D/4. The form factors in renormalized amplitude of the self-energy correctionsM s, t̂

from Fig. 1~f! in t-channel are expressed as
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In this work we adopted the definitions of two-, three-, four-point one-loop Passarino-Veltman integral functions as
in Ref. @22# and all the vector and tensor integrals can be deduced in the forms of scalar integrals@23#.
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Pis’ma Zh. Éksp. Teor. Fiz.34, 514~1981! @JETP Lett.34, 491
~1981!#; Nucl. Instrum. Methods Phys. Res.205, 47 ~1983!.

@7# W. G. Ma, C. S. Li, and L. Han, Phys. Rev. D53, 1304~1996!;
H. Baer, V. Barger, and R. J. N. Phillips,ibid. 39, 3310~1989!;
A. C. Bawaet al., Z. Phys. C47, 75 ~1990!; L. H. Liang, C. G.
Hu, C. S. Li, and W. G. Ma, Phys. Rev. D54, 2363~1996!.

@8# O. J. P. Eboliet al., Phys. Rev. D47, 1889~1993!.
@9# H. Liang, W. G. Ma, and Z. H. Yu, Phys. Rev. D56, 265

~1997!; B. Kamal, Z. Merebashvili, and A. P. Contogouri
ibid. 51, 4808~1995!.

@10# A. Denner, S. Dittmaier, and M. Strobel, Phys. Rev. D53, 44
~1996!.
03300
@11# C. S. Li, J. M. Yang, Y. L. Zhou, and H. Y. Zhou, Phys. Re
D 54, 4662~1996!.

@12# M. L. Zhou, W. G. Ma, L. Han, Y. Jiang, and H. Zhou, J. Phy
G 25, 27 ~1999!.

@13# J. Ellis and S. Rudaz, Phys. Lett.128B, 248 ~1983!.
@14# D. M. Copper, D. R. T. Jones, and P. van Nieuwenhuiz

Nucl. Phys.B167, 479~1980!; W. Siegel, Phys. Lett.84B, 193
~1979!.

@15# D. A. Ross and J. C. Taylor, Nucl. Phys.B51, 25 ~1979!.
@16# Bernd A. Kniehl and A. Pilaftsis, Nucl. Phys.B474, 286

~1996!.
@17# M. L. Zhou, W. G. Ma, L. Han, Y. Jiang, and H. Zhou, J. Phy

G 25, 1641~1998!.
@18# R. Blankenbecler and S. D. Drell, Phys. Rev. Lett.61, 2324

~1988!; F. Halzen, C. S. Kim, and M. L. Strong, Phys. Lett.
274, 489 ~1992!; M. Drees and R. M. Godbole, Phys. Re
Lett. 67, 1189~1991!.

@19# V. Telnov, Nucl. Instrum. Methods Phys. Res. A294, 72
~1990!.

@20# M. Carena, M. Quiros, and C. E. M. Wagner, Phys. Lett.
355, 209 ~1995!.

@21# See, for examples, J. R. Espinosa and M. Quiros, Phys. Le
266, 389 ~1991!; J. Gunion and A. Turski, Phys. Rev. D39,
2701 ~1989!; 40, 2333~1990!; M. Carena, M. Quiros, and C
E. M. Wagner, Nucl. Phys.B461, 407 ~1996!.

@22# Bernd A. Kniehl, Phys. Rep.240, 211 ~1994!.
@23# G. Passarino and M. Veltman, Nucl. Phys.B160, 151 ~1979!.
8-18


