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We calculate theO(aewMt
2/MW

2 ) supersymmetric~SUSY! electroweak corrections to single top quark
production viaqq̄8→tb̄ at the Fermilab Tevatron in the minimal supersymmetric model. The supersymmetric
electroweak corrections to the cross section are at most a few percent for tanb . 1, but can exceed 10% for
tanb , 1. The combined effects of SUSY electroweak corrections and the Yukawa corrections can exceed
10% for favorable parameter values, which might be observable at a high-luminosity Tevatron.
@S0556-2821~97!04509-8#

PACS number~s!: 14.65.Ha, 12.38.Bx, 14.80.Cp

I. INTRODUCTION

The top quark has now been discovered by the Collider
Detector at Fermilab~CDF! and D0 Collaborations at the
Fermilab Tevatron@1#. Measurements of its mass are 176
69 GeV and 170618 from CDF and D0, respectively, and
the world-average value of the top quark mass from run I at
the Tevatron was recently reported to be 17566 GeV, based
on roughly 100 pb21 of data@2#. At the Tevatron the domi-
nant production mechanism of the top quark is the QCD pair
production processqq̄→t t̄ @3#. However, because the top
quark is so heavy, electroweak production of single top
quarks can become significant, particularly at the next Teva-
tron run II. WithAs52 TeV and an integrated luminosity of
2 fb21 one can expect, in the standard model~SM!, that for a
175 GeV top quark, there will be about 1.43104t t̄ pairs and
53103 single top quark events produced@4#, which is about
35% of the total t t̄ rate. After taking into account the
b-tagging efficiency and the detection efficiency@5#, there
are about 1000 single-b-taggedt t̄ pairs in thel1 jets sample,
100 in the dilepton sample, and 250 single top events in the
l1 jets sample available for testing various properties of the
top quark. Even with fewer events, single top quark produc-
tion processes are important because they involve the elec-
troweak interaction and, therefore, can probe the electroweak
sector of the theory, in contrast to the QCD pair production
mechanism, and provide a consistency check on the mea-
sured parameters of the top quark in the QCD pair produc-
tion. At the Tevatron single top quarks are produced prima-
rily via theW-gluon fusion process@6# and the Drell-Yan-
type single top process,qq̄8→W*→tb̄ ~W* process! @7#,
which can reliably be predicted in the SM. The theoretical
uncertainty in the cross section is only about a

few percent due to QCD corrections@8#. As analyzed in Ref.
@9#, the statistical error in the measured cross section for the
W* process at the Tevatron will be about630%; however,
a high-luminosity Tevatron would allow a measurement of
the cross section with a statistical uncertainty of about 6%
@9#. At this level of experimental accuracy a calculation of
the radiative corrections in the SM is necessary and effects
beyond the SM, for example, supersymmetry~SUSY! cor-
rections, should also be considered.

In Ref. @9# the QCD and Yukawa corrections to theW*
process have been calculated in the SM. In a previous paper
@10# we calculated the Yukawa corrections to this process
from the Higgs sector in the general two-Higgs-doublet
model ~2HDM! and the minimal supersymmetric standard
model ~MSSM! @11# and found that the corrections can
amount to more than a 15% reduction in the production cross
section relative to the tree level result in the 2HDM, and a
10% enhancement in the MSSM. However, in the MSSM, in
addition to these Yukawa corrections from the Higgs sector,
the supersymmetric~SUSY! corrections due to superparticles
~sparticles! should also be taken into account. The dominant
virtual effects of sparticles arise from the SUSY electroweak
corrections of orderO(aewMt

2/MW
2 ) and the SUSY QCD

corrections of orderO(as) which arise from loops of chargi-
nos, neutralinos, and squarks, and gluinos and squarks. It is
well known @12# that the anomalous magnetic moment for a
spin-1/2 fermion vanishes in the SUSY limit and away from
the SUSY limit there is a partial cancellation. Therefore, in
general, one can expect the Yukawa corrections from the
Higgs sector and the SUSY electroweak corrections from
virtual charginos and neutralinos to cancel to some extent.

In this paper we present the calculation of the
O(aewMt

2/MW
2 ) SUSY electroweak corrections at the Fermi-

lab Tevatron in the MSSM, and show the combined effect of
including all theO(aewMt

2/MW
2 ) terms from both Yukawa

corrections and SUSY electroweak corrections. TheO(as)
SUSY QCD corrections will be given elsewhere@13#. The
paper is organized as follows: In Sec. II we present the ana-
lytic results in terms of the well-known standard notation of
one-loop Feynman integrals. In Sec. III we give some nu-
merical examples and discuss the implications of our results.
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II. CALCULATIONS

A. Formalism

In our calculations we used dimensional regularization to
control all the ultraviolet divergences in the virtual loop cor-
rections and we adopted the on-mass-shell renormalization
scheme@14#. Including theO(aewMt

2/MW
2 ) electroweak cor-

rections, the renormalized amplitude forqq̄8→tb̄ can be
written as

M ren5M01dMSUSY EW, ~1!

whereM0 is the tree-level matrix element anddMSUSY EW

represents the SUSY electroweak corrections. The tree-level
Feynman diagram for single top quark production via
qq̄8→tb̄ is shown in Fig. 1~a!. The amplitudeM0 is given
by

M05 i
g2

2

1

ŝ2MW
2 v̄~p2!gmPLu~p1!ū~p3!g

mPLv~p4!.

~2!

The amplitudedMSUSY EW is given in the following section.
Here p1 and p2 denote the momentum of the incoming
quarksq and q̄8, while p3 andp4 are used for the outgoing
t and b̄ quarks, andŝ is the center-of-mass energy of the
subprocess.

The renormalized differential cross section for the subpro-
cess is

dŝ

d cosu
5
ŝ2Mt

2

32p ŝ2 ( uM renu2, ~3!

whereu is the angle between the top quark and incoming
quark. Integrating this differential cross section over cosu
one obtains the cross section for subprocess

ŝ5ŝ01Dŝ, ~4!

where the tree-level cross sectionŝ0 is given by

ŝ05
g4

128p

ŝ2Mt
2

ŝ2~ ŝ2MW
2 !2

@ 2
3 ~ ŝ2Mt

2!21~ ŝ2Mt
2!~Mt

21Mb
2!

12Mt
2Mb

2#, ~5!

andDŝ represents the SUSY electroweak corrections.
The total hadronic cross section for the single production

of top quarks viaqq̄8 can be written in the form

s~s!5(
i , j

E dx1dx2ŝ i j ~x1x2s,Mt
2,m2!@ f i

A~x1 ,m! f j
B~x2 ,m!

1~A↔B!#, ~6!

where

s5~P11P2!
2, ~7!

ŝ5x1x2s, ~8!

p15x1P1 , ~9!

and

p25x2P2 . ~10!

HereA andB denote the incident hadrons andP1 andP2 are
their four-momenta, whilei , j are the initial partons andx1
andx2 are their longitudinal momentum fractions. The func-
tions f i

A and f j
B are the usual parton distributions@15,16#.

Finally, introducing the convenient variablet5x1x2 and
changing independent variables, the total cross section be-
comes

s~s!5(
i , j

E
t0

1 dt

t S 1s dLi jdt D ~ ŝŝ i j !, ~11!

wheret05(Mt1Mb)
2/s. The quantitydLi j /dt is the parton

luminosity, which is defined to be

dLi j
dt

5E
t

1 dx1
x1

@ f i
A~x1 ,m! f j

B~t/x1 ,m!1~A↔B!#.

~12!

B. SUSY electroweak corrections

The SUSY electroweak corrections of orderaewMt
2/MW

2

to the processqq̄8→tb̄ arise from the Feynman diagrams
shown in Figs. 1~b!–~g!. The matrix element for these cor-
rections can be written as

dMSUSY EW5dM
Wt b̄

SUSY EW
1dMbox1dMbox

c , ~13!

where dM
Wt b̄

SUSY EW
represents corrections arising from the

self-energy diagrams and vertex diagrams@Figs. 1~b!–~e!#,

FIG. 1. Feynman diagrams for the SUSY electroweak~SUSY
EW! corrections:~a! tree-level,~b!–~g! one-loop corrections.
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while dMbox anddMbox
c correspond to the box diagram@Fig.

1~f!# and crossed box diagram@Fig. 1~g!#, respectively.
dM

Wt b̄

SUSY EW
is given by

dM
Wt b̄

SUSY EW
5 i

g2

2

1

ŝ2MW
2 v̄~p2!gmPLu~p1!ū~p3!

3@gmPL~
1
2dZL

t 1 1
2dZL

b1E1
L!1p3

mPLE2
L

1p4
mPLE3

L#v~p4!. ~14!

The renormalization constants and form factors in Eq.~14!
are

dZL
t 5

1

8p2 F uRt̃ i x̃ j
0u2S 2

D

2
1F

1
~ t x̃ j

0 t̃ i !D
12MtM x̃

j
0L t̃ i x̃ j

0R
l̃ i x̃ j

0
* G

0
~ t x̃ j

0 t̃ i !1Mt
2~ uRt̃ i x̃ j

0u2

1uL t̃ i x̃ j
0u2!G1

~ t x̃ j
0 t̃ i !G1

g2

32p2 l t
2L

b̃i

2 uVj2u2Mt
2G

1
~ t x̃ j

1 b̃ i ! ,

~15!

dZL
b5

g2

32p2 l t
2R

t̃ i

2 uVj2u2S 2
D

2
1F

1
~bx̃ j

1 t̃ i !D , ~16!

E1
L5

g

8&p2
l tVj2* Rt̃ i

$Rt̃ i x̃k
0Okj

R*M x̃
j
1M x̃

k
0c0

1L t̃ i x̃k
0Okj

R*M x̃
j
1Mt~c01c12!1L t̃ i x̃k

0Okj
L*M x̃

k
0Mtc12

1Rt̃ i x̃k
0Okj

L* @Mt
2~c222c23!1 ŝ~c121c23!12c242

1
2 #%,

~17!

E2
L52

g

4&p2
l tVj2* Rt̃ i

Ok j
L* @L t̃ i x̃k

0M x̃
k
0c12

1Rt̃ i x̃k
0Mt~c121c22!#, ~18!

and

E3
L5

g

4&p2
l tVj2* Rt̃ i

@L t̃ i x̃k
0Okj

R*M x̃
j
1~c01c11!

2Rt̃ i x̃k
0Okj

L*Mt~c121c23!#, ~19!

where sums overi , j ,k are implied and the functions
ci j (p4 ,p3 ,M x̃

j
1,M t̃ i

,M x̃
k
0) are the three-point Feynman inte-

grals @17#. D[(1/e)2gE1 ln 4p with gE being the Euler
constant andD5422e is the space-time dimension. The
functionsF0,1

( i jk ) , G0,1
( i jk ) and constants in the above equations

are defined as

Fn
~ i jk !5E

0

1

dyynlnFmi
2y~y21!1mj

2~12y!1mk
2y

m2 G ,
~20!

Gn
~ i jk !52E

0

1

dy
yn11~12y!

mi
2y~y21!1mj

2~12y!1mk
2y
, ~21!

l t5
Mt

MWsinb
, ~22!

L q̃1
5cosu q̃ , L q̃2

52sinu q̃ , ~23!

Rq̃1
5sinu q̃ , Rq̃2

5cosu q̃ , ~24!

L q̃1x̃
j
05Ajcosu q̃ 2Cjsinu q̃ , ~25!

L q̃2x̃
j
052Ajsinu q̃ 2Cjcosu q̃ , ~26!

Rq̃1x̃
j
052Aj* sinu q̃ 1Bjcosu q̃ , ~27!

Rq̃2x̃
j
052Aj* cosu q̃ 2Bjsinu q̃ , ~28!

Oi j
L52

1

&
Ni4Vj2* 1Ni2Vj1* , ~29!

and

Oi j
R5

1

&
Ni3* Uj21Ni2* Uj1 , ~30!

whereuq is the mixing angle of squarkq̃, the matrix ele-
ments Ui j and Vi j depend on parametersM , m, tanb,
whose expressions can be found in Ref.@11#, and

Aj5
gmqNj4*

2MW sin b
, Bj5Cj*1

gNj28

2CW
, ~31!

Cj5
2

3
eNj18*2

2

3

gSW
2

CW
Nj28* , ~32!

Nj18 5Nj1CW1Nj2SW , ~33!

Nj28 52Nj1SW1Nj2CW . ~34!

In the aboveSW[sinuW andCW[cosuW. mq is the mass of
the quark whose corresponding squarkq̃ appears in Eqs.
~25!–~28!. The chargino massesM j̃ depend on parameters
M , m, and tanb, whose expressions can be found in Ref.
@11#. The neutralino massesM x̃

j
0 and matrix elementsNi j are

obtained by diagonalizing the neutralino mass matrixY @11#.
Given the values of the parametersM , M 8, m and tanb, the
matrix N andM x̃

j
0 can be obtained numerically. Here,m is

the coefficient of theH1-H2 mixing term in the superpoten-
tial andM andM 8 are the masses of gauginos corresponding
to SU~2! and U~1!, respectively. With the grand unification
assumption, i.e., SU~2!3U~1! is embedded in some grand
unified theory, we have the additional relationM 8
55/3(g82/g2)M .

The box diagram amplitudedMbox is
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dMbox5 i ū~p3!@~ f 1
bPR1 f 2

bPL1 f 3
bp” 4PR

1 f 4
bp” 4PL!u~p1!v̄~p2!p” 3PL1~ f 5

bgmPR

1 f 6
bgmPL!u~p1!v̄~p2!g

mPL#v~p4!. ~35!

Here the form factorsf 1,3,5
b are

f 1
b52

g2

8&p2
l tVj1Vj2* Rt̃ i

L q̃l
L q̃l x̃k

0* @L t̃ i x̃k
0Mt~D122D13

1D222D26!1Rt̃ i x̃k
0Mx

k
0~D122D13!#, ~36!

f 3
b52

g2

8&p2
l tVj1Vj2* Rt̃ i

L q̃l
L q̃l x̃k

0* L t̃ i x̃k
0

3~D122D131D242D2k!, ~37!

f 5
b52

g2

8&p2
l tVj1Vj2* Rt̃ i

L q̃l
L q̃l x̃k

0* L t̃ i x̃k
0D27, ~38!

and f 2,4,6
b can be obtained through the permutation

f 2,4,6
b 5 f 1,3,5

b uL t̃ i x̃k
0↔Rt̃ i x̃k

0,L q̃l x̃k
0→Rq̃l x̃k

0 . ~39!

The sums over i , j ,k,l are implied and the functions
Di j (p4 ,p3 ,2p1 ,M x̃

j
1,M t̃ i

,M x̃
k
0,M q̃l

) are the four-point

Feynman integrals@17#.
The amplitude for the crossed box diagramdMbox

c is

dMbox
c 52 i ū~p3!@ f 1

cPL1 f 2
cPR1 f 3

cp” 4PL

1 f 4
cp” 4PR#u~p2!v̄~p1!PLv~p4!, ~40!

where the form factorsf n
c are

f 1
c52

g2

8&p2
l tU j1* Vj2* Rt̃ i

L q̃
l8
L q̃

l8 x̃
k
08 Mx

j
1

3@MtRt̃ i x̃k
0~D01D12!1Mx

k
0L t̃ i x̃k

0D0#, ~41!

f 2
c52

g2

8&p2
l tU j1* Vj2* Rt̃ i

L q̃
l8
Rq̃

l8 x̃
k
08 Mx

j
1

3@MtL t̃ i x̃k
0~D01D12!1Mx

k
0Rt̃ i x̃k

0D0#, ~42!

f 3
c52

g2

8&p2
l tU j1* Vj2* Rt̃ i

L q̃
l8
L q̃

l8 x̃
k
08 Mx

j
1Rt̃ i x̃k

0~D01D11!,

~43!

and

f 4
c52

g2

8&p2
l tU j1* Vj2* Rt̃ i

L q̃
l8
Rq̃

l8 x̃
k
08 Mx

j
1L t̃ i x̃k

0~D01D11!.

~44!

The sums overi , j ,k,l are again implied and the functions
Di j (p4 ,p3 ,2p2 ,M x̃

j
1,M t̃ i

,M x̃
k
0,M q̃

l8
) are the four-point

Feynman integrals@17#. The constantsL q̃i x̃ j
08 ,Rq̃i x̃ j

08 are de-

fined by

L q̃1x̃
j
08 5Aj8cosu q̃ 2Cj8sinu q̃ , ~45!

L q̃2x̃
j
08 52Aj8sinu q̃ 2Cj8cosu q̃ , ~46!

Rq̃1x̃
j
08 52Aj8* sinu q̃ 1Bj8cosu q̃ , ~47!

and

Rq̃2x̃
j
08 52Aj8* cosu q̃ 2Bj8sinu q̃ , ~48!

with

Aj85
gmqNj3*

2MWcosb
, Bj85Cj8*2

gNj28

2CW
, ~49!

and

Cj852
1

3
eNj18*1

1

3

gSW
2

CW
Nj28* . ~50!

III. NUMERICAL RESULTS AND CONCLUSION

In the following we present numerical results for the cor-
rections to the total cross section for single top quark pro-
duction viaqq̄8→tb̄ at the Fermilab Tevatron withAs52
TeV. In our numerical calculations we used the Martin-
Roberts-Stirling set G~M.R.S.G.! parton distribution func-
tions @16# and chose the scalem5Aŝ. Also we neglected
SUSY corrections to the parton distribution functions. For
the parameters involved, we choseMZ591.188 GeV,MW
580.33 GeV, Mt5175 GeV, Mb55 GeV, andaew5 1

128.
Other parameters were determined as follows.

~i! The upper bound on tanb; viz., tanb
,0.52 GeV21MH1, was determined from data onB→tnX
@18#. The lower limits on tanb are tanb.0.6 from pertur-
bative bounds@19# and tanb.0.25~for Mt5175 GeV! from
perturbative unitarity@19#. We limited the value of tanb to
be in the range of 0.25 to 5, as larger values of tanb are not
interesting, although allowed by the current data@18#, since
the effects are negligibly small.

~ii ! For the parametersM t̃ R
, M t̃ L

, tanb, andMLR[At

1m cotb in top squark mass matrix@20#

M
t̃

2
5S M t̃ L

2
1mt

210.35 cos~2b!MZ
2

2mt~At1m cot b!

2mt~At1m cot b! M
t̃ R

2
1mt

210.16 cos~2b!MZ
2D , ~51!
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we assumedM t̃ R
5M t̃ L

. There are then three free param-
eters in the top squark sector and we chose the mass of the
lighter top squarksmt̃ l

, MLR , and tanb to be the three
independent parameters. The best current lower bound on the
top squark mass is 55 GeV coming from the CERNe1e2

collider LEP, operating atAs51302140 GeV@21#. We con-
servatively took the lower bound to be 50 GeV formt̃ 1

. For

the other squarks; i.e.,q̄, q̄8, andb̃, we neglected the mixing
between left- and right-handed states and assumedM q̃1
5M q̃2M q̃

18
5M q̃

28
5M b̃1

5M b̃2
which was then determined

by @20#

m
b̃1

2
5mb

21M
t̃ L

2
1cos~2b!~2 1

21 1
3SW

2 !MZ
2. ~52!

~iii ! For the parametersM , M 8, m, and tanb in the
chargino and neutralino matrix, we putM5200 GeV,
m52100 GeV, and then used the relationM 8
5(5/3)(g82/g2)M @11# to determineM 8.

Some typical numerical calculations of the SUSY elec-
troweak corrections are given in Figs. 2–4.

Figure 2 shows the SUSY electroweak correction
Ds/s0 as a function of lighter top squark massM t̃ 1

, assum-

ing tanb51 andMLR5mt . The correction is only a few
percent of the tree-level values and is quite sensitive to the
lighter top squark mass. There are two peaks at aboutM t̃ 1
575 and 67 GeV due to the fact thatmt5175 GeV,M x̂

j
0

5(100,107,128,221) GeV, and the threshold for open top
decay into a neutralino and a lighter top squark is crossed in
these regions.

Figure 3 gives the SUSY electroweak correction as a
function of MLR , assuming tanb51 and M t̃ 1

560 GeV.

This correction is also sensitive toMLR . With increasing
MLR the mass splitting between the two top squarks in-
creases. Since we fixed the mass oft̃1 , the mass oft̃2 then
increases withMLR . Furthermore, with an increase of
MLR ,M t̃ L

increases and thus the sbottom masses also in-
crease, as seen from Eq.~52!. Since we assumed the masses
of the squarksq̃1 , q̃2 , q̃1 , and q̃28 are degenerate with the

sbottoms, these masses then also increase withMLR . So,
with an increase ofMLR , all the squark masses except the
lighter stop increase and their virtual effects decrease due to
decoupling effects. From Fig. 3 one sees that forMLR
.200 GeV the magnitude of the correction drops below one
percent.

In Fig. 4 we present both the SUSY electroweak correc-
tion and the Yukawa correction@10# as a function of tanb.
For the SUSY electroweak correction we assumedMLR
5mt . Since both these corrections are proportional to
Mt

2/MW
2 sin2 b, they can be very large for small tanb. From

Fig. 4 one sees that the SUSY electroweak correction ex-
ceeds210% for tanb,0.5, and grows rapidly in size with
decreasing tanb. As in the case of the Yukawa corrections,
the SUSY electroweak corrections are negligibly small for
tanb.1. Also, comparing the SUSY electroweak correction
with the Yukawa correction in Fig. 4, one notes that the
SUSY electroweak correction and Yukawa correction have
opposite signs, and thus cancel to some extent. If the lighter

FIG. 2. The SUSY electroweak~SUSY EW! correctionDs/s0

as a function ofM t̃ 1
, assuming tanb51 andMLR5mt .

FIG. 3. The SUSY electroweak~SUSY EW! correction as a
function ofMLR , assuming tanb51 andM t̃ 1

560 GeV.

FIG. 4. The SUSY electroweak~SUSY EW! correction and the
Yukawa correction as a function of tanb. MLR5mt was assumed
for the SUSY EW correction.
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top squark has the same mass as the charged Higgs boson,
the cancellation is appreciable. However, as seen in Fig. 4, if
the charged Higgs boson is much heavier than the lighter top
squark, the magnitude of Yukawa correction is much smaller
than the SUSY electroweak correction and there is very little
cancellation. In such a case the combined effects can exceed
210% for tanb,1. Note that in Ref.@9# the QCD and lead-
ing electroweak corrections were calculated in the SM.
While the QCD corrections were found to be quite large, the
leading electroweak corrections were found to be negligibly
small.

To summarize, the combined effects of SUSY elec-
troweak corrections and the Yukawa corrections can exceed

10% for favorable values of the parameters. Since the cross
section for single top quark production can be reliably pre-
dicted in the SM@9# and the statistical error in the measure-
ment of the cross section will be about 6% at a high-
luminosity Tevatron @9#, these corrections may be
observable; at the least, interesting new constraints on these
models can be established.
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