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We present the calculations of the supersymmetric QCD corrections to the total cross sections for single
top production at the Fermilab Tevatron and the CERN Large Hadron Collider in the minimal super-
symmetric standard model. Our results show that, for the s-channel and t-channel, the supersymmetric
QCD corrections are at most about 1%, but for the associated production process pp! tW, the
supersymmetric QCD corrections increase the total cross sections significantly, which can reach about
6% for most values of the parameters. Thus, the supersymmetric QCD corrections should be taken into
consideration in future high precision experimental analyses for top physics.
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I. INTRODUCTION

The search for single top quark production is one of the
major aims of both the Fermilab Tevatron and the CERN
Large Hadron Collider (LHC) [1,2], because it can probe
the electroweak sector of the standard model (SM), in
contrast with the dominant QCD pair production mecha-
nism, and provide a consistency check on the measured
parameters of the top quark in the QCD pair production
process [3–6]. Furthermore, the mass of the top quark is
comparable to the electroweak (EW) symmetry breaking
scale, so it can play the role of a wonderful probe for the
EW symmetry breaking mechanism and new physics. For
example, a precise measurement of the single top produc-
tion cross section can be used to test some predictions from
the minimal supersymmetry standard model (MSSM), via
nonstandard couplings [4,7–13], loop effects [14–18], etc.

At the LHC single top quarks are produced primarily via
the t-channel [19],

 q� b! q0 � t;

the quark annihilation process (s-channel) [20,21],

 q� �q0 ! t� �b;

and the associated production process [3,22],

 g� b! t�W�;

which can reliably be predicted in the SM, and their lead-
ing order (LO) results are summarized in Table I [2]. As the
LHC would allow a measurement of these cross sections
with a statistical uncertainty of less than 2% [1,22–25], at
this level of experimental accuracy, calculations of the
radiative corrections are necessary in order to test the
loop effects arising from new physics. The QCD correc-
tions to the total cross sections of the three channels are
about �10%, �50%, and �50%, respectively [2,22,26–

29]. For the t-channel, the SM EW corrections are about
10% and the supersymmetric (SUSY) EW corrections are a
few percent [30] at the LHC, for the s-channel; the com-
bined effects of SUSY QCD, SUSY EW, and the Yukawa
couplings can exceed 10% for small tan��<2� but are only
a few percent for tan�> 2 at the Tevatron [16,17]; and for
the associated production at the LHC, the SM EW and the
SUSY corrections have been calculated and analyzed in
Ref. [31]. But at the LHC, the SUSY QCD corrections to
the three channels have not been calculated yet. As the
associated production process involves the QCD coupling
in the initial state, obviously, the SUSY QCD corrections
are significant for this channel. In order to fill in the blanks
in the relevant radiative corrections to the channels con-
sidered here, in this paper we present the calculations of the
SUSY QCD corrections to the three channels at the CERN
LHC, mainly concerning the associated production chan-
nel, and also give the updated numerical calculations to the
s-channel process at the Tevatron [32].

Our paper is organized as follows. In Sec. II we will give
the analytic results in terms of the well-known standard
notation of one-loop Feynman integrals for the associated
channel, s-channel, and t-channel. In Sec. III we will
present our numerical results with discussions of their
implications.

II. ANALYTIC RESULTS

A. Associated production

In our calculations we use dimensional reduction to
control all the ultraviolet divergences in the virtual loop
corrections. We adopt the on-mass-shell renormalization
scheme [33] for the top quark mass and the wave function
renormalization, and set all the other quark masses to zero.

TABLE I. The LO results for single top production at the
LHC.

Process: t-channel s-channel Wt

��pb�: 156� 8 6:6� 0:6 14:0�3:8
�2:8
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The QCD coupling constant gs is renormalized in the
modified minimal subtraction scheme (MS) except that
the divergences associated with the top quark and colored
SUSY particle loops are subtracted at zero momentum
[34]. Denoting  q0, mq0, gs0, and A�0 as bare quark
wave functions, quark masses, a strong coupling constant,
and a gluon wave function, respectively, the relevant re-
normalization constants are then defined as

  q0 � �1� �Z
qq
L �

1=2 qL � �1� �Z
qq
R �

1=2 qR;

mq0 � mq � �mq; A�0 � �1� �ZAA�1=2A�;

gs0 � �1� �Zg�gs:

(1)

After calculating the self-energy and vertex diagrams in
Fig. 1, we obtain the explicit expressions of all necessary
renormalization constants as follows:
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where �0 � ��
2
3 �N � 1� � 1

3 �nf � 1�	, Bijk


 are the two-
point functions, Uq

ij are the mixing matrices of the squarks,
�E is the Euler constant, and � is the renormalization
scale.

Including the SUSY QCD corrections, the renormalized
amplitudes can be written as

 MA
ren � MA

0 �M
A
vir �M

A
count; (3)

where MA
0 is the LO amplitude; MA

vir represents the SUSY
QCD corrected amplitude from the one-loop self-energy,
vertex, and box diagrams; and MA

count is the corresponding
counterterm for the self-energy corrections and vertex
corrections, respectively.

The related Feynman diagrams which contribute to the
LO amplitudeMA

0 are shown in Figs. 2(a) and 2(b). The LO
amplitude MA

0 is given by
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FIG. 1. The self-energy and vertex diagrams for calculating the renormalization constants.
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MA
0 � MA

s �M
A
t �

egsVtb���
2
p

sin	W

�
1

s
�2A10 � A7 � 2A8�

�
1

t�m2
t
�2A15 � 2A9 � A7�

�
; (4)

where Vij are the elements of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix; s, t, u are the Mandelstam in-
variants, which are defined as

 s � �k1 � k2�
2 � �k3 � k4�

2;

t � �k1 � k3�
2 � �k2 � k4�

2;

u � �k1 � k4�
2 � �k2 � k3�

2;

(5)

where k1 and k2 denote the momentum of the incoming
particles, and k3 and k4 the outgoing particles; while Am are
the reduced standard matrix elements given by

 A1;22 � ��
a
1 
 �

�
4� �u

b�k3�PR;Lu
c�k2��T

a�bc;

A2;3 � ��a1 
 k2����4 
 k1;2� �ub�k3�PRuc�k2��Ta�bc;
 

A4;5 � ��a1 
 k3����4 
 k2;1� �ub�k3�PRuc�k2��Ta�bc;

A6;17 � �ub�k3�PR;L 6�a1 6�
�
4u

c�k2��Ta�bc;

A7;27 � �ub�k3�PR;L 6�a1 6�
�
4k6 1uc�k2��Ta�bc;

A8;9 � ��a1 
 k2;3� �ub�k3�PR 6��4u
c�k2��Ta�bc;

A10;32 � ��
a
1 
 �

�
4� �u

b�k3�PR;Lk6 1u
c�k2��T

a�bc;
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�
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 k2���

a
1 
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c�k2��T
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�
4 
 k1���

a
1 
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b�k3�PRk6 1u
c�k2��T
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A15;16 � ��
�
4 
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a
1u
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�
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A25;26 � ���4 
 k1;2� �ub�k3�PL 6�a1u
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A28;29 � ���4 
 k1;2� �ub�k3�PL 6�a1k6 1uc�k2��Ta�bc;

A30;31 � ��a1 
 k2;3� �ub�k3�PL 6��4u
c�k2��Ta�bc;

A33;35 � ���4 
 k2;1���a1 
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A34;36 � ��a1 
 k3����4 
 k2;1� �ub�k3�PLk6 1uc�k2��Ta�bc;

A37;38 � ��
a
1 
 k3;2� �u

b�k3�PL 6�
�
4k6 1u

c�k2��T
a�bc: (6)

The relevant Feynman diagrams of the SUSY QCD
corrected amplitude MA

vir are shown in Fig. 3, and MA
vir

can be written as

 MA
vir � MA

self �M
A
vertex �M

A
box; (7)

where MA
self , M

A
vertex, and MA

box come from self-energy
diagrams, vertex diagrams, and box diagrams as shown
in Fig. 3, respectively. Their explicit expressions are given
by

 MA
self �

X38

m�1

fself
m Am; MA

vertex �
X38

m�1

fvmAm;

MA
box �

X38

m�1

fbmAm;

(8)

where fself
m , fvm, fbm are the form factors, which are given

explicitly in the Appendix.
The counterterms MA

count, the corresponding diagrams of
which are shown in Fig. 4, can be written as follows:

 MA
count � �MA

self � �M
A
vertex; (9)

with
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FIG. 2. Tree-level Feynman diagrams for associated production.
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The partonic cross section can be written as
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2 is the renormalized
amplitude squared given by

 jMA
renj

2 �
X
jMA

0 j
2 � 2Re

X
MA

0 �M
A
vir �M

A
count	

y; (14)

where the colors and spins of the outgoing particles have
been summed over, and the colors and spins of the incom-
ing ones have been averaged over.

The total cross section at the LHC is obtained by con-
voluting the partonic cross section with the parton distri-
bution functions (PDFs) Gg;b=p in the proton:
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where�f is the factorization scale and �0 �
�mW�mt�

2

S ; S �
�P1 � P2�

2 where P1, P2 are the four-momenta of the
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FIG. 4. The counterterm diagrams for associated production.
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incident hadrons; � � x1x2 where x1, x2 are the longitudi-
nal momentum fractions of initial partons in the hadrons.

B. s-channel and t-channel

For convenience, we first define the reduced standard
matrix elements Fi as follows:

 F1;2 � �v�k2�PR;L�
�u�k1� �u�k3�PR��v�k4�;

F3;4 � �v�k2�PR;Lu�k1� �u�k3�PRk6 1v�k4�;

F5;6 � �u�k3�PR;Lv�k4� �v�k2�PRk6 3u�k1�;

F7;8 � �v�k2�PR;Lu�k1� �u�k3�PLv�k4�;

F9 � �v�k2�PR�
�u�k1� �u�k3�PL��v�k4�;

(16)

which will appear in the amplitudes of the s-channel and
the t-channel below.

For the s-channel, the diagrams which contribute to the
LO amplitude Ms

0 are shown in Fig. 2(c). The LO ampli-
tude Ms

0 is

 Ms
0 � �

X
q�u;c
q0�d;s;b

2��VtbV�qq0

sin2	W�s�m
2
W�
F1: (17)

The virtual corrections Ms
vir contain the radiative correc-

tions from the one-loop vertex diagrams, which are shown
in Figs. 5(a) and 5(b), and we can write Ms

vir as

 Ms
vir �

X9

m�1

fsmFm; (18)

where fsm�m � 1; 2; 
 
 
 ; 9� are form factors, which are
given explicitly in the Appendix.

The corresponding counterterm can be written as
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where the expressions of �ZiiL�i � u; d; s; c; b; t� are shown
in Eq. (2).

According to the crossing symmetry, we have similar
expressions in the t-channel as in the s-channel. We replace
the variable s by t in Eqs. (17)–(19); then we use the
different summation over quark flavors, and change the
indices of the quarks in the initial and final states. For
example,
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0
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(20)

with

 F0m � Fm�v�k4� ! u�k2�; �v�k2� ! u�k3��:

Here the index pair fqq0g takes on the flavors
fud; us; ub; cd; cs; cbg. The other formulas for cross sec-
tions are the same as in associated production.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present the numerical results for the
SUSY QCD corrections to the three channels of single top
production at the LHC. For comparison, we also present
the numerical results for the s-channel at the Tevatron [32].
In our numerical calculations, we use the following set of
SM parameters [35]:

 mt � 175 GeV; �ew�MW� � 1=128;

�s�MZ� � 0:118:

All light quark masses are set to zero, and the CKM matrix
elements are taken to be the values shown in Ref. [35].
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FIG. 5. The Feynman diagrams for s-channel and t-channel
loop corrections, respectively.
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The running QCD coupling �s�Q� is evaluated at two-
loop order [36], and the CTEQ6M PDFs [37] are used
throughout this paper to calculate cross sections. For sim-
plicity, we neglect the b-quark mass. We choose �r �

�f � mt �mW for the renormalization and factorization
scales in associated production and choose �r � �f � mt

for the renormalization and factorization scales in the other
two channels.

In addition, the values of the MSSM parameters taken in
our numerical calculations are constrained within the mini-
mal supergravity scenario (mSUGRA) [38], in which there
are only five free input parameters M1=2, M0, A0, tan� and
the sign of � at the grand unification, where M1=2, M0, A0

are, respectively, the universal gaugino mass, the scalar
mass, and the trilinear soft breaking parameter in the
superpotential. Given these parameters, all the MSSM
parameters at the weak scale are determined in the
mSUGRA scenario by using the program package
SUSPECT 2.3 [39], where we set A0 � �200 GeV and �>
0.

A. Associated production

We define the K factor as the ratio of the SUSY QCD
corrected cross sections to LO total cross sections, calcu-
lated using the CTEQ6M PDFs. Figure 6 shows the K
factors as functions of M~g (M1=2) for the associated pro-
duction process pp! tW at the LHC for tan� � 5, 20,
and 35, respectively. From Fig. 6, we can see that the
differences among the results are small for different
tan�, and K factors increase with the increasing M~g for
small M~g�& 160 GeV�, while they decrease with the in-
creasingM~g for largeM~g�* 160 GeV�, and, in general, the
K factors are about 1.06.

In Fig. 7 we show the dependence of the K factors on
M~t1 (M0) for different tan�. Figure 7 shows that the K

factors have similar behaviors as those shown in Fig. 6, and
are also about 1.06 in general.

To compare with Fig. 7, we present Fig. 8 which takes
similar parameters as those used in Fig. 7, but M1=2 �

70 GeV, where the gluino mass M~g lies in the range
220 GeV & M~g & 250 GeV for all values of M0 and
tan� we have assumed here. Figure 8 shows that SUSY
QCD corrections are not sensitive to tan�, which is con-
sistent with Fig. 7.

Figure 9 gives theK factors as functions ofM~g�M1=2� for
different M0, assuming tan� � 5. In Fig. 9 we can see that
there are large differences between different M0 when M~g

becomes small, but these curves approach each other when
M~g becomes large because of the decoupling of the heavy
gluino (M~g * 450 GeV). The K factors are about 1.06 for
M~g & 500 GeV, and slowly become small with increasing

 

FIG. 7. The K factors as functions of M~t1 or M0 for pp! tW
at the LHC, where different curves correspond to different tan�,
assuming M1=2 � 40 GeV, A0 � �200 GeV, and �> 0.

 

FIG. 9. The K factors as functions ofM~g orM1=2 for pp! tW
at the LHC, where different curves correspond to different M0,
assuming tan� � 5, A0 � �200 GeV, and �> 0.

 

FIG. 6. The K factors as functions of M~g orM1=2 for pp! tW
at the LHC, where different curves correspond to different tan�,
assuming M0 � 150 GeV, A0 � �200 GeV, and �> 0.
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M~g, but the K factors decrease rapidly when M~g &

150 GeV for M0 � 150 GeV.
In Fig. 10 we present the K factors as functions of

M~t1�M0�, assuming tan� � 5, and M1=2 � 40, 70, and
100 GeV, respectively. From Fig. 10, we find similar results
as those shown in Fig. 9, i.e. the K factors are about 1.06
for most values of M~t1 considered, and slowly become
small with increasing M~t1 .

In Fig. 11 we present the LO and the SUSY QCD
corrected cross sections as functions of renormalization
and factorization scales �=�0��f � �r � �;�0 �

m t �mW�, respectively, assuming tan� � 5, M0 �
150 GeV, M1=2 � 70 GeV, A0 � �200 GeV, and �> 0.
This figure shows that the scale dependence of the SUSY
QCD corrected total cross section is a little larger than that
of the LO cross section because of the running effects of
the extra �s in SUSY QCD corrections. We can recover the
LO results of scale dependence by dividing by �s in the

 

FIG. 10. The K factors as functions of M~t1 or M0 for pp! tW
at the LHC, where different curves correspond to different M1=2,
assuming tan� � 5, A0 � �200 GeV, and �> 0.

 

FIG. 11. The scale dependence of LO and SUSY QCD cor-
rected cross sections of associated production at the LHC. We set
the factorization and renormalization scales as �f � �r � �
and �0 � mW �mt, assuming tan� � 5, M0 � 150 GeV,
M1=2 � 70 GeV, A0 � �200 GeV, and �> 0.

 

FIG. 8. The K factors as functions of M~t1 or M0 for pp! tW
at the LHC, where different curves correspond to different tan�,
assuming M1=2 � 70 GeV, A0 � �200 GeV, and �> 0.

 

(a)

(b)

FIG. 12. The K factors for pp! t�b at the LHC. The variables
are (a) M~g�M1=2� and (b) M~t1 �M0�, respectively, assuming
tan� � 5, A0 � �200 GeV, and �> 0.
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SUSY QCD corrections. After comparison with the NLO
QCD corrections [28], we can see that, if the NLO QCD

corrections are also included, O��s� corrections still im-
prove the scale dependence.

B. s-channel and t-channel

For the s-channel process pp! t �b, in Figs. 12(a) and
12(b), we display the K factors as functions of M~g�M1=2�

and M~t1�M0�, respectively, assuming M0 � 150, 300 GeV
and M1=2 � 40, 70, 100 GeV. Figure 12 shows that the K
factors are about 1.01 for some favorable parameters;
otherwise, the K factors approach the unit value.

In Figs. 13(a) and 13(b), the K factors are plotted as
functions of M~g�M1=2� and M~t1�M0�, respectively, assum-
ing tan� � 5, 20, 35. Figure 13 shows that the K factors

 

(a)

(b)

FIG. 13. The K factors for pp! t�b at the LHC. The variables
are (a) M~g�M1=2� and (b) M~t1 �M0�, respectively, assuming A0 �

�200 GeV and �> 0.

 

FIG. 14. The K factors as functions of M~t1 �M0� for pp! t �b at
the Tevatron. The graph shows different M1=2, assuming tan� �
5, A0 � �200 GeV, and �> 0.

 

FIG. 15. The K factors as functions of M~g�M1=2� for pp! qt
at the LHC. The graph shows different M0, assuming tan� � 5,
A0 � �200 GeV, and �> 0.

 

FIG. 16. The scale dependence of LO and SUSY QCD cor-
rected cross sections of the s-channel at the LHC. We set the
factorization and renormalization scales as �f � �r � � and
�0 � mt, assuming tan� � 5, M0 � 150 GeV, M1=2 �

70 GeV, A0 � �200 GeV, and �> 0.
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can reach 1.01 for light M~g and M~t1 , respectively, and are
not sensitive to tan�.

In Fig. 14, we display the K factors as functions of M~t1
for the s-channel process p �p! t �b at the Tevatron Run II.
We find that theK factors can reach 1.01 for smallM~t1 , and
decrease rapidly as M~t1 increases. These results are con-
sistent with those shown in Fig. 3 of Ref. [32], where the
relevant parameters assumed are the same as the ones used
in our numerical calculations.

For the t-channel process pp! qt at the LHC, Fig. 15
shows the K factors as functions of M~g for tan� � 5 and
M0 � 150, 300 GeV, respectively. From Fig. 15, we find
that the SUSY QCD corrections decrease the total cross
sections and the K factors approach the unit value for all
parameters assumed here, which means that SUSY QCD
corrections are negligible.

In Figs. 16 and 17 we present the LO and the SUSY
QCD corrected cross sections as functions of renormaliza-
tion and factorization scales �=�0��f � �r � �;�0 �

m t� for both the s-channel and the t-channel, respectively,
assuming tan� � 5, M0 � 150 GeV, M1=2 � 70 GeV,
A0 � �200 GeV, and �> 0. Since the SUSY QCD cor-
rections to the two channels are very small, they obviously
do not affect the scale dependence of the LO results.

IV. CONCLUSION

In conclusion, we have calculated the SUSY QCD cor-
rections to the total cross sections for single top production
at the Tevatron and the LHC in the MSSM. Our results
show that, for the s-channel and the t-channel, the SUSY

QCD corrections are at most about 1%, but for the asso-
ciated production process pp! tW, the SUSY QCD cor-
rections increase the total cross sections significantly,
which can reach about 6% for most values of the parame-
ters. Thus, the SUSY QCD corrections should be taken into
consideration in future high precision experimental analy-
ses for top physics at the LHC.
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APPENDIX

In this appendix, we will list the explicit expressions of
the nonzero form factors of associated production and the
s-channel. For simplicity, we first define the abbreviations
for Passarino-Veltman functions [40] below.

 

Bs0 � B0�s;M2
~g;M

2
~ti
�;

Bs1 � B1�s;M
2
~g;M

2
~ti
�;

B0s0 � B0�s;M
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2
~bi
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For the s-channel, we have

 

FIG. 17. The scale dependence of LO and SUSY QCD cor-
rected cross sections of the t-channel at the LHC. We set the
factorization and renormalization scales as �f � �r � � and
�0 � mt, assuming tan� � 5, M0 � 150 GeV, M1=2 �

70 GeV, A0 � �200 GeV, and �> 0.
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For associated production, we calculate the individual diagrams separately by different types, as shown in Fig. 3 and
Eq. (8). The form factors of the self-energy diagrams are

 fself
1 � �

2
���
2
p
�sgseVtb

3�s sin	W

X2

i

M~gUb
i2U

b�
i1 B

s
0;

fself
7 �

���
2
p
�sgseVtb

3� sin	W

X2

i

�
1

s
Ub
i1U

b�
i1 B

s
1 �

1

�t�m2
t �

2 �M~gmt�U
t
i2U

t�
i1 �U

t
i1U

t�
i2�B

t
0 � �tU

t
i1U

t�
i1 �m

2
t U

t
i2U

t�
i2�B

t
1	

�
;

fself
8 �

2
���
2
p
�sgseVtb

3�s sin	W

X2

i

Ub
i1U

b�
i1 B

s
1;

fself
9 � �fself

15 � �
2
���
2
p
�sgseVtb

3� sin	W�t�m2
t �

2

X2

i

�M~gmt�Ut
i2U

t�
i1 �U

t
i1U

t�
i2�B

t
0 � �tU

t
i1U

t�
i1 �m

2
t Ut

i2U
t�
i2�B

t
1	;

fself
10 �

���
2
p
�sgseVtb

3�s sin	W

X2

i

�M~gUb
i2U

b�
i1 B

s
0 � 2Ub

i1U
b�
i1 B

s
1	;

fself
17 �

���
2
p
�sgseVtb

3� sin	W�t�m
2
t �

2

X2

i

�M~g�m2
t Ut

i1U
t�
i2 � tU

t
i1U

t�
i2�B

t
0 �mt�m2

t Ut
i2U

t�
i2 � tU

t
i2U

t�
i2�B

t
1	:

To avoid the very long expressions, we define

 fvm �
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fv�m ;

as shown in Fig. 3, where
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