
China

China

PHYSICAL REVIEW D 1 OCTOBER 1996VOLUME 54, NUMBER 7
Top-squark mixing effects in the supersymmetric electroweak corrections
to top-quark production at the Fermilab Tevatron
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Taking into account the mixing effects between left- and right-handed top squarks, we calculate the genuine
supersymmetric electroweak correction to top-quark production at the Fermilab Tevatron in the minimal
supersymmetric model. The analytic expressions of the corrections to both the parton level cross section and
the total hadronic cross section are presented. Some numerical examples are also given to show the size of the
corrections.@S0556-2821~96!02019-X#
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I. INTRODUCTION

The top quark has been discovered by the Collider Det
tor at Fermilab~CDF! and D0 Collaborations at the Fermilab
Tevatron @1#. The mass and production cross sectio
are found to be 17668(stat)610(syst)@199221

119(stat)
622(syst)] GeV and 6.822.4

13.6(6.462.2) Pb by CDF@D0#
Collaboration. The comparison of the theoretical calculati
of the top-quark production cross section with experimen
results is necessary in the test of the mechanism by wh
top quarks are produced. Within the framework of the sta
dard model~SM! the next-to-leading-order calculation fo
the QCD processes was completed several years ago@2#.
Recent works@3# has extended those results with the inclu
sion of the exact orderas

3 corrected cross section and th
resummation of the leading soft gluon corrections in all o
ders of perturbation theory. The cross section was predic
to be s t t̄ (mt5176 GeV)54.7920.41

10.67 Pb @3#. The latest re-
sults given by Berger and Contopanagos@4# was
s t t̄ (mt5175 GeV!55.5220.45

10.07Pb. The one-loop electroweak
corrections to the cross section were found to be only a f
percent@5#. Therefore, the results of theoretical prediction
the SM are almost consistent with the experimental resu
within the region of the errors.

Since the corrections to top quark production cross s
tion above 20% are potentially observable at the Fermil
Tevatron, it is tempting to calculate the radiative correctio
arising from the new physics beyond the SM. In the minim
supersymmetric model~MSSM!, the Yukawa correction@6#
and supersymmetric QCD correction as well as the to
squark mixing effects in supersymmetric QCD correction@7#
were calculated. The genuine supersymmetric electrow
corrections of orderamt

2/mW
2 which arise from loops of

chargino, neutralino, and squark, have also been calcula
by us in Ref.@8# and its erratum@9#, where we neglected the
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mixings between left- and right-handed squarks and assu
the mass degeneracy for all squarks. In such a simple c
the analytic results were quite simple and the numerical s
of the corrections could not reach the observable level
squark mass heavier than 100 GeV. However, due to
possible significant mixing effects between left- and righ
handed top squarks, which is suggested by low-energy
pergravity models, and is completely general@10#, the mass
splitting between the two mass eigenstates of top squark m
be quite large. The supersymmetric electroweak correcti
may be sensitive to top squark mixing effects.

In this paper, taking into account the mixing effects b
tween left- and right-handed top squarks, we present
genuine supersymmetric electroweak correction to top-qu
production at the Fermilab Tevatron in the minimal supe
symmetric model. In Sec. II, we briefly overview top-squa
mixing. In Sec. III, we give the analytic expressions of th
corrections to both the parton level cross section and the t
hadronic cross section. In Sec. IV we present some num
cal examples to show the size of the corrections.

II. TOP-SQUARK MIXING

The mass matrix of top squarks takes the form@10#

2Lm5~ t̃ L* t̃R* !S m
t̃ L

2
mtMLR

mtMLR m
t̃ R

2 D S t̃ Lt̃RD ,
m

t̃ L

2
5M

t̃ L

2
1mt

21cos~2b!~ 1
22 2

3 sin
2uW!MZ

2 ,

m
t̃ R

2
5M

t̃ R

2
1mt

21 2
3 cos~2b!sin2uWMZ

2 ,

MLR5mcotb1AtM̃ , ~1!

where M
t̃ L

2
,M

t̃ R

2
are the soft supersymmetry-~SUSY-!

breaking mass terms for left- and right-handed top squa
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m is the coefficient of theH1H2 mixing term in the super-
potential,AtM̃ is the coefficient of the dimension-three tri
linear soft SUSY-breaking termt̃ Lt̃RH2, and tanb5v2 /v1 is
the ratio of the vacuum expectation values of the two Hig
doublets.

The mass eigenstates of top squark are obtained by

S t̃1t̃2D 5RS t̃ Lt̃RD 5S cosu sinu

2sinu cosu D S t̃ Lt̃RD ~2!

and the masses oft̃1,2 are given by

RM
t̃

2
RT5S mt̃ 1

2
0

0 m
t̃ 2

2 D . ~3!

The expressions ofu andm
t̃ 1,2

2
are given by

tan2u5
2MLRmt

m
t̃ L

2
2m

t̃ R

2 , ~4!

m
t̃ 1,2

2
5 1

2 Fmt̃ L

2
1m

t̃ R

2
7A~mt̃ L

2
2m

t̃ R

2
!214MLR

2 mt
2 G. ~5!

For sbottoms, since we neglect the mixing between le
and right-handed sbottoms, we have

m
b̃1,2

2
5m

b̃L,R

2
5mb

21M
b̃L,R

2
6cos~2b!~TL,R

3 2Qbsin
2uW!MZ

2 ,

~6!

whereTL,R
3 52 1

2, 0 andQb52 1
3. M b̃L,R

are the soft SUSY-
breaking mass terms for left- and right-handed sbottoms.

III. ANALYTICAL EXPRESSION OF THE CORRECTION

At the Fermilab Tevatron, the top quark is dominant
produced via quark-antiquark annihilation@11#. The genuine
supersymmetric electroweak correction of orderamt

2/mW
2 to

the amplitude is contained in the correction to the vertex
top-quark color current. The relevant Feynman diagrams
shown in Fig. 1 in Ref.@7#. The Feynman rules can be foun
in Ref. @12#. In our calculation, we use dimensional regula
ization to regulate all the ultraviolet divergences in the vi
tual loop corrections and we adopt the on-mass-shell ren
malization scheme@13#. The renormalized amplitude for
qq̄→t t̄ can be written as

M ren5M01dM , ~7!

whereM0 is the amplitude at the tree-level anddM is the
correction to the amplitude, which are given by

M05 v̄~p2!~2 igsT
Agn!u~p1!

2 igmn

ŝ
ū~p3!

3~2 igsT
Agm!v~p4!, ~8!
-

gs

ft-

ly

of
are
d
r-
r-
or-

dM5 v̄~p2!~2 igsT
Agn!u~p1!

2 igmn

ŝ
ū~p3!dLmv~p4!.

~9!

Here, p1 ,p2 denote the momenta of the incoming partons
andp3 ,p4 are used for outgoingt quark and its antiparticle.
ŝ is center-of-mass energy of parton level process.dLm

stand for the genuine supersymmetric electroweak corre
tions to the vertex of top-quark color current, which are
given by

dLm52 igsT
A

g2mt
2

32p2mW
2 sin2b

@gmF11gmg5F21kmF3

1kmg5F41 iknsmnF51 iknsmng5F6#, ~10!

where smn5( i /2)@gm,gn# and the form factorFi are ob-
tained by

Fi5Fi
c1Fi

n , ~11!

where Fi
c and Fi

n arise from chargino and neutralino dia-
grams, respectively.Fi

c are given as

F1
c5 (

j51,2
Vj2Vj2* @c241mt

2~c111c21!1~ 1
2 B11mt

2B18!

3~mt ,M̃ j ,mb̃!#, ~12!

F2
c5 (

j51,2
Vj2Vj2* @c241

1
2 B1~mt ,M̃ j ,mb̃!#, ~13!

F3
c5 1

2 mt (
j51,2

Vj2Vj2* ~c2122c23!, ~14!

F4
c5 1

2 mt (
j51,2

Vj2Vj2* ~c2114c2224c23!, ~15!

F5
c52 1

2 mt (
j51,2

Vj2Vj2* ~c111c21!, ~16!

F6
c52 1

2 mt (
j51,2

Vj2Vj2* ~c111c2122c1222c23!, ~17!

where the functionsci j (2p3 ,p31p4 ,M̃ j ,mb̃ ,mb̃) and B1
are the three-point and two-point Feynman integrals@14#.
The chargino massesM̃ j and matrix elementsVi j depend on
parametersM ,m,tanb, whose expressions can be found in
Ref. @12#. B0,18 are defined by

B0,18 ~m,m1 ,m2!5
]B0,1~p,m1 ,m2!

]p2 U
p25m2

, ~18!

Fi
n are obtained by

Fi
n5Fi

t̃ 11Fi
t̃ 21Fi

s ~ for i51,2!, ~19!

Fi
n5Fi

t̃ 11Fi
t̃ 2 ~ for i53,4,5,6!, ~20!

F1
s andF2

s are given by
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F1
s5(

j51

4

$ 1
2Nj4Nj4* @B1~mt ,M̃0 j ,mt̃ 1

!1B1~mt ,M̃0 j ,mt̃ 2
!#1mt

2Nj4Nj4* @B18~mt ,M̃0 j ,mt̃ 1
!1B18~mt ,M̃0 j ,mt̃ 2

!#

1mtM̃0 jNj4Nj4sin~2u!@B08~mt ,M̃0 j ,mt̃ 2
!2B08~mt ,M̃0 j ,mt̃ 1

!#%, ~21!

F2
s5(

j51

4
1
2 Nj4Nj4* cos~2u!@B1~mt ,M̃0 j ,mt̃ 1

!2B1~mt ,M̃0 j ,mt̃ 2
!#, ~22!

Fi
t̃ 1 are given by

F1
t̃ 15(

j51

4

$Nj4Nj4* @c241mt
2~c111c21!#2sin~2u!Nj4Nj4mtM̃0 j~c01c11!%, ~23!

F2
t̃ 15(

j51

4

Nj4Nj4* c24cos~2u!, ~24!

F3
t̃ 15(

j51

4

@ 1
2 mtNj4Nj4* ~c2122c23!1 1

2 sin~2u!Nj4Nj4M̃0 j~2c122c11!#, ~25!

F4
t̃ 15 1

2 cos~2u!mt(
j51

4

Nj4Nj4* ~c2114c2224c23!, ~26!

F5
t̃ 15(

j51

4

@2 1
2 mtNj4Nj4* ~c111c21!1 1

2 sin~2u!Nj4Nj4M̃0 j~c01c11!#, ~27!

F6
t̃ 152 1

2 cos~2u!mt(
j51

4

Nj4Nj4* ~c1122c121c2122c23!, ~28!
where ci j (2p3 ,p31p4 ,M̃0 j ,mt̃ 1
,mt̃ 1

) are the three-point

Feynman integrals@14#. The neutralino massesM̃0 j and ma-
trix elementsNi j are obtained by diagonalizing the matri
Y @12#. Giving the values for the parameter
M ,M 8,m,tanb, the matrixN andND can be obtained nu-
merically. Here, the parametersM ,M 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 a grand unified theory, we have the relat

M 85(5/3)(g82/g2)M . Fi
t̃ 2 are given by

Fi
t̃ 25Fi

t̃ 1usin~2u!→2sin~2u!,cos~2u!→2cos~2u!,mt̃ 1
→mt̃ 2

.

~29!

The renormalized cross section for parton level proce
qq̄→t t̄ is given by

ŝ~ ŝ!5ŝ01Dŝ, ~30!

with

ŝ05
8pas

2

27ŝ2
b t~ ŝ12mt

2!, ~31!
x
s

ion

ss

Dŝ5
8pas

2

9ŝ3
b t

g2mt
2

32p2mW
2 sin2b

@ 2
3 F1ŝ~ ŝ12mt

2!12F5mtŝ
2#,

~32!

whereb t5A124mt
2/ ŝ.

The hadronic cross section is obtained by convoluting the
subprocess cross sectionŝ i j of partonsi , j with parton dis-
tribution functionsf i

A(x1 ,Q), f j
B(x2 ,Q), which is given by

s~S!5(
i , j

E
t0

1dt

t S 1S dLi j
dt D ~ ŝŝ i j !, ~33!

with

dLi j
dt

5E
t

1dx1
x1

@ f i
A~x1 ,Q! f j

B~t/x1 ,Q!1~A↔B!#. ~34!

In the above the sum runs over all incoming partons carrying
a fraction of the proton and antiproton momenta
(p1,25x1,2P1,2), AS51.8 TeV is the center-of-mass energy
of Fermilab Tevatron,t5x1x2, andt054mt

2/S. As in Ref.
@3#, we do not distinguish the factorization scaleQ and the
renormalization scalem and take both as the top-quark mass.
In order to compare our results with the Yukawa corrections
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in Ref. @6#, we use the same parton distribution function as
Ref. @6#, i.e., the Morfin-Tung leading-order parton distribu
tion function @15#.

IV. NUMERICAL EXAMPLES AND DISCUSSION

In the numerical examples presented in Figs. 1–3,
fixed M5200 GeV,m52100 GeV, and used the relatio
M 85 5

3(g82/g2)M to fix M 8. Also, we assumed
M t̃ R

5M t̃ L
5M b̃L

which depend on sbottom mas

mb̃[mb̃1
as in Eq.~6!. For tanb and the mixing paramete

MLR , we restrict them to the range tanb.0.25 @6#,
MLR<3mb̃1

@16#. Other input parameters aremZ591.188

GeV, aem51/128.8, andGF51.16637231025 ~GeV! 22.
mW is determined through@17#

mW
2 S 12

mW
2

mZ
2 D 5

pa

A2GF

1

12Dr
, ~35!

where, to orderO(amt
2/mW

2 ), Dr is given by@18#

FIG. 1. The plot of relative correction to the hadronic cro
section vs sbottom mass, whereMLR51.5mb̃ .

FIG. 2. The plot of relative correction to the hadronic cro
section vs tanb, whereMLR51.5mb̃ .
in
-

we
n

s

r

Dr;2
aNCcW

2 mt
2

16p2sW
4 mW

2 . ~36!

The relative correction to the hadronic cross section as
function of sbottom mass is presented in Fig. 1 fo
tanb50.25 and tanb51, respectively. Since the correction
is proportional to 1/sin2b, the size of correction for
tanb50.25 is much larger than the corresponding correctio
size for tanb51. In the rangemb̃,150 GeV, the correction
is very sensitive to sbottom mass. The correction can
either negative or positive, depending on sbottom mass. F
mb̃.200 GeV, the correction drops to about zero size, sho
ing the decoupling behavior of MSSM. Each plot in Fig.
has a sharp dip, which occurs at the threshold po
mt5mb̃1M̃ j . The chargino massesM̃1,25(230,100) GeV
for tanb50.25 andM̃1,25(220,120) GeV for tanb51, thus
the threshold point locates atmb̃576 GeV for tanb50.25
andmb̃556 GeV for tanb51.

Figure 2 shows the dependence of the relative correct
to the hadronic cross section on the value of tanb for sbot-
tom massmb̃5100 GeV and 150 GeV, respectively. The
correction is very sensitive to tanb in the range tanb,1.
When tanb!1, the correction size gets very large since it
proportional to 1/sin2b.

Figure 3 is the plot of the relative correction to the had
ronic cross section versus the top-squark mixing parame
MLR . The corresponding neutralino masses in this figure a
~122, 115, 77, 229! GeV and chargino masses are
(230, 100) GeV. The starting pointMLR50 corresponds to
no-mixing case, at which top-squark masse
mt̃ 1,2

5mt̃ L,R
5(213, 216) GeV and the mixing angle

u50. AsMLR increases, the mass splitting between two to
squarks increases. AtMLR5200 GeV, top-squark masses
mt̃ 1,2

5(103, 285) GeV and the mixing angleu50.775. The
two sharp dips in the plot correspond to two threshold poin
at about MLR5200 GeV and 230 GeV, at which
mt5mt̃ 1

1M̃0 j .

So, from Figs. 1–3 we found that only for tanb,1 and
mb̃,150 GeV the correction size may exceed 20%. F
tanb>1 ormb̃.150 the correction size can only reach a fe

ss

ss

FIG. 3. The plot of the relative correction to the hadronic cros
section vs the top-squark mixing parameterMLR .
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percent. In Ref.@6#, the Yukawa correction from the SUSY
Higgs sector to the hadronic cross section was found to
very small for tanb51, on the order of one percent, and onl
for minimum value tanb50.25 the correction can be abov
10% but never exceeds 20%. Therefore, the genuine su
symmetric electroweak corrections are comparable to
Yukawa correction from the SUSY Higgs sector.

In conclusion, we presented the analytical expression
the genuine supersymmetric electroweak corrections of or
amt

2/mW
2 to top-quark pair production at the Fermilab Teva

tron with the consideration of top-squark mixing. Numeric
examples showed that only for tanb,1 andmb̃,150 GeV
the correction can exceed 20%. In the most favorable ca
these supersymmetric corrections, combined with Yuka
corrections of the Higgs sector and also SUSY QCD corre
be
y
e
per-
the

for
der
-
al

se,
wa
c-

tion, are potentially observable at Fermilab Tevatron an
could be used to place restrictions on MSSM.

Note added. After we finished this paper, we saw a similar
report~hep-ph/9605419! by J. Kim J. Lopez, D. Nanopoulos,
and R. Rangarajan,@Report No. hep-ph/9605419~unpub-
lished!# which has some overlap with this work. As pointed
out in their paper, their results are in agreement with ours.
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