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Abstract. The QCD corrections to the top-quark pair production via both polarized and unpolarized gluon
fusion in pp collisions are calculated in the minimal supersymmetric model (MSSM). We find that the
MSSM QCD corrections can reach 4% and may be observable in future precise experiments. Furthermore,
we studied CP violation in the MSSM. Our results show that the CP-violating parameter is sensitive to
the masses of SUSY particles (it becomes zero when the c.m. energy is less than twice the masses of both

the gluino and the stop quarks) and may reach 1073,

1 Introduction

The minimal supersymmetric model (MSSM) [1] is one
of the most interesting extensions of the standard model
(SM). Therefore, testing the MSSM has attracted much
interest. As is well known, the MSSM predicts supersym-
metric (SUSY) partners to all particles expected by the
SM, and searching for their existence is very important.

Since the top quark was already found experimentally
by the CDF and DO Collaborations at Fermilab [2], we
believe that more experimental events including the top
quark will be collected in future experiments. That gives
us a good chance to study the physics in top-quark pair
production from pp or pp collisions with more precise ex-
perimental results. Because of the heavy mass of the top
quark, this process provides a test of the SM and possible
signals of new physics at high energy.

The dominant subprocesses of top-quark pair produc-
tion in pp or pp colliders are quark—antiquark annihilation
and gluon—gluon fusion. The lowest order of those two
subprocesses has been studied in [3]. There it was found
that the former subprocess (¢¢ annihilation) is more dom-
inant in pp collisions when the c.m. energy (/) is near
the threshold value 2m;, whereas the subprocess via gg
fusion will become increasingly important with increasing
c.m. energy, and can become the most dominant process
when the c.m. energy is much larger than 2m;,.

In [4], the QCD corrections to top-quark pair produc-
tion in pp collisions have been studied in the frame of the
SM. It may seem natural that the QCD corrections of
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those processes in the frame of the MSSM are important
for distinguishing those two models. Recently, the SUSY
QCD corrections to top-pair production via gg annihila-
tion were presented [5]. The SUSY QCD corrections via
unpolarized gluon—gluon fusion were given by Li et al. [6].

It is obvious that the correction from the SUSY QCD is
related to the masses of the top quark and of SUSY parti-
cles. Assuming the SUSY breaking scale to be at about
1TeV, the masses of SUSY particles would be smaller
than 1TeV. Therefore we can hope that corrections from
SUSY particles are significant, since the heavy mass of
the top quark (m; = 175.6 £ 5.5 GeV (world average))
may be comparable to some of the light SUSY particle
masses. Therefore the SUSY QCD correction would in-
directly give us some significant information about the
existence of SUSY particles.

Recently, the spin structure of the nucleon has been
intensively studied by polarized deep-inelastic-scattering
experiments at CERN and SLAC. Knowledge about this
allows us to find a clear signal beyond the SM, if we collect
enough events in the process of top-quark pair production
from polarized pp or pp collisions. In the SM QCD there is
no CP-violation mechanism, whereas in the SUSY QCD
the situation may be different. If we introduce a phase
angle of quark SUSY partners, we can get CP violation
in the MSSM QCD [7]. Once we get enough statistics of
top-quark pairs from pp or pp colliders at higher energy, it
will be possible to test CP violation. On the other hand,
the spin-dependent parton distributions can be obtained
from their polarized structure function data given in [8,
10,11]. There it is found that the shape of polarized gluon
and quark distributions in the nucleon depends on its po-
larization. Therefore the CP-violation effects through the
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process of top-quark pair production via gg fusion may be
observed in polarized pp or pp collisions.

In this work we concentrate on the SUSY QCD correc-
tions to the process pp — gg — ttX both in polarized and
unpolarized colliding beams. In Sect. 2 we give the tree-
level contribution to the subprocess gg — tt. In Sect. 3 we
give the analytical expressions of the SUSY QCD correc-
tions to gg — tt. In Sect. 4 the numerical results of the
subprocess gg — tt and the process pp — gg — ttX are
presented. The conclusion is given in Sect. 5, and some
details of the expressions are listed in the Appendix.

2 The tree-level subprocess

The graphical representation of the process g(A1, k1)
g(Aa2, k2) — t(p1)t(p2) is shown in Fig. la. The Mandel-
stam variables are defined as usual:

§=(p1+p2)? = (k1 + k2)?, (2.1)
t=(p1—Fk1)? = (k2 — p2)?, (2.2)
= (p1 — k2)* = (k1 — p2)?, (2.3)

0 § 4+t + 4 = 2m?. The amplitude of tree-level diagrams
with polarized gluons can be written as in [3] (a,b are
color indices of external gluons, i, j are colors of external
top quarks, and T% = \,/2 are the Gell-Mann matrices):

MY = g2ema(Ar, ket (Mg, ko )its (p1) T Vv (o),

2.4
(l = 87 t’ u)? ( )
with
s Tic‘fabc
re = JT[(KH — K2)guw + (2k2 + k1) ve
—(le =+ kg)y’yﬂL (25)
—iTe TP .
© = %%t(}% - 162 =+ mt)’yva (2'6)
—m?
:rb a
ro = 2o gy ey (2)
u—m? .

We chose a form in which only physical polarizations of
gluons remained:

Oxny A ntky +nvk!
ok AV ) — 1,A2 [ uv 4 %
€ ()\1,]61)6 ()\g,k‘z) 72 ( g7 + 7[[]] - kz
n2kl kY kign
_ ) i\g eTHPY wtp 2.8

R e nk) (2.8)

where n = k1 + kg and Ay » = 1. From that we can get
the cross section at the tree level with both polarized and
unpolarized gluons.

3 SUSY QCD corrections (non-SM) to the
subprocess gg — tt

3.1 Relevant Lagrangian in the MSSM

The difference between the MSSM QCD and the SM QCD
corrections stems from the interactions of SUSY particles.
Thus we can divide SUSY QCD corrections into a stan-
dard and a non-standard part. The Lagrangian density of
the non-SM part of the SUSY QCD interaction is written
as:

L =11+ Ly+ L3+ Ly, (3.1.1)

where

Ly = —ig, ALTS(d0,0f — @t0,d) + (L — R), (3.1.2)

Ly = —v26. T84 (3, PLd" @ + @ Priadl

= ik i o~ o~ (3.1.3)
9. PrA" @ — @ PLgaGR),
Ls = 95 fabed ™ Vug A (3.1.4)
Ly = 5o AL AL (G dn + GRar) 515

102 dapc AL AP (GETEE, + GETEG).

q stands for quark, ¢ for the corresponding squark, g for
gluino, and P, and Py for left and right helicity projec-
tions, respectively. The mixing between the left- and right-
handed stop quarks #;, and fg can be very large due to the
large mass of the top quark, and the lightest scalar top-
quark mass eigenstate t; can be much lighter than the
top quark and all the scalar partners of the light quarks.
Therefore the left-right mixing for the SUSY partners of
the top quark plays an important role. Here we only con-
sidered the SUSY QCD effect from the stop quark, be-
cause we assume that other scalar SUSY quarks are much
heavier than the stop quark and hence decoupled. Fur-
thermore, we introduce the phase angle ¢ in the stop
mixing matrix. Defining 6 as mixing angle of stop quark,
we have

i = e (£ cos O + fasin f), (3.1.6)

g = ei%(—t} sin @ + t5 cos ), (3.1.7)

where we suppose m;, < mg,.

3.2 Analytical results of the MSSM QCD corrections

The one-loop SUSY QCD correction diagrams are shown
in Fig. 1b. In the following we only present the ampli-
tude expressions of the s-channel and the t-channel. The
amplitude of the u-channel can be obtained from the ¢-
channel expressions by the following variable exchanges:
t < u, k1 < ko, (k1) < €> (ko) and T <+ T®. The one-
loop diagrams can be divided into three groups: the self-
energy diagrams of the gluon and the top quark shown in
Fig. 1b.1; gtt and ggg vertex correction diagrams shown in
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Fig. 1b.2; and box diagrams shown in Fig. 1b.3. The ultra-
violet divergence is controlled by dimensional regulariza-
tion (n = 4 —€). The strong coupling-constants are renor-
malized by using the modified minimal subtraction (MS)
scheme at charge-renormalization scale pgr. This scheme
violates SUSY explicitly, and the ¢4g Yukawa coupling g,
which should be the same with the ggqg gauge coupling
gs in supersymmetry, takes a finite shift at one-loop or-

g

TR | I

I 6‘ G\T\ . .
609 A ;:fm

oY

Fig. 1. Feynman diagrams at the tree level and one-loop level
in the SUSY QCD for the gg — t¢ subprocess. Figure 1(a)
Tree-level diagrams. Figure 1(b.1) Self-energy diagrams (for
top quark and gluon). Figure 1(b.2) Vertex diagrams (includ-
ing tri-gluon and gluon—top—top interactions). Figure 1(b.3)
Box diagrams (only ¢-channel). Dashed lines represent i1, s
in Fig. 1(b)

der. Therefore we take this shift to be between g, and
gs as shown in (3.2.1) into account in our calculation, so
the physical amplitudes are independent of the renormal-
ization scheme, and we subtract the contribution of the
false, non-supersymmetric degrees of freedom (also called
e scalars) [12]:

ag 2 1
=g 1+ 2520, - = 7 2.1
gs=y +47T(3CA 5CF) (3.2.1)
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where Cy = 3 and Cr = 4/3 are the Casimir invariants of
the SU(3) gauge group. The heavy particles (top quarks,
gluino, stop quarks, etc.) are removed from the pugr evo-
lution of s (p%); then they are decoupled smoothly when
momenta are smaller than their masses [13]. We define
masses of heavy particles as pole masses.

The renormalized amplitude corresponding to all
SUSY QCD one-loop corrections (as shown in Fig. 1) can
be split into the following components:

OM = 0Mg + 0 M, + d Myox + 0 My, (3.2.2)
where M, §M,, S Mpox and 6 My are the one-loop am-
plitudes corresponding to the self-energy, vertex, and box
correction diagrams and the decoupling part, respectively.
The M, stems from the decoupling of the heavy flavors
from the running strong coupling, and is given explicately
by (see also [12,13]):

2
Ng{)

SMy = Mo(2L)[ ) s

~—

%1 log(

7))

log(

2
+1log(48) + 4 ! log(4

@ m‘?“

3.3 Self-energy corrections to the amplitude

The amplitude of self-energy diagrams dM; (Fig. 1b.1)
can be decomposed into 6 M (gluon self-energy) and 6 MY
(top-quark self-energy), i.e

SM, = 5MY + SM?
= MY 4 608" ysmd™ 4 6MEY 1 sE™.
(3.3.1)

The amplitudes (SMf(S), (5Msg(t) and 5Msg(u) are for the s-,
t- and u-channel, respectively. They can be expressed as:

SME) = LM I (K2) + IT(k3) + 211 (s)],  (3.3.2)
oMY = LMD [T (k2) + T (K2)), (3.3.3)
SME = SMG T (D) + 1T (k). (3:3.4)

where My is the tree-level amplitude defined in (2.4).

H(kQ) = —%(TF(BO + 431 + 4321)[k, mfl 5 mgl]
+TF(BO + 4B + 4321)[l€, mg,, m{Q]
74CA(Bl + BQl)[k, mg, mg] — %CA)

(3.3.5)
where Cp = 4/3, Tr = 1/2 and Ca = 3 are invariants
in the SU(3) color group, and B; and B;; are Passarino—

Veltman two-point functions [14,15]. The definitions of
By, By and Bs; are listed in Appendix A. The amplitude

SME a®) is written as:

_s iTia TP B
e (k) (k) (p1) v,

(k2 — P2 + ) [ﬁkl(kz —p2)
X (2 — P2 4+ mi) v, 05 (p2).

SMIW =
(3.3.6)

Here we define

S(p) = Cr(HLPPL + HrpPr — HY P, — H3 PRr)op,
(3.3.7)
with AQ
HL = 897:2 1711‘331 [p, mg, mgl]
+(mz, = mg,, T — ys) (3.3.8)
+1(621, +62)),
Hy = ZowawaBalp,mg, s,
+(mg, — mg,, v — Y;) (3.3.9)
+1(6Z + 824,
Hf = 8@52 zax3mg Bo[p, mg, my, ]
—|—(m£1 - mg,, T; — Yi) (3.3.10)
+1imy(6Z1, + 8Z%) + omy,
~2
Hf = sezt12amg Bo[p, mg, my, |
+(m£1 — Mg, Ty — Yi) (3.3.11)

FLmy(0Zr + 021) + dmy,

where we abbreviate ¢ = ¢4, £1 = cosfe™'?, x5 = sin fe'?,
r3 = cosfe'®, xy; = sinfe '’ y; = sinfe %,
Yo = —cosfel?, y3 = sinfe'?, y; = —cosfe™'?, and 0 is
the mixing angle of stop quarks (see (3.1.6) and (3.1.7)).
The explicit expressions of the top-quark wave-function
renormalization constants have the following forms:

57, = — &5 (wrz3Re[ By — —(xlm — z923)Re[ By
+ m? (123 + xo14)Re[By]

— mymg (vams + T124)Re[By))[p, mg, mi, 22,

(3.3.12)
2
0ZR = —87r2 (vox4Re[B1] + m?(z123 + xow4)Re[B ]
— mymg(waws + w124)Re[By)) [p, mg, my, ]2z
(3.3.13)
A2
omy = 13;2 ((x1x3 + z224)mRe[B1]
— (SCQiEg + x1x4)m§Re[BO])[p7 mg, mgl] Ipzsz
(3.3.14)

We use the following abbreviations: B;’ij[p,ml,mg} =
OB, i[p, m1,ma]/Op?.

3.4 Vertex-corrections to the amplitude

The amplitudes for vertex diagrams can be expressed as:

OMY = gaerse (ky)e® (k)i (p) ADv; (p2), (1= s,t,u),
(3.4.1)
where
A = T4 [Aﬁsygp)(kukz)] Yo

—%[(lﬁ — k) p G + 2k + k1) g,  (3.4.2)

_(le + kQ)Vgup] |:AIC,7(”)(p1ap2)j|
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and

Al —

=t {0, (A% oy 1, 1 = 1) (B2 = o+ 1)

T8, 7 = o+ ma) (A ) (B2 = p2.2)] |
(3.4.3)
The functions /1231,93 and A7 ..y are listed in Appendix B.

3.5 Box corrections to the amplitude

The box-diagram corrections in the ¢-channel (Fig. 1b.3)
are given as follows:

s

box

= 2g2et (ky )" (o )0y (pr ) (TETTVT<) 15 Fy)
i fyea(TTTY) 5 Fpt
7facmfbmd(Tch)ijF;E€/3)
—[Te(TeT + TPT) T35 B Yo (po),
(3.5.1)
where f,p. is defined as [T%,T°] = if,.T¢. The form fac-

tors F;Styi) (¢ = 1-4) correspond to the kernel of the four
Feynman diagrams in Fig. 1b.3 respectively, and are given
explicitly in Appendix C.

3.6 Total cross section

Collecting all terms in (3.2.2), we can get the total cross
section:

0'()\1, /\2) = 0’0()\1, )\2)(1 + (50'(/\17 )\2))
+
= tomr S A pins|Mo]? + 2Re(MJ6M)),
(3.6.1)
where t+ = (m? — (1/2)s) & (1/2)s08;, Br = /1 — 4m? /s,
and the spin sum is performed only over the final top-
quark pair when we considered polarized gluons.

4 Numerical results

We write 6¢ for the Born cross section and & for the
cross section including one-loop SUSY QCD corrections
of subprocess gg — tt, and define its relative correction
as 6 = (6 — 6¢)/60. For polarized gluon fusions, 6,4,
6__ and 64 _ are the cross sections with positive, neg-
ative and mixed polarization of the gluons, respectively.
In order to inspect the CP-violating effects we introduce
the CP-violation parameter for the subprocess defined by
fcp = (644 —6__)/(644 + 6__). The possible SUSY
QCD effects in gg — tt should be observed in pp colliders.
By analogy we can also define the relative correction and
the CP-violating parameter for the process pp — gg — ttx
as § = (0 —09)/0o and {cp = (044 —0—_) /(044 +0-_),
respectively. The SUSY QCD contribution to the process
p(P1, 2)p(P2,y) — g9 — ttX (z and y are polarizations of
protons) can be obtained by convoluting the subprocess
with gluon distribution functions;

o(s) = [da1dzaG(z1, Q)G (22, Q)5 (5, as(p)),  (4.1)

with k1 = 1Py, ko = 2o Py and 7 = 2129 = §/s. G(2;,Q)
(i = 1,2) are gluon distribution functions of protons. We
take Q = ur = 2m,.

In order to get results of top-quark pair production
from polarized pp collisions, we need to consider the po-
larized gluon distributions in protons. The cross sections
of polarized pp — gg — ttX can be written as

o(z,y) = Dy ap=t [ dordzaGo (21, Q)

N . (4.2)

XGy}\Z (an Q)U)\hkz (87 Qs (”))7
where x and y are the polarizations of incoming protons,
and A\ and Ay are the polarizations of gluons inside pro-
tons. G (x,Q), G¥*2(z,Q) = GF(x,Q) for equal (+)
and opposite (—) polarizations, where G*(z,Q) and
G~ (z,Q) are polarized gluon distribution functions in the
proton.

We used the unpolarized proton structure functions of
Gliick et al. [9] in our numerical calculations. For the po-
larized proton structure functions, we use the evolution
equations of Gliick et al. [10] with input parameters from
the paper of Stratmann et al. [11] (next-to-leading order).
Since the structure functions belong to the least certain
inputs of our calculation, we checked the result against an-
other set, i.e. the polarized structure functions G*(z, Q)
of Brodsky et al. [8] (using leading order only). This tests
the stability of our results against the particular form of
the input structure functions. The two different sets of in-
put are compared in Fig. 2, which gives the relative SUSY
QCD correction (§) and Ecp versus c.m. energy +/s for the
process pp — gg — ttX. Though the SUSY QCD correc-
tions from the two sets of structure functions are not very
different for §, there is some noticeable change for cp.
Because £cp depends strongly on the c.m. energy of the
subprocess gg — ¢t (shown in Fig. 3b), a small modifica-
tion of the structure functions may lead to a large change
of £cp. Thus we can infer that the NLO-QCD calcula-
tion is required and the precise numerical prediction does
depend on the reliability of the structure functions.

The SUSY QCD relative corrections are about 2-4%
and decrease with increasing c.m. energy (see Fig. 2).
These correction effects are within reach of future pre-
cision experiments and provide a possible discrimination
of the SM and the MSSM effects. From Fig. 2c we can see
that the CP-violation parameter £cp can be 1073, There-
fore, CP violation in this process stemming from the SUSY
QCD can in principle be tested in future precision experi-
ments. That would help us to learn more about the sources
of CP violation.

In order to explore the effects of the SUSY QCD cor-
rection for future arrangements of optimal experimental
conditions, we also investigate the subprocess gg — tt.

The relative SUSY QCD correction and CP-violating
parameter versus c.m. energy (v/5) for different polariza-
tion gluons are plotted in Fig. 3a—c with mgz = 200 GeV,
mi, = 250GeV, m;, = 450GeV, and § = ¢ = 45°. In
Fig. 3a, 5++ and §__ are shown by a solid line and a
dashed line, respectively. écp as a function of c.m. energy
is depicted in Fig. 3b, and 3+, as a function of /3 is
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plotted in Fig. 3c. Each curve in Fig. 3a has an obvious
peak near the position of the threshold of top pair produc-
tion. That large enhancement is the combined effect of the
threshold, when /3 is just larger than 2m, = 350 GeV,
and the resonance when v§ ~ 2mg = 400GeV. The
small spikes around the position of v/ = 900 GeV, where
V5~ 2mg, = 900 GeV, also shows the resonance effect.
Although Fig. 3a shows that 5++ and d__ approach equal
values when the c.m. energy is far beyond its threshold
value 2m;, the quantitative difference between 3+_ and
3++ still exists in the whole energy range plotted in these
figures. Figure 3b also shows that écp will be zero if the
c.m. energy is below the threshold of SUSY particles in
the loop (i.e. V3 < 2mg = 400GeV in Fig. 3b. This is
reasonable because only beyond this point we can have

0 2000 4000 6000 8000 1000012000 14000
Js (GeV)

Fig. 2. a Relative corrections to polarized and unpolarized
cross sections of the tt production process in pp colliders as a
function of /s with input structure functions of Brodsky et
al. [8] (LO). b Relative corrections to polarized and unpolar-
ized cross sections of the tt production process in pp colliders
as a function of 4/s with input structure functions of Gliick
et al. [9-11] (NLO). In both a and b, the solid line is for the
MSSM QCD correction with unpolarized protons, the dashed
line is for the MSSM QCD correction with proton(+) pro-
ton(+) polarization, the dotted line is for the MSSM QCD
correction with proton(—) proton(—) polarization, and the
dot-dashed line is for the MSSM QCD correction with pro-
ton(+) proton(—) polarization. ¢ The CP-violating parame-
ter £cp as a function of /s. The solid line is for input struc-
ture functions of Gliick et al. (NLO), the dashed line is for in-
put structure functions of Brodsky et al. (LO) mz = 200 GeV,
myg, = 250 GeV, mz, = 450 GeV and 0 = ¢ = 45°

absorptive terms which give contributions to fcp. écp has
an obvious resonance effect in the regions around v/§ ~
2mg = 400GeV and V3 ~ 2m; (i = 1,2) = 500GeV,
900 GeV. We also find that the two stop quarks give op-
posite contributions to écp, and when their masses are
degenerate £cp will vanish. When the c.m. energy v/3 is
larger than 1TeV, écp will be near zero, because the con-
tributions from the two stop quarks will cancel each other.
Therefore a quantitative strong change of fcp as a func-
tion of c.m. energy can be an indication for the signals of
stop quarks and gluino.

&(+,+) and Ecp as functions of my are shown in
Fig. 4a and b, respectively. In Fig. 4 we take V§ =
500 GeV, m; = 100 GeV, m;, = 450GeV, and 0 = ¢ =
45°. We can see from Fig. 4b that {cp changes its sign
when my is near m; = 175 GeV. The curves in Fig. 4a,b
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again show the resonance effect when V5§ ~ 2mg =
500 GeV. Note that for each line there is a steep change

of the value of &(+,4) or écp around the position of
mg = 250 GeV.

Dependences of the relative correction d+4 and &cp for
the subprocess gg — tt on mg, are plotted in Fig. 5a,b.
5ii and éCP as functions of my, are shown in Fig. 6a
and b, respectively. In all parts of Figs. 5 and 6, we take
the common parameter set with v/ = 500 GeV, mg =
200 GeV and 6 = ¢ = 45°. In Fig. 5 we set m;, = 450 GeV,
whereas m;, = 100 GeV in Fig. 6. We find that {cp in fact
increases with mass splitting of stop quarks (i.e. mgz, —
mgz, ), and when mz; = mg,, €cp is equal to zero. The res-

onance effect of stop quarks, when v/§ ~ 2m;, (i = 1,2),
is superimposed on the curves in Fig. 5a,b and Fig. 6a,b
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Fig. 3. a Relative corrections to the cross section of the
tt production subprocess, 51+ as a function of /3. The
solid line is for the MSSM QCD correction with gluon(+)
gluon(+) polarization and the dashed line is for the MSSM
QCD correction with gluon(—) gluon(—) polarization. b The
CP-violating parameter éCP of the subprocess as a function of
V3. ¢ Relative corrections to the cross section of the subpro-
cess &r, as a function of v/3. mg = 200 GeV, m;, = 250 GeV,
mg, = 450 GeV and 6 = ¢ = 45°

around the positions of m; = 250GeV in Fig. 5a,b and
mg, = 250 GeV in Fig. 6a,b. Around those points the rel-
atively sharp changes of the values of £cp and the relative
corrections are shown in these figures.

Finally, the dependence of 644+ and &cp on the phase
¢ is shown in Fig. 7a,b. In Fig. 7, we take v/§ = 500 GeV,
mg = 200GeV, 0 = 45° and m;, = 150GeV. We find
that £cp is directly proportional to sin (2¢) and reaches
its maximum value when ¢ = 7 /4.

5 Conclusion

In this work we have studied the one-loop supersymmet-
ric QCD corrections to the subprocess gg — t¢ and the
process pp — gg — ttX. The calculations show that the
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Fig. 4. a Cross section of the tf production subprocess via
gg fusion, 6+ as a function of mg. The solid line is for the
MSSM QCD correction with gluon(+) gluon(+) polarization
and the dashed line is for the MSSM QCD correction with
gluon(—) gluon(—) polarization. b The CP-violating parameter
fcp of the subprocess as a function of mgz. m; = 100 GeV,

mg, = 450 GeV, V5 = 500 GeV and 0 = ¢ = 45°

SUSY QCD effects are significant. The absolute values of
the corrections are about 2-4%, so they may be observable
in future precision experiments. Furthermore, we find £cp
depends strongly on the masses of SUSY particles and can
reach 1072 when we take plausible SUSY parameters.

The results show that there is an obvious difference be-
tween the corrections for the protons polarized with par-
allel spin and those with anti-parallel spin. Hence there is
a possibility to study spin dependence in the frame of the
MSSM QCD.
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mass of stop1 (GeV)

Fig. 5. a Relative corrections to the cross section of the tt
production subprocess via gg fusion, 51+ as a function of mg, .
The solid line is for the MSSM QCD correction with gluon(+)
gluon(+) polarization and the dashed line is for the MSSM
QCD correction with gluon(—) gluon(—) polarization. b The
CP-violating parameter fcp of the subprocess as a function
of m;,. mg = 200GeV, m;, = 450GeV, v = 500 GeV and
0 = ¢ =45°

We also presented and discussed the results of the sub-
process gg — tt. We find that, when the c.m. energy passes
through the value 2mg or 2m;, (i = 1,2), the value of the
CP-violating parameter £cp changes considerably. If the
c.m. energy is less than both 2my and 2mg, (i = 1,2), cp
will be zero. If in future experiments a sharp change in

écp is found with v/ running from low c.m. energy to
high c.m. energy, it would be interpreted as a signal of
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Fig. 6. a Relative corrections to the cross section of the tt
production subprocess via gg fusion, 5.+ as a function of mg,.
The solid line is for the MSSM QCD correction with gluon(+)
gluon(+) polarization and the dashed line is for the MSSM
QCD correction with gluon(—) gluon(—) polarization. b The
CP-violating parameter fcp of the subprocess as a function of
mg,. mg = 200GeV, m;, = 100GeV and v/§ = 500 GeV and
0= ¢ =45°

SUSY particles. Furthermore, because the CP-violating
parameter écp is sensitive to the mass of the gluino (as
shown in Fig. 4b) and the mass splitting of stop quarks
mz, —mg, (as shown in Figs. 5 and 6), we can also get in-
formation on SUSY particles from precise measurements

of éCP-
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Fig. 7. a Relative corrections to the cross section of the tt
production subprocess via gg fusion, 51+ as a function of ¢.
The solid line is for the MSSM QCD correction with gluon(+)
gluon(+) polarization and the dashed line is for the MSSM
QCD correction with gluon(—) gluon(—) polarization. b The
CP-violating parameter fcp of the subprocess as a function
of . mz = 200GeV,m; = 150GeV, m;, = 450 GeV,V/5 =
500 GeV and 6 = 45°
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Appendix
A. Loop integrals

We adopt the definitions of two-, three- and four-point
one-loop Passarino—Veltman integral functions of [14,15].
1. The two-point integrals are:

27T 4—n
By }(pyma,ma) — 2T / d"q

{Bo; By im2

X

{15 93 quav }
l¢? = m3][(q +p)* —m3]’
The function B,, is proportional to p,:

(A1)

Bu(pam17m2) :puBl(p7 m15m2)' (AQ)

Similarly we define:
B;w = pupy321 + g/u/B22~ (A3)
We define B() = By — A, Bl = B; + (1/2)A and Bgl =
By — (1/3)A, with A =2/e — vy +log(4m), e =4 —n. p is
the scale parameter.
2. The three-point integrals are:

2mp)d—n

{CO; Cu; O;u/? C;uzp}(pa k,m1, ma, mS) = _%

y /dnq {1 90 0w 40045} _
[¢> —mil[(q +p)*> —m3][(q +p+ k)? —mi]

(A.4)

We define form factors as follows:
Cy = puCi1 + kuCra,
Cuv = pupvCo1 + kuky,Coa + (puky + kupu)Cos
+9u,Cou,

Cuvp = PupvppCs1 + Kk k,Cso
+(kupupp + Pukupp + Pupuk,)Cas
+(kukupp + ppkuky + kupuk,)Caa
X + (pugl/p + PvGup + ppguu)c%
+(kugvp + kv gup + kpguw ) Css.

3. The four-point integrals are:

(A.5)

{DO; Dm D;w? D/wp; Duupoz}(pv k,l,m1,ma, ms, m4) =

2,”“ 4—n
%/d”q{l;qu;ququ;quqqu;qﬂqupqa}

x {l¢> = mi][(q+p)* — m3]

(g +p+k)?=m3)[(g+p+k+1)*—mi]} (A6)
Again we define form factors of D functions:
D, =p.D11 + kD1 +1,D13,
D, = pupvDa1 + kukyDag + 1,1, Doz + {pk} i Daa
+{pl} D25 + {kl} 0 Dag + g Dor,

Dy = 0uPnuppD3s1 + kuknuk,Dag + 1ylnul,Das
H{kpp}pvpD3aa + {lpp} pvpDss + {pkk} uvp D3
+{pll} 0 p D37 + {lkk} v pD3s + {kll} 1 D39
H{pkl} e D310 + {pg} e D311 + {kg}uwpDai2
{19} uwp D313, (A7)
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where
{pk}uu = pp,ku + kuplu
{pkl}/wr) = pukulp + l/tpl/kp + k,u,luppa
{Pg}uwe = PuGvp + PvGup + PpGpu- (A.8)

The numerical calculation of the vector and tensor loop
integral functions can be traced back to the four scalar
loop integrals Ay, By, Co and Dy in [14,15] and the refer-
ences therein.

B. Vertex corrections

The 3-gluon-vertex can be written as (a, b and ¢ are the
color indices of the external gluons):

. 3
ASD ey y) = 122, {Tr(TbTCT“) [Af}ﬁ,,(kl,kz)]

i femn font poim L4g?p(k17k2)]};

(B.1)
the vertex functions A,(}V)p, Affy),, are expressed as follows:

Afﬁ,)p(kl, ko) = fl(a)gupklu + féa)guuklp
+f?§a)gl/pk2p, + fia)gul/ka
+f5(a)kluk1pk2u + féa)klukZkaM
+(mg, = mg,, i = yi),

(B.2)

where a = 1,2, and the fi(l),fi@) are given in terms of

the Passarino—Veltman functions with internal stop lines
(D

Gy’ (=

lines 01(3‘2)(: Cijl—k1, —k2, mg, mgz,mg]). For simplicity,

we abbreviate the definite part of C' integral functions (us-

ing the definitions of [14,15]) as follows: C_’SZ) = C’SZ) -4,

O = O + 1A, O = O + LA (a=1,2):

Cij[—k1, —ko,mz ,mz ,mz ]) and internal gluino

i = —8Cy)) - 8057,
£ = —ac) —sclh).
3 = 805,
£ = —ach) —scsp,
W —ucty) +1208) +8C5Y,
B =4cy) + 80y + 408 + 8y,
and

2 = —8m20§Y — 4m2C — 16C)
"HQECS;) - 86’;? + 6GC§§)
+8k1 ’ kQCS) + 16'1'{31 : kQCQ(? + 8]{31 . szé?,

£ = —am2cy - 8CS) + 6eCyy
+8CSky - kg +8CD ey - ko,
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féz) _ 4m20 _ 4m20(2) + 8612(?1)
—660(2) - 803(,? + 6eCY
2 2
+8k; - k2052> + 8k - kO,

(B.4)

P = —am2oy? —am2ofy) —sCfy
+6eCS2 — 8CY + 6eCSD)
48Ky - ko CD) 4 8Ky - kzcg? + 8k - ko CLD)

48Ky - kO,
;2=
1 = s

Similarly, the gtt vertex functions are composed of left-
handed and right-handed contributions plus a countert-
erm (we define a as the color index of the external gluon
and 14, j as colors of external top quarks):

—8C'2 —24c(2) — 16052,

2 2 2 2
@ 1602 —8cP — 16057,

A% ) (p1p2) = féfﬁz TE{(2CF — CA)(AE}L) (p1,p2)PL
+A0R (phpz)PR)
+Ca (/1# (pl,pz)PL
+A (o1, p2) Pr) }
+(mg, = mg,, i — yi) + AELCT).
(B.5)

The expressions for Aﬁbn), n = 1L, 1R, 2L, 2R are given as:

By + BV prys + b pay + b i
"'hén)%mu + hén)1’52pm

+h{" Popay + By

+h§)n)7#}62 + +hgg)7u751152-

Aftn) (pl,pQ) =

(B.6)
We define
3 3
C(() ))Ci(j) = Co, Cij[—p1, —p2, mz,, mg, mg, |
and
CO ’01(]4 CO»Cij[_pla_p27m57m£17m§]~
Then we arrive at hl(.”) as follows (i = 1,2,---,10):
hglL) = —2$2$402(i),
h$'Y = waaamy(C5Y +2C1Y),
hz())lL) = $2$3mg(0 (3 + QCS ),
W' = 2oy (CF + 301 4208, (B.7)

W' = g2, (CF + ) + 208 + 20,

hél ) = x2x4(C’(3) + 20(3))
h(71L) = .2321‘4(08) + QCég ),
hélL) _

BB ()

and

WY = oy (~m205Y — 2057 + eC5Y)
+x2x4p1(0ﬁ + Oéi‘ )+ 2$2$4P1P2(CS) + 02(?)

sasepd(Od + O,
M) = 2yl

h(QL) = 2x2m3m% C’S) ,

hz(izL = —2z214(C 11) + Cﬁ)),

hézL) = —2$21‘4

(B.8)
(Cfy + ),

hCY = —o,m,(C 4+ i),
(C

h(72L) —2x924 +C2 ),
héZL) = th) = x2x3m3084 ,

2L 4 4
hgo )= x2x4(0{1) - sz))

hZ(lR) and hl@R) can be obtained by exchanging z; < x2
and x3 <> 24 in hl(-lL) and hl@L) (i=1,2,---,10).
The counterterms are given by:

MY = —Cr % Tan, (670 + 7)) Py

(82 + 6ZR)PR} . (B.9)

The wave-function renormalization constants can be ob-
tained from (3.3.12) and (3.3.13).

C. Box corrections

Finally, we list the four form factors F; ti as given in (3.5.1)
in terms of Passarino—Veltman functlons First we define
F,?L and F,?R by:

FD = 12 Py F™ + iy, P
+p1u%F( 4 po, HF(MR)
o1 P+ pam B
ERV 27 2 SIS 39 i
+}é1p1up2uF( oy klpzypluF(tzR)
Yk FS™ 4 v fapon Fly
+%}{:1me1(3 ® 4 Yo kip2u 1(1 "
+p1up2VF1(?R) + PlupluFl(éiR)
+p2up1yF1(;iR) + klplupluFl(étsiR)
+}é1pzup2uF1(§iR) + p2up2uF2((§iR)}
Py — Py, FER — pL)y,

(k =1-20, i = 1-4).

(C.1)

In the following we only give the expressions for F,?R
(k =1,2,---,20 and i = 1-4). The expressions for F}-
can be obtained from F,ﬁiR by exchanging x; <> x2 and



474 Y. Zeng-Hui et al.: Top-quark pair production via polarized and unpolarized protons in the supersymmetric QCD

3 <> x4. Furthermore, the form factors in the u-channel

are given by

/w (k‘l,kmpl,pz) uu (k27k‘1,p1,p2) (C.2)

The expressions of F; ,SMR) (k =1-20) are as given below:

Fl(th) _ F2(t1R)

(C.3)

= 72x1x4ng£17) + 2x2x4mtD:(311)1

+2(x123 — wzm)mtDé%,

F§™ = 41y (D) — Di)).

F"Y = —daz,03(D) + D),

F ey (D + DY) — D).

FG(HR) = —41’1.’£3D§1123,

M = B = 901 24(DSY, — DY),

IR 1 1 1 1
A= i (1>D() <>Dé3) ?1)D§4) (1)
D3¢ + D3g’ — D3 + D3yg),

=4zix (D( )
+DSY) +2DLy) —
Fio™ = daiay(Dy) — Dig) + Dy

tIR tIR
:F1(3 ):F1(4 ):Oa

1
_Dgl)())’

F(th)

t1R
11 = Rt

12

FE = 4z 29my (DY) — DSY + DY

+DY) — DS + DY)
—4dz1z4mgz(Dy DM + Dgl) + D(l)

_ph +D<1) DY)
+4x2x4mt(D§1) (1) + D(l)
+D{y) + D) - Dé?

D) + DY + DS — 2D,

Fg™ = dayeam (= D3y + Dig) — Dy

+D57 — Dig + Diyp)
+4w1x4m§(Dﬁ) - Dy + DYy
~D3) — Dy + Dy
—4xawsmy (DY) — Dy — D) + Dig) + DY)
Dy — 2D + Dy — D +2D4iy),
F™ = daywgm, (DY) — DY) — wywamy (DY) — DY)
+4wzzamy(Di) — D7 + Dl — Diyy),

~ W 4 pm 4 ph
1 1
D~ D),

Fl(élR) _ 4$1$3(—D(1) 4 D( )
1 1 1
Dol +

Fi§™ = da125(—DS + D) — DSy + DY),

™ — tovaam-D3) - DY)
+4x1x4mg(D( ) + D( ))

Fasyrgm (DY) ~ DY) + D) — D),

where we denote D(l) Dl(jl),D(ll)C = D;, Dij, Diji[—p1,

kl; k27mga mtlvmtlamtl]

The expressions for F,itZR) (k = 1-20) are as follows:

Fl(tQR) = 2x113mt(D§27) + Dﬁ)?,) + 21311”4ng§27) (C.4)
—2wpwamy (D7 + D)),
F2(t2R) = 2x1x3mtD§1)3 + 2x1x4ngg7) 2$2$4mtD:(),21)1;

Fy*Y = dayas(~D57 — Diy + Di).

F™Y = dz125(DSY), — DY),

F(tQR) 8$1ZC3(D57) + Dél)l) + 2x1x3mg(D(2) + D(z))

+2z1wgm?(—~Dy} — DY — 2D§Y — DS
-D§) - DY - DY)

+2(x2m3 + $1$4)mgmt(D( )+ D(2))
—2wpuym3 (DY — D3 + DS — DY)
+dx123ky - pr(D; D3 ) + 2D(2) DZ(’EI))
tarrzghy - pa(DE 1 DE 4 DR+ DE))
—4z1T3p] - p2(D§3) + 2D(2) g?)7

Fﬁ(tzR) _ 2x1x3m§Dg)

+ D53 + D§3 + DY)
+2(zoxs + x1x4)mgmtD%)

+2wox4m? (D(Q) - D(2))

+dayzsky - p1(Dsy + DY)

+4x23k - pQ(Dg) + D(Z))

—4x123p1 'p2(D§3) + D§27)>
+8z123D),

—2x103mM7 (Dg?

F{*™ = 20,24(D + D)),

FétQR) = 2$1$3D§21)2,

2 2 2

7‘D56) + ‘D( ) Dél%)))

™ = anias(08]) - D)
HE = <

FE = 20y, (D2 + D~ D) + D)

+2z124m5 (D(z) + D(Q))

_2$2$4mt(D§1) - Dﬁ) D§21) - Déi))v
F(tm) = 211I3mt(D§3) Dé?)
+2x1x4ng§3)
—2z524my (D) — DY),
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FE — tovsn 02 D - D2+ 03 -
2 2 2
D gy
+4361$4mg(Dg) D§3) + D( - 55))
—dwyzamy(Dyy — DY + 2D(2)
2 9 2
_2D§5) + D:(’,4) - Dgs))a

F1(22R) _ 4.’171.Tgmt(D( ) DS)’) 4 D(2) 2D(2)
+D§g - D + DY)
+dxzamy(— D(z) - 2D§21)
+D) - DY + DY)
+4x2x4mt(D§ ) Dgz) + 2D§§)
Can@ + D2 D).

(tQR) = dxixzmy(— D§3) + D(Q) (2) + Dég))
Az zymg(—DZ — D(Z) + D<2>)

+4172934mt(Dé5) Dg? + D(2) D§21)0)’

t2R 2 2 2 2
FUR — 4p25(DE) — D — D@ + D)y,

Fl(gt)QR) _ 4:811'3(7D(2) +D(2) + D(Q) D:%)),

F(tZR) _ 4x1x3mt( Déd) +D(2) Déé) + Dgé))
+dyz4mg(~ DSy + DSZ))

tdaywamy(Dy) — Dyl + D57 — D).

where DE) ij),fo,)f = Dy, Dij, Diji[—p1, k1, —p2, mg,

mg,,mg,, mgl.

The expressions for F,gtSR) (k = 1-20) are written as:

Fl(tSR) = 2x1$3mt(D(3) + 2D:(3?i)3)

+r1z3mems (D(?’) + D( ))

—x1T3Mm; (D(B) + 2D(3) Dg) + DS)

+2D) + 2% — 2D§;°;>)

+2x1x4m9D27) + m1x4m3D(3)

—X1T4m; mg(D(S) + 2D(3) QDS)

+DY +2Df¥ —2D%Y))

+2mzx4mt(D§‘? +2D§}), — 2D{})

+x2x4mtm§(Dﬁ) Dg))

—zowam3(DYY — D) +2D5) 4+ 2D — 4D

+D{¥ —2p§) — 3D + 4D(3))

+2z133M1ky - pl(D(g) D(g) Dg‘? Déi)

b - D — DY + Df)

+2z134m5k 'Pl(DEB +D(3) 2D§?§)

D D) D) — b

+2mamamky - pr(DY) — D)+ DY 4 2D

D —3p® — p® _ p® 4 p® _ D:g)?g)

+2D‘3> +D§) —2D$))

+2x13m1 k1 'pz(—Dg) - DY) + D) — DY)

+214mghy - po(—DY3 + Dég) D(3))

+2wsmamiky - pa(DS) — DS — D) + DY
+D55) — Diin)

+2z1mgmips - pa(DYY + DS — DS + DY)

+2z124Mm5P1 ~p2(D§3) - D§3) + Dg?)

+2wswamips - pa(— DS + DY) + DS

+D55 — D5,

t3R) = —23}11‘4ng§?;) — 2.1311‘3mtD:(),3£)3

—2$2$4mt(D(3) + Dgﬂ D:(ﬁ?s)a

F;

F{"™™ = dzy25(DY) + 2D57) + DEY), — 3D})

+2m1x3m§( (3) + D(s) Dg))
+2x1x3m§(D§§> DS’ +2D) — p{¥
+2D{Y 4+ 3D{Y — 4DY)
fongmtngOs) — 2x1x4mtng((]3)
—229m4m3 (D( )4 D( ))
+dzywsks - pi (D) + DS — DS — DY)
~D§) + DY) — DY) + 2D§7) + DS — 2D
a3k - pa(— Dg? +D§) — DY
+D5; + D) — Dijy)
+4z173p1 pz(D(B) :(a?g) - QD:(;;))’
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FfSR) = 4x1m3D§31')2 — 2x1x3m§Dé3)
+2zy23m3 (DY + DY +2D53) —
—2x2x3mtng(3) — 2$1x4mtngé
—2x9x4m} (D(3) + D(3))

3
2D3)
3)

a1 z3ks - pr(~DSy + DY)
+dx1x3kt - p2(— Dé??;) +D(3))
+4x123p1 - P (Dé‘? - Dé?)v

F5(t3R) = 4aqx3(— Dﬁ)l + D§31)3) + 2x1x3m§D63)
—2z103M37 (Dg) + D(3))
+2$2$3mtmg(D(3) + D(S) Dg))
+2x1z4memg(Dy DS + D( ) Dg))
+2zpa4m2 (DY + 2D 3 — D) 4+ DS} —
+darzsky - pa(DSY — Dégé)),

3
DY)

Fﬁ(t?’R) 8x1x3D§?{)3 - 2x1x3m2D§?§)
20003 (D) + 20 + DY)

—ngxgmtngg)

3
—2D{))

2x94m] (Dg) Dé‘?)

p® — p®

7211x4mtng§3)
+darzgky - pr(DSy) —
+D$ + D) — D)
+4x1w3k1 - p2(— D:(z? +D(3))
+4z173D1 'Pz(Dé?é) - Dé?;))v
FP® = _dzyaa(DSY, — D)
+a1wsm2(D§Y — Dy + DY)
oD+ D DY -
+2D89 — 2D —2D§) + D)
canf) 2l 2ol
+(z223 + $1$4)mtm9D(3)
+Tozam3 (D(g) + D(3))
+2z123k1 - p1(— Dég) -
+2D( )+D( ) Dgfé)
ngi) + D<3) —2D5y) +2D)
2rrnghy (D) 4 DY 2D)
+2x1w3p1 - pz(D(3) Dé?é)

D3 + DY) + D) — DY),

3
Dy
ol

3
D5

Fs(th) = 2:1?1163(1)%3%) + D:(;?i)g - Digj)?))a
Fy™™ = 42125(DS) + DS — DS — D)

3 3 3
D§6) - Dés) + D:(sg) - D§1)0)a
F{Y = d2,23(DF) — D) — DS
3 3 3
_D:(as) + D:(%g) + Dig)l)O)?
F1(§3R) = 2z x3my(— D§5) + D(S))
+2z1x4mg(— Dﬁ) + D(3))
+2x0x 4y (— DL) DS) - DS)
+D§ + DY — D)),

F1(53R) = Qxlxgmt(D§3) + D(g)) + 2$1$4m§Dg)
+2332-754mt(D§2 - Dfé,) + DSL) - Dézé)%
Fl(;?’R) = 21311'3mt(Dg) - Dg) + Déi) - D%))
+22124mg(DY — DY)
+2z04my (DS} — DY)
D — P - p@® 4 piy,
3R
rig

= 72x1x3mt(D§§) + Dé?é))

—23:1954ng§§)

+2xowamy (— D§5) + D(B))

FEY = —dz1w3my (DY) — DS + DL
3 3 3
+D5) - D55’ + D)
+4zy24my(—DY — DY)
+p®) — D 4+ D(3))
+dzpwgm, (- DY + DIy
3 3
Dy - gy
~-D$) +20%) + DY)
3 3 3
-D§) - D) +2DS}),
3 3 3 3 3
T e b o
+dzyzamg(— D) + DY) + DY

_p® — ¥ 4 P
+4x2x4mt(D§1> ~ D) — DY + DY
+D§y — Dy — 2D
+D4) — D3 +2D),
Fl(;SR) B 4x1m3mt(Dg) + D(S) D( )Jr D(s))
+4m1x4mg(Dg) — D(B) + D( ))
sz (D) + DY — DY + D)),

FE® = dpy25(DS) — DS + DY —
-DS) + DY) + DY

3
D5y

3 3 3
oy~ oif + ol
3R 3 3
R = e (0 D)

3 3

DY+ DY)

F(t3R) — 4m1x3mt(D§?§) + D(3) ( )_|_ Dgz))
+4x1x4mg(D(3) + D( ))
+4xgx4mt(—D£3) + Dé?

3 3
— Dig + Di),

where Dz() D'Ej?))7Dz(323 = D Dzijmk[_plyklak%m{l?

mg, Mg, mg).
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The F,EMR) (k = 1-20) are written explicitly as:
FOAR) _ puR)

= 2 ((z123m¢(Ch1 — Ch2)
—|—x2m4th’12 - Z‘2$3mgCO)

[_pl,pl +P27mgam£1»m£1]),

(C.6)

FMY =0, (i=3,4,---20).
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