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1 Introduction

The flavor dynamics, such as the mixing of three generation fermions and their large mass
differences observed, is still a great mystery in particle physics today. The heaviest one of
three generation fermions is the top quark with the mass close to the electroweak (EW)
symmetry breaking scale. Therefore, it can play a role of a wonderful probe for the EW
breaking mechanism and new physics beyond the standard model (SM) through its decays
and productions. An important aspect of the top quark physics is to investigate anomalous
flavor changing neutral current (FCNC) couplings. Within the SM, FCNC is forbidden at
the tree-level and highly suppressed by the GIM mechanism [1] at one-loop level. All the
precise measurements of various FCNC processes, for example, b — sv [2], agree with the
SM predictions. However, many new physics models allow the existence of the tree-level
FCNC couplings, and may enhance some FCNC processes. In particular, the minimal
supersymmetric standard model (MSSM) is one of the most popular new physics models.
And it is hard to believe that this model will say no more about the flavor dynamics than
the SM. The MSSM includes 105 free parameters beyond the SM: 5 real parameters and
3 CP-violating phases in the gaugino/higgsino sector, 21 squark and slepton masses, 36
new real mixing angles to define the squark and slepton mass eigenstates, and 40 new
CP-violating phases that can appear in squark and slepton interactions [2], so in general,
it can provide a new explanation of the source of FCNC couplings. Actually, many of the
parameters are constrained by present experimental data, and some popular SUSY mod-
els, for example, the gravity-mediated supersymmetry broken model (SUGRA) [3], gauge
mediated supersymmetry broken model (GMSB) [4], anomaly mediated supersymmetry
broken model (AMSB) [5], gaugino mediated supersymmetry broken model (gMSB) [6]
and Kaluza-Klein mediated supersymmetry broken model [7], make some ad hoc assump-
tions to reduce the number of independent parameters. Although the predictions of these
models can agree with the present constraints from FCNC experiments, it should be noted
that few experimental constraints on the top quark FCNC processes are available so far
[2]. Since the CERN Large Hadron Collider (LHC) can produce abundant top events, the

measurement of the top quark rare processes will become possible. Therefore, a good un-



derstanding of the theoretical predictions of these processes, especially within the general
unconstrained MSSM framework, is important. And a careful investigation will provide
some clues to the constraint relations among the supersymmetry (SUSY) parameters and
more clear information about the SUSY breaking mechanisms.

The top quark FCNC processes have been investigated in detail. There are two cate-
gories of these investigations, one of which is the top quark FCNC decays [8], especially
for t — cg [9, 10] and ¢ — ch [11] in the MSSM. These results show that the branch ratio
of t — ¢g can reach 107 [10], which enhances the one in the SM (~ 107'!) significantly.
The other category is the top quark productions through FCNC processes [12]-[17], ones
of which induced by the anomalous top quark FCNC couplings at the colliders have been
extensively discussed in a model independent way [12]-[16] and model dependent way [17],
respectively. As we know, most of the works within SUSY models are limited in some
constrained MSSM, where the top quark FCNC couplings were studied through some
SUSY-CKM matrices or mass insertion approximation [18]. However, it is interesting to
study the top quark FCNC productions using soft SUSY broken parameters directly, and
then establish some relations between the production cross sections and soft SUSY broken
parameters in the mass eigenstate formalism [19, 20]. Actually, the general framework
with SUSY FCNC mechanisms was presented several years ago [21], and there have been
a lot of works studying SUSY FCNC processes within this framework [19, 20]. But the
top quark SUSY FCNC production processes have not been studied in above framework
so far, and this means that the relations between the observables of the top quark produc-
tion processes and the mixing among up squarks involving the third generation have not
been established yet. In this paper, we will investigate the single top quark productions at
the LHC induced by SUSY FCNC couplings in the general unconstrained MSSM, which
include the top quark productions associated with the anti-charm quark and the anti-up
quark, and we believe that it is an important step towards revealing the top quark SUSY
FCNC couplings and exploring some relations among SUSY broken parameters at the
LHC.

The paper is organized as follows: In Sec. 2 we describe the general framework of



SUSY FCNC mechanisms. In Sec. 3 we evaluate the total production cross sections of
the pp — té(u) process induced by SUSY FCNC couplings, and the detail expressions for
various couplings and form factors are given in the Appendices A and B, respectively. In
Sec. 4 we present our numerical calculations and discussions. Finally, Sec. 5 gives our

conclusions.

2 The FCNC in the MSSM

In order to make our paper self-contained, we start with a brief description of the FCNC
mechanism in the MSSM, as shown in Ref. [21], and establish our notation conventions.

The SUSY part of the MSSM Lagrangian is
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Here the subscript G represents color, weak isospin and supercharge indices of the SM
gauge group SU(3)¢ x SU(2)L x U(1)y, respectively, a and b are the indices of adjoint
representations of the non-abelian subgroups, and I, J = 1, 2, 3 are the generation indices.
¢, ¥ and X represent scalar fields, matter fermion fields and gauginos, respectively. C'
is charge conjugation matrix. L'(Q') and EL(UL, DL) represent slepton(squark) SU(2)
left-hand doublets and right-hand singlets, respectively. H'? represent two Higgs SU(2)

doublets, and their vacuum expectation values are

V1 v cos 3 0 0
<H1> _ V2 = V2 : <H2> _ = . : (3)
0 0 V2 vsin 3
V2 V2

where v = (vV2Gr)™Y/? = 246 GeV, and the angle 3 is defined by tan 3 = v, /vy, the
ratio of the vacuum expectation values of the two Higgs doublets. p is the Higgs mixing

parameter.



The soft SUSY breaking Lagrangian is
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Here M§, M{ , and Ay p are the soft broken SU(2) doublet squark mass squared ma-
trix, the SU(2) singlet squark mass squared matrix and the trilinear coupling matrix,
respectively.

Using 3 x 3 unitary matrices VL]”?I’.%U’D, the lepton and quark mass eigenstates are given

by

v = VLE\Ile, u = VLU\I/Ql + VgC@T

U
I = VP, + VECOUE, d = VPU, + VPCOUT,
Their corresponding diagonal 3 x 3 mass matrices are
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v sin
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As in the SM, the Cabbibo-Kobayashi-Maskawa (CKM) matrix is K = VZV,” 1.

It is convenient to specify the squark mass matrices in the super-CKM basis, in which
the mass matrices of the quark fields are diagonalized by rotating the superfields. The
super-CKM basis U° is defined as

ViU,
VE U

And in this basis, the up squark mass matrix is 6 x 6 matrix, which has the form:

M2 = (M%)LL“‘FuLL“'DuLL (M%)LR“‘FuLR 0
' (M%)TLRﬂL (Furr)' (M%)RR“‘FuRR‘I’DuRR

The F terms and D terms are diagonal 3 x 3 submatrices, which are given by

FuLR: _M(muCOtﬂ) ]137 FuLL :FuRR :mi ]137 (8)
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where 0y is the Weinberg angle, 15 stands for the 3 x 3 unit matrix. And (M[%)LL, (ME)RR

and (M2)pr contain the flavor-changing entries

(M) = VMRV (M2)re = VE (M3)"VET,  (MZ)1r = =222V ARV, (10)

which are directly related to the mechanism of SUSY breaking, and are in general not
diagonal in the super-CKM basis. Furthermore, (Mlzj) LR, arising from the trilinear terms
in the soft potential, is not hermitian. The matrix M2U can further be diagonalized by an

additional 6 x 6 unitary matrix Z;; to give the up squark mass eigenvalues
diag
(M2)™ = Zj M2 2. (11)

As for the down squark mass matrix, we also can define M% as the similar form of
Eq. (7) with the replacement of (M2 );s (I,J = L, R) by (M2);;. Note that since SU(2),,
gauge invariance implies that (M2),, = K(M?2), K7, the matrices (M2)., and (M2)Lp,
are correlated and cannot be specified independently.

Thus, in the super-CKM basis, there are new potential sources of flavor-changing neu-
tral current: neutralino-quark-squark coupling and gluino-quark-squark coupling, which
arise from the off-diagonal elements of (MZ2)rr, (MZ)Lr and (MZ)gg. As the former
coupling is in general much weaker than the latter one, in this paper, we only consider
the SUSY-QCD FCNC effects induced by the gluino-quark-squark coupling, which can

be written as
iv2g,T° {_(ZU)IZ'PL + (ZU)(1+3)2'PR] I,i=1,2,3. (12)

Here P, p = (1F75)/2 and T* is the SU(3) color matrix. Thus the flavor changing effects
of soft broken terms Mg, M and Ay on the observables can be obtained through the
matrix Zy.

As mentioned in the introduction, most of previous literatures studied the FCNC
processes in the MSSM by so-called mass insertion approximation [18]. However, when

the off-diagonal elements in the up squark mass matrix become large, the mass insertion



approximation is no longer valid [19, 20]. Therefore, we use the general mass eigenstate
formalism as described above, which has been adopted in the literatures recently [10, 19,
20]. So any effects of SUSY FCNC couplings in loops on various observables will provide
some information of the SUSY breaking mechanism.

In practical calculations, because the squark mass matrix /\/l?] is a 6 x 6 matrix, it
is very formidable to calculate the effects arising from the matrix on the observables
of FCNC processes. Thus, as shown in Ref. [10, 19, 20], it is reasonable to calculate
the observables by only switching on one off-diagonal element in (Mf]) LL» (M[%)LR and
(Mé) rr at a time. For the aim of this paper, the following strategy in the calculations
of the process pp — té(u) will be used: first we deal with the LL, LR, RL and RR block
of the matrix M?] separately and in each block we only consider the effects of individual
element on the production cross sections, and then we investigate both the interference
effects between different entries within one block and the interference effects between
different blocks. To simplify the calculation we further assume that all diagonal entries in
(MZ)rr, (MZ) LR, (MZ)Rr and (MZ)gg are set to be equal to the common value Mgygy,

and then we normalize the off-diagonal elements to M3y [19, 22],

-- (M2)7 . (MZ)r
(6oL = —2—=, (0 )RR = —5—,
v MS2US'Y" v MS2USY
ij (M2)7? i (M2)%, L
(5[?)LR = Mg LR 5 (5J)RL = Mg L ) (7' % 1t = 17 273) (13)
SUSY SUSY

Thus (M) L1, can be written as follows:

1 (0 (07)LL
(Mng)LL = Mgysy (3N 1L 1 3 | (14)
(08 (0F)Le 1

and analogously for all the other blocks.



3 The process pp — tc(u) induced by SUSY FCNC
couplings

The process pp — té(u) at the LHC can be induced through the SUSY-QCD FCNC
couplings with the initial partonic states u@, dd, s3, c¢, ué, ¢t and gg, as shown in Fig.1.
Our practical calculations show that the contributions from the bb, b5 and sb initial states
are negligibly small, so we do not discuss them below. As the tu process is completely
similar to the t¢ one, here we only discuss the situations of ¢¢ in detail. Neglecting the

charm quark mass, the amplitude of the process gg — tc¢ can be written as
Mgg = Mggf + Mverte:c + Mbox? (15)

where M7, ;; M7, and M}9, are the amplitudes of self-energy diagrams Figs.1(a)-(e),
vertex diagrams Figs.1(f), (g) and (h) and box diagrams Figs.1(i)—(0), respectively. They

can be further expressed as

self Z f Mgg (16)
verte:c Z f Mgg (].7)

and
Mio, = Z fM (18)

respectively. Here f!, f! and f} are form factors corresponding to the self-energy diagrams,
vertex diagrams and box diagrams, respectively, and their expressions are given explicitly

in Appendix B. M?Y are the standard matrix elements, which are defined by



910 = u(p)e(kr) - €(k2) Pr,rv(pe),
£(ky) ky £(k2) Prro(pe),
£(kr) £(k2) Prrv(pe),

£(k1) Faky - e(ke) Prgo(pe),
£(kv)pe - €(k2) Prrv(pe),
£(kr) Fapy - €(k2) P rv(pe),
£(k2) fiks - (k) PLro(pe),
£(k2) Fapy - €(k1)Prro(pe),

Fape - €(k2)pe - €(k1) Pr.rv(pe), (19)

where kj 2 denote the momenta of incoming partons, while p, and p. are used for the
outgoing top and anti-charm quarks, respectively.

For the quarks initiated subprocesses, we also define the standard matrix elements as



135 = (k) Py Frv(pe)u(py) Ps fu(ky),

55 = (k) P pru(ky )t(pe) P frv(pe),

15 = 0(k2) Paryuv(pe)i(pe) Pay"u(ky),

T2 = (pe) Pau(ka)v(pe) Pav(ky),

T = (pe) Patt(k2)(pe) Ps v (k)

({gjaﬁ u(ps) P foru(ka)v(pe) Pov(ky),

Tis = W(py) Po fru(ka)0(pe) Py v (ky)

145 = WD) Payuu(ka) 0(pe) Poy v ky ), (20)

where («,8)=(L,L), (I,R), (R,L) and (R,R), respectively. And the amplitude for the

quarks initiated subprocesses can be expressed as

qu = Z Z glaﬁMwﬁ? (21)

i=1 a,8=L,R

where the ¢®? are form factors which can be fixed by the straightforward calculations of
the relevant diagrams. However, the Feynman diagrams contributing to the subprocesses
with the different initial states can be different. We first describe the amplitude of the
subprocess c¢ — t¢, which has the largest set of Feynman diagrams, i.e. all diagrams in
Fig.2, and the explicit expressions of the non-zero ¢°*” of each diagram can be found in
Appendix B. In Table 1 we list all other channels that can contribute to t¢(u) production
and their related Feynman diagrams, and their corresponding form factors can be obtained
from ones of c¢ — t¢ by modifying some couplings as shown in the Table.

The partonic level cross section for kKA — t¢ is

AR & I & K 7
t= /f, Tors M i (22)

with

R mi+mi—5 1 /= A
foo= TS g D6 = (net ma)(5 = (me = m)?), (23)

where v/5 is the c.m. energy of the k) (gg or ¢'q) states. The total hadronic cross section

for pp — kKX — t¢ can be written in the form

1 dL
o(s) = dz—6" k) — t¢ at § = 2%s). 24
ORI M ) (24)
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channel related diagrams in Fig.2 form factors

utl — tu by, ba, bs, by, v1, Vo, V3, Vg, S1, S2, S3, S4 géaﬁ(VM(R) A V4L(R))

il — té 9% (Vsiry < Varw))
b17b27b37b47vl7v2781782 .

¢ — ti 9% (Vsrry < Varm))

uc — tc géaﬁ(‘/éL(R) — V4L(R))
bl,bQ,bg,b4,U3,U4,$3,S4 .

ci — tu 95 (Vspiry < Varw))

il — te 95 (Vsriry < Vanm)
b17 b27 b37 b4 .

ué — ta 9% (Vsrr) < Var(w))

s5 — to(a) 9, Vo) < Vo))
_ by, bz, V1, V2, 51, 52 .

dd — te(u) 9% (Vsriry < Varw))

Table 1: The form factors of other channels obtained from ones of c¢ — tc. Here, Vi (r)

are defined in the Appendix A. The subscript p represents the corresponding diagram.

Here /s is the c.m. energy of the pp states, and dL/dz is the parton luminosity, defined

as

dL 1 d
PP /22 ?xfn/p(% 1) (2 /2, 1), (25)

where f./,(2, 1) and fy/,(2?/x, ) are the k and A parton distribution functions, respec-

tively.

4 Numerical calculation and discussion

In the following we present some numerical results for the total cross section of the single
top quark production induced by SUSY-QCD FCNC couplings at the LHC. In our numer-
ical calculations the SM parameters were taken to be m; = 174.3 GeV, My, = 80.423 GeV,
My = 91.1876 GeV, m. = 1.2 GeV, sin?(fy) = 0.23113 and a,(My) = 0.1172 [2]. And
we used the CTEQ6L PDF [23] and took the factorization scale and the renormalization
scale as pr = p, = my/2. The relevant SUSY parameters are p, tan 3, Mgyusy and mg,

which are unrelated to flavor changing mechanism, and may be fixed from flavor conserv-
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ing observables at the future colliders. And they are chosen as follows: Msysy = 400, 1000
GeV, tan 3 = 3,30, myz = 200,300 GeV and p = 200 GeV. As for the range of the flavor
mixing parameters, (), are constrained by corresponding (6%).; [19, 22, 24, 25], in
which (0{?)1r also is constrained by K-K mixing [26], and Dy-Dy mixing makes con-
straints on (6;7)rr, (677)rr and (677)rr [27). And (63N, (622)rn, (031 )rr and (622)rr
are constrained by the chargino contributions to By-B,; mixing [24]. Finally, there also
are constraints on the up squark mass matrix from the chargino contributions to b — sy
[19, 28]. Taking into account above constraints, in our numerical calculations, we use the
following limits:

(i) (0 1L, (67)r and (6{7) gy are less than 0.08 Msysy /(1 TeV);

(i) (6{?)rr and (6?)1r are limited below 0.2Mgysy /(1 TeV);

(iii) (62)rr, (03 Lr, (0F)rL, (033 )RR, (05)LRs (052)RL and (6{7)rRr vary from O to 1.

Our results are shown in Figs. 3-10. There are two common features of these curves:
one is that the cross sections increase rapidly with the mixing parameters increasing, and
the other is that the cross sections depend strongly on the gluino mass mg, but weakly
depend on tan 5 (so we just discuss the results for tan 3 = 30 below). Comparing with
above cases, the dependence on Msygy is medium.

Fig. 3 shows that in general the production rates of gluon fusion processes are several
times larger than ones of the ¢¢’ annihilation, and these rates all depend strongly on the
gluino mass my. For example, assuming (6{?),z = 0.7 and tan 8 = 30, the production
rates of gg — tu decrease from 700 fb at mg; = 200 GeV to 70 fb at mz; = 500 GeV.

Fig. 4 shows the dependence of the cross sections on the (67%) in the LL block. For
tan 3 = 30 the cross section of t¢ production can reach around 12 fb when (6%).; = 0.7,
Mgsysy = 400 GeV, and my = 200 GeV, as shown in Fig.4(b), but for tu production it
is one order of magnitude smaller. The production cross sections arising from (6;7)rz,
are less than 1 fb as (6;7)zr, is limited below 0.2Mgysy/(1 TeV), so we do not show the
corresponding curves here.

Figs. 5 and 6 give the cross sections as the functions of (§?) and (67) in the RR block,

respectively. We can see that the cross sections of tu production are larger than ones of
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tc production for the case where (6}?)rr # 0 and all the other mixing parameters are set
to be 0, and in contrast with this case, the cross sections of t¢ production are larger than
ones of tu production for the case of (6%°)rr # 0. For example, assuming tan 3 = 30,
Msuysy = 400 GeV, and my; = 200 GeV, the cross sections of ¢¢ and tu productions
are 12 fb and 1fb for (67*)gr = 0.7, respectively, but 2 fb and 13 fb for (6*)rr = 0.7,
respectively.

Figs. 7 and 8 show the dependence of the cross sections on (6;7) and (%) in the LR
block, respectively. We can see that the cross sections are much larger than ones arising
from the mixing in the LL. and RR blocks, which indicates that the SUSY FCNC effects
induced by the mixing in the LR block can enhance the cross sections significantly. For
example, for tan 8 = 30, Mgysy = 400 GeV, and my; = 200 GeV, the cross section can
reach 643 fb for (6%*)Lr = 0.7, and 75 fb for (6;?)Lr = 0.7, as shown in Fig.7(b) and 8(b),
respectively. Here we see again that the production cross sections of ¢t¢ and tu depend
strongly on (07%)rr and (6}?)rr, respectively. The cases of the RL block are similar to
ones of the LR block, so we do not show them here. From Figs. 7 and 8 we can find that
the production rates may be as large as a few pb for favorable parameter values.

In the above discussion for Figs. 3-8, we only show the results for mg; = 200 GeV and
Mgusy = 400 GeV, and the corresponding results for other cases (mz; = 200 GeV and
Mgusy = 1000 GeV, mz = 300 GeV and Mgysy = 400 or 1000 GeV) decrease significantly,
but they are still remarkable and vary from a few fb to hundreds of fb.

In Figs. 9, we give the results to uncover the interference effects between different
entries within one block and between different blocks for t¢ production. Figs. 9(a)-(b)
show the typical interference effects between (6;7)rr and (07)rz within the LR block
and between (6;?)rr and (6%°)gr within the RR block, respectively. Figs. 9(c)-(d) show
the interference effects between the LL and LR block and between the LL and RR block
for the typical parameters, respectively. In general, those interference effects enhance
the cross sections. And the interference effects for tu production are very similar to the
case of t¢ production and are shown in Fig. 10. Although the interference effects do not

change the cross sections of single top quark production at the LHC significantly, the

13



consideration of them is of importance to reveal the details of flavor changing mechanism.

Finally, for convenience, we list some typical results in Table 2.

subprocess  (07*)  (0i7)rr (08" )rr  (00")Lr  (0F))Lr

gg — ti 0 14.4 0 650.4 0
qq — tu 0.2 4.7 0.2 124.1 12.6
gg — tc 11.0 0 10.5 0 633.0
qq — te 1.6 1.8 1.5 74.5 10.0
total 12.8 20.9 122 849.0  655.6

Table 2: Cross sections in fb for the t¢ and tu productions. Here tan 5 = 30, Mgysy = 400
GeV and my = 200 GeV, the off-diagonal element in the table equals to 0.7 and others

are set to zero.

5 Conclusions

We have evaluated the t¢ and tu productions at the LHC within the general unconstrained
MSSM framework. These single top quark productions are induced by SUSY-QCD FCNC
couplings and have remarkable cross sections for favorable parameter values allowed by
current low energy data, which can be as large as a few pb. It has been pointed out
[13] that the top quark FCNC production signals are more accessible than the top quark
FCNC decay signals. And according to the model independent analysis in Ref. [14], it is
possible to observe FCNC effects through single top quark productions at the LHC. Thus,
our above results show that once large rates of the t¢ and tu productions are detected
at the LHC, they may be induced by SUSY FCNC couplings, and such flavor changing
must come from the LR or RL block, which is related to the soft trilinear couplings Ay .
Therefore, we believe that the precise measurement of single top quark production cross

sections at the LHC is a powerful probe for the details of the SUSY FCNC couplings.
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A Couplings

Here we list the relevant couplings in the amplitudes. i, j stand for generation indices and

r, s stand for color indices.

Vi = —igT* Vo= —gsfabe Vi = —igs fabe (26)
Vi = —i\/igsTst?gi ‘/ZLR:i\/?QSTfSZgi (27)
Vie = —iV29.T5Z8 Vig = iV29. T 7 (28)
Voo = —iV20.T5Z8 Ver = iV29.T5 74, (29)
Ve = i/293(1/30a + dancT*) (30)

B Form Factors

This appendix lists all the form factors in the amplitude of various subprocess of pp — tc,
in terms of 2,3- and 4-points one-loop integrals [29]. For convenience, we define the

abbreviations of one-loop integrals as following:

B* = B(s,m},m?)
B = B(t,m},m})
B' = B(0,m},m})
BT = B(mf,mg,mé)
BY = Bit, m?], mg)
B™ = B(u,m},m3)
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Below we display the non-zero form factors for the gluon fusion subprocess (we only

display the odd number form factors, and the even number ones can be obtained by the

replacement of V,;, < Vg and Vi1, < Vg correspondingly). For self-energy diagram (see

Figs.1(a)—(e)), fi are:

fs

11
s

13
s

1
mim2s(m? —t)
+m Vi (= BimgmisViVs, 4+ (mi — t)(mgm, B§Vsg

t(WL(mgm?tBS‘/i‘/%L(é“Vl + (t —m;)V3)

—BIm}Vs,)(sVa + tV3) + mistViVsg BY))) (31)
1 2
mi’w%(m? — t)t (V;lL(_mt(mt - u)‘/l(mgmthV}!R

—Bim; Vi) (uVs — sVi) — miVi(mg BiuVs, ((u — m7) Vs

—sVa) + myusVi(By mgmi Vs, — uVsrBT")))) (32)
1 mgBiVAVsL  mgBEVLR Vs,
— (V- V4 g—0 90
87?2( Vi mt —m3 + meu — my
_I_‘/I(Bgm?%L — mgmyBiVsr) N Va(BimiVs, — mgmB{Vsg)
mu m2t
Vi(tVsrBY — B§mzm:Vsy,) n Vi (uVsp BT — B()”mgmtVsL))) (33)

t(t —mg) u(u — mg)

1
mim2s(m? —t)
~ Bl Van) (Vs — $Vi) — m2Vi (g BlaVin(u — m2)Vs — 5V5)

(%R(—mt(mf - U)Vl(mgmth%L
t

+mysVi (B mgmVsg — uVs.BY")))) (34)

sy AVan(2mgm (5 Vs = BV)Var = (m = w)(BVaam]

—mgm; B{Vsr, + mgm; BiVsg) Vs — 2misViVs BT")) (35)

o (36)
1

16m%7r2t(t . m%)(m% _ u) (VZIR((m? - u)‘/l‘/é(Blllm?V})R — mgmng%L)

+m Vi(mg (Bf (mf — w)(s + w)Vi + (mf — )t(By'Vi — ByVa)) Vsr
+mViVar (t(t —m{)BY")))) (37)

For vertex diagram Figs.1(f), (g) and (h), the non-zero form factors f; are:

fl

1
8m2st(t — m7)
—(B§Va — 2CyVa + 205 Vi — (s +u)(ClyVa — O V1)) Vag)

(Var (stVi(Comgmy VaVsr,

17



f3

f5

f9

+(mi — t)(Vsp (t((—Com} + Com + Bf — 2Co0 + C1m; ) Va

—2C5V1)Vs + sVi(Va(Bf — 2C5 + miCT) — 2ViCly))

—mgmVaVsp(CotVs + sV1C5)))) (38)
1

8m2su(u — m3)
+Vs1(u(2CHVA — (—Com? + Com? + By — 2Cog + Cym7) Vo) Vs

(Var((m§ — w)(mgm, VaVsr(CouVs — sVACY)

+sVi(Va(Bg' — 2Cg + m{C3) — 2ViCHy))) — suVi(mgm(CYVa + CTVA)Vag

+((BJ* — 2CH + CYyu)Va + 2C5, Vi — ClouVy)Visg))) (39)

1 208, ViVsr  Va(Cimgm, Vs, — B§Vsg + 2C4,Vsr)
g2 (V1Var( 7 + 7

T t—mj my —t
+V1(—m§mtV5LCf — 205 Vsr + C1,VsR)

m? —u
Va(CYmgmy Vs, + (By' — 208 + Cfyu)Vsr)
2
mi; —t

1
== (VilmgmuVsrCy* + V., (2C55 — tC +mi (CF + O + C1)))

L Ve(Vsr(By" — 2G5, +miC3) — mgmiVsrCi) _ 2ViVsrCio
u u

5 (Valmam Vo5 + Von (B = 205 +1C = mi(Ciy + CR)))) (40)
1
8m2su(u — m3)
—(BVa — 2Ch + 2C5 Vi) Vsg) + (mi — u)(mgm, VaVsg(CouVs — sVACE)

(VZLL(SU‘/I (mgthg‘@%L

+Vs1(u(2C5HVA — (—Com? + Com? + By — 2Cog + Cym}) Vo) Vs

+sVi(Va(Bg' — 2G5 + m;C3) — 21 C))))) (41)
1 1
L (Ve
167r2( 4R(s(mf — u)
—2060‘/1)‘/5L -+ mgCgu‘/g%R)

(2sV3 (my(—By'Va + 2CH, Vs

+(m? — u)(mz(ComiVa + Cyt — u) Vs
+(t —u)(C1Va = (CF + CF + C5)Vi)) Vs,
—H’I’lt(—BgVQ + (2000 + Co(mg — mq)(mg + mq) + (011 + Clg)(t — u)

—Ci(s+2u))Va + 205 Vi + (Cf + Cy + CH) (t — w)Vi)Vsr)Va)
+2V1V2(mtu‘/},RC§ — mgu%LCg))) (42)

u

18



11
v

13
v

15
v

17
v

19
v

21
v

23
v

25
v

1 1 0 T 2
1672 (Var( (m? —u)(m? —t) (V1 (2(—=(C5y + Cgo)my

+Cot + Coou)ViVag + Va(mgmy(CH(mi — t) + Co(mi — w)) Vs

+(=(By" = 2C8) (mif — t) + 2Cg0(my — u) + Bf(u —mi))Vsr))) +

1
(Vi (Va(Var (t (V5" — 2G50 + myC5) + u(Bf — 2Cg) + myuCt)

—mgmVsr(tCqy + uCy)) — 2ViVsr (uCpp + tCél’o))))) (43)

161 2 (W‘QR(—Qm;QCOO_VluVSL +mzVoCyVsr, — Comg(;;_uz%vm

g (Ve B = 2C) Vi

—mgCuVsg)) + ‘2mtV1,‘g/}’RC(% — m;VaVsrCy

+%(V2(mg(8 +u)Vs,.C5 — mi Vsr(B§ — 2C5 + (s +u)CY))))) (44)

—mmm(c{m%m — mCViVar

+mg((Cy + C5)Va + C5V1)Vig)) (45)

= Va5 + uVA(Claba = CEViVir (46)

+(mi — )ViVer (VaCly + V1C1))) (47)
1

m (Var(uVi (C1zmtV2V5L miCP, ViV

+mg((Ch + Co)Va + C5V)Vsg) + (mf — )Vi(mg Vs (ViCY — Va(CF + C3))

+mVsr(Va(CH, + O3 + C%) + Vi(Cla + C5 + C3,))))) (48)
1

m(vﬂﬁm(mt(cﬁ% - CpV1)Vsr

+mg((C§ + CT)Va + C1V1) Vsr)) (49)
1

m(%((mt u)Vi(mgVsr (Va(C§ + CF) — VACY)

—nVan(Va(CP + Gl + C) + Va(C5 + G5y + C3)) — VA (mi(ChaVi
—CV1) Vst +mg((CF 4 CT)Va + C1V1)Vig))) (50)
1
42s(m? —t)t

+mg((Ch + CH)Va + CoV1)Vag) + (mf — ) (t(mg((Cy + Co)Va
—(Cd + Cf + CHV Vs, +my((Cy 4 Oy + Cha) Vs

(VZLR(StVi(C o VoV, — miC,ViVsg,

+(C+ CL + CLVL ) Vag) Vs + sVi(mg Vi (ViC¥

19



27
v

29
v

~V3(C5 + CF)) + mVan(V(CE + Ol + Cl) + V(G5 + Gy + CR)))) - (51)
1

o (Vin(sVi(ms Vo (ViCY = Va(C + C3)
FmVn(Va(Chh + 5 + C) + Vi(Cly + O + C)))

—u(mg((Cy + Ca)Va — (C§ + CF + C§)Vi)Vsr, + my((Cy + Oy

+Ci2)Va + (CF + Cfy + C15) Vi) Vr) V3)) (52)
1 X X

m(‘@z((m? — )Vi(mgVsL(Va(CF + CF) — V1Y)

—m, Vsr(Va(CFy + C3F + C%) + Vi(Cy + CY + C%))) — uVi(Clam, VaVsr,

—mCHViVar + mg((Ch + C3)Va + C5V1)Vig))) (53)

And for box diagrams Figs.1(i)—(0), all form factors f; are non-zero:

Iy

1y

1 S S S
—@(VM(CEJ[ + Cf — 2Dy + 2DGgy + 2D803 — 2D55 + (D13 + Djz)u

+(Dfy + Dis + Dia(s + u) + Dis(s +u)

+D§mi)Vsr, — Dimgm;Vsg)Vy

+(2Dhos + C3" — 2Djys + Digu) ViV Va + 2(Dfgs + Dios — D) ViVsr)) (54)
5 Vis(C] — O — € — Cf — 2D, — 2D,

8?2
+2(Dgo1 + Doz — (D13 + Dig)u) + (=D
+Di3 — D3, + D3g)u — Di3(s + u)
+Diy(t — 5))Vsr + mgmy(—D{ + D} + D3)Vsg)Vy
+‘/1((_2Dl002 + Dé(mﬁ - mﬁ) + Dime + CF + 2Dggp + Dézu)VSL

—DlymgmVsg)Va + 2(— Doy + Digyy + Digey)V2Var)) (55)
1
82

(Var(((Cf + Cf + Cf + Cf + 2D§y — 2Dfy, + 2D

+Dist + Diyt) Vs, — mgmy (D3

‘I‘D;)VsR)Vf + Vl((QDé(n + 2Déo2 + (Dl1 + Dlz)(mi - m?}) - (Dln + Dl12)m?
+Cg + €3 — 2(Dgyy + Do) — (Dl12 + Déz)u)vﬂ

+(D + Dy)mgmuVag) Ve — 2(Dioz + Diy) Vi* Vi) (56)
#(‘/A‘L((mémtDS%R — (Cf + 2D§y, + 2Dz + 2Dy

20



11
b

13
b

15
b

17
b

19
b

21
b

23
b

25
b

—2(2D§y + Dioy + Digy + Dios) + Dsu)Vs)Vy

+2(_D602 - D603 + D ot D002 + D303V1V:5LV2

_2(Dgo + ng + Dgoz + D003 — Dy — Dy — Dty — Digis)ViiVisi))
1

1672
—4(Dky + D2V, + 4(Dly + DiYVE + CaV;)

(Var(mgVsr(2(C{ — 2(D§y + D§y) — Dgu) Vi

+my Vsp(—2(—(D5 + D)ym? + Cf + € — 2Dy,2D%y, + 2D,
+Doy + m; (D5 +2D3) — Dyu — Dim; Vi — 4(Déo

— Dy — Doy )ViVe + 4(D(];0 + D001 + D002 — Dy )\Vi — C{Va))))
1

= (aVau (Va((CY + C§ — 4Dfy — 4Dy + Dju+ Dit)Vi,
—mgmi(D§ + D) Vi) — 2<Déo + Djy)VaVa))
1

1672
—mgwé‘ — C§ — Dis — Dis — (D§ + Dg)u)VaVir))

32 (V2V21R( mgD3ViVsy, + myDsViVsg + Va(mg(D§

+D3 + D§ — D3) Vs, — my(Diy + D3 + D3 + D3, + D33 + Di3)Vsr)))
1
5 (((C2 + CF 4+ 2D§, + 2Dfgs + 2(Djy + Digs) + mhDis — Dia(s + 1)

o+ D5+ D3, + Dig)u+ (DY, + Dj + Diy(s +u)

DéOl + 2l)OO2 Cm - QDSLO - 2l)(f)LOI - 2l)(T]L02

S (VaVir(mu (DY, + DS + D$y — D)V + (DT + D7, 4+ D7)V Vig

—(Dy
—(2
+(DYy + D + Dy )u)ViV + 2(Dioy + D) V) Var Vir )
1
—

—mg((Dg + D§ + Dy + D3)Va + (Df + DT + D3)Vi)Vsr))

o2 5 (VaVin(m(DIV; = (D + D + DY)V + DyVi)Vag + (Dl +
D3y + D5 + D + D3y + D3g)Va + (Diy + Dy + Dy, + Dis)Vi)Vsg))
1
8 2
—(D} 4+ Dy)Vi)Vsr, — my((— D35 + D + D3, + D33)Vy

== (VaVar(m;((Dg + D3 + Df + D3)Va

+(DY + DY, +2D%, + Dty + DL+ DL, 4+ DL )Vi)Vig))
1

_ﬁ(WR(mg((Dg — D§, — Dis + D3q)Vy

21

(VaVar(mi((C{ + Cf + CF + 2D%, + 2Dy — Dyu)Va + 2D4 Vi) Vig

(65)



27

29
b =

31

33

35
b =

+(Di5 + Dby + D3y + D) ViVa +

(D, + D35 — Dy)V3) Vs,

+my((Dfyy + Digs + DYy + Doy + Diyg + D3s — D53V

+(Dl33 + Dips — Diss — Dins)ViVa

+(D122 + D123 + D22 + D222 + D223 + D23 + D123)VE’>2)‘/5R))

1
47 2

2 (Var((mg(=D7 —

Diy + D7+ Diy + D5 + D3,)Vy,

+my (DY 1y + Dipy + Dy + D1y + Diyy)Vsr) Vs + Vl(mg(Dlm + D,

+D%y + Dy + D3,)Vsy, + my(Diyy + DYy + Diyy — Diys

n
_D12 —

‘|‘D{22 + DYl + Di5)m:Vsr)))

s

—my(Dfyy + Dy + Doy —

2

(VER((mg(Dg + D3y + D3 + Ds5,) Vs

DYyy)Vsr)Va + ‘/12((D{2 — DYy — D35)mgVsr, + (D{m + D{2

D30)Vsr) Vs + Vl(mg(Dlll

+2D%, + DL, + DT + DT, 4 2D%, + Dy 4+ D3,)Vsr

‘l‘mt(Dln + Dl111 + 2Dl112 + D 12+ D122
—-Dr, —

+<D{22 + D§2 + D§22 + D{22 -

1

D1n22)V5R)V2

Dy, — Diyy — 2D7,
— VZ((Dhy + Diz)mgViy

Di)miVsg)))

472 —5(((Df12 + Di15 + Diy + Disy + 2D753 + Di3 + Dis3

s
_D113 -

s s s s s
2D123_D13_D133_D23_D223_

Dig)Vy'

+(D}y3 + Dhy + Dy — Dy — Diyy — Diys)Vi Vi

+(D{1o + Di13 + Diy + Dipy + 2D{os + D{ + D{33 — DY}y — 2D7,

m m
_D13 - D133

1

— Diyy — D3y — D)V ) Var Vi)

12 — (((Dfy + Dy + Doz + D3 + D3 + 2D35 + D35y + 2D55s

+2Dfy + Ds3 + Djo3 + Dis + D3yg + D3g + Digs)Vy — (Digs 4+ Dy

+D133 + D223 + D + D233 D123 D5L23

n
_D23 —

n
D133

Dy )ViVa + (Diog + Digs + D3y + Digy + 2D5ys + D

+D233 + D3y + D33 4 D35 4 D) VA Vi Var)

1
s 2

— (Var((m

§(DYy + D3 + D35 + Ds55) Vi,

22

—my(DY)5 + D3

(66)

(67)

(69)

(70)



37

39
b =

+Dfy + Dfyy + Diys + Dy — D315 — Dios) Vap) Vs

‘H/I((mé(Dég + Dy3) Vs + mt(Dmg

_‘/12((D12 + D + D3 + Dy3)mgVsy, + (D{12

+D{}5 + Df, + D{3, + D{y5 + D{s — D}}; — D}3)m,Vig)))

1

T2 (((Df1g + Diy + Dy + Diys + Di3 + Dipy

+2D12+2DL1§22+D23+D3+D8+2D2+D222

+D3y5 + D)V

+ (=Diyy — Digs — Diy — Dl

+D +D122+D123+Dn+2D +D222+D223

D1n23)V5R))V2

l
o D223

+Dy3)ViVa + (D{12 + D{23 + D{2 + D{22 + DYy + D75

+2D122 + D123 + D 2 T D222 + D223)V12)V21LV5L)

1

5 ((=Dh,

_D23+Df2+DT2Z+D§+2D§2+D§2Z+DS23

+D§3)V§

+D3a9 + Doy + Diz) Vi Vo + (_D122 — D§2 — D§22 —

— Diyy, — D3 —2D3, — D3y, — Diyg

+(_Dl112_Dlll3_Dl12_2Dll22_2Dl123_

+D73, + Dy + D33y + D)V ) Var Vsr)

Dy,

l
D22_

l
D222 -

l
D223

For the quarks initiated subprocesses, we list all form factors of c¢ initial state:

6LR
9s4

6RL
Is4

6LR
Iss

6RL
Iss

5LR
9s,

5RL
Iss

5LR
951

5RL
951

2LL
Yo,

S4

_ 14LL
- g84

14LR
s3

_ 14LL
- 983

14LR __

14RR __

= 982

_ 14RL
- gSQ

14RR __

— gsl

_ 14RL
- gsl

_ 2LR __
= gv4

mgBEVEVirVsr

8mﬂT2t

= gS" (Vi < Vig, Vs, < Vag)

V1 V4R(Blmt Vsr — mgmthV},L)

Sm2mt

= g8 (Vay, < Vag, Vs, < Vig)

VEVir(mgmy B{Vs, — Bim2Vsg

Smim?s

= QEQLR(VZLL — Vg, V51 < V5R)

mgBSV12V4RV5R

=9

82t

8mym2s

SER(Vyp,  Vig, Var < Vig)

— (ViViVir(m(CT + C}
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2RL
G,

6LR
G,

6RL
Yo,

2LL
Gus

2RL
Gus

6LR
Gvs

6RL
Gus

5LR
G,

5RL
Gy

8LL
Gy

8RL
G,

5LR
G,y

5RL
9,

8LL
G,

8RL
G,

ILL
b,

1RR
o,

1LR
b,y

1RL
b,

4LL
b,

ARR
o,

ALR
b,

+C1y)Vsr —mg(Cg + Cf + C3) V1))

(

9ot = g2M(Vyp > Vig, Vs, < Vsg) (

ucr _ CooV1ViVarVsr (
v A2t

(

(

(

gifLL = gSfR(VM < Vip, V51 < Vig) 85
G = — L (VAVaVan(mg (O + C)Vag +mu(CF + Oy + Cla)Va)) (86
giR = g2 (Vyp & Vig, Vs, < Vsg) 87
G = o (AVRVin(CyVoam? + mChVizmg

—(Comg + Bj = 2Cg0 + mC1)Vsr)) (88)
9oy ™" = gt (Vag < Vig, Vsr < Vsg) (89)
gi;lRR — C(C)l(]‘/ll/;z‘:‘l}%%}% (90)
Gun " = g0y (Var = Var, Vi < Vsr) (91)
P = o (AAVan((CE + C + ClhymVan

—(C5 + Cf + C5)myVsr)) (92)
9ol = gl (Vi = Vig, Vs < Vig) (93)

1
9ot = —— (ViVaVar(Comgmi Vs

—(—Com} + Comy, + Bj — 2Co0 + C1m$)Vsr))

(
gl Bl = gPHR(Vyp s Vi, Vs < Vsg) (
SLR ViVaVir((Ch 4+ Co)mgVsr, + (C1 + Ciq + Cr2)miVsg)
Gor = Q72 (
m2s
(
(
(

)

)

)

ggfm = ggfL(\QL — Vir, Vs, < Vig) 97)

mg D3ViRVsi

1672 98)

G (Vip < Vig, Vs < Vsg) 99)
mg D3V 5RVir Vsr

1

1672 (100)

9oy "(Var, < Var, Vs — Vsr) (101)

mgVarVir(mgDgVsy + my(D§ + DY + D$)Vig) (102)

1672
Gor"(Var > Vg, Vs < Vig) (103)
mg Vi, (mgD§Vsr, + my(D§ + DY + D3)Vsg) (104)

1672
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4RL
9o,

9LL
b,

9RL
o,

11LL
b,y

11RL
b,

13LL
b,

13LR
b,
1LL
o,

1RR
Gbs

1LR
Gbs
1RL
Ibs
4ALL
o,

ARR
b,

ALR
Gbs
4RL
Gbs
9LL
b,

9RL
Ibs

11LL
bs

11RL
by

13LL
o,

13LR
Yo,

2LL
by

2RR
by

2LR
b,

2RL
by

5RR
b,

g (Vap < Vig, Vs < Vsg)
orr _ DUViLVipVse
b4 1672

g7 = )M (Vap < Vig, Vs, < Vsg)

glLR — Vi Var(mgDiVs, + my(D + DY, + Di,)Vig)

ba 1672
gz}jRR = gl}:LL(VZLL — Vi, Vs < V5R)
13r_ DooVarViRVsr
G2 = g3 (Vi < Vig, Var < Vag)
~ mgDiViRVsr,

1672

1LL
Gy, "~ (Var, < Var, Vsr < Vsr)
_nggvaV;lLVSR

1672
g (Vap < Vig, Vs < Vsg)
mg‘/;lLVfR(ng(t)V})L - mtDé%R)
1672

9oy " (Var, < Vag, Vs, < Vsg)
m?]‘/fL(m?]Dé‘/SL — myD4ViR)

1672
G (Vap < Vig, Vs < Vsg)
Jos = 1672
g = gy " (Vir = Vir, Var < Vag)

11LR _ VfLVA:R(mtDizV:%R - ngivsL)

b 1672
11RR 1LL
ng = gb3 (‘/ZJ:L A ‘/4Ra ‘/SL A %R)
¢ 2
ont__ DhoViuVinVis
b3 82

g = g2 (Viap < Vig, Vs < Vag)

Vi Var(mgVs, Dy — m, VspD3s)
1672
9r (Vi < Vi, Vs, < Vsg)
Vi (mgVs, DY — miVspD3y)
1672
g (Vap < Vig, Vs < Vsg)

5RL _ mg Vi Vir(mgVsr Dy — my Vs D)

b2 1672
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5LL
b,

6LR
by

6RL
b,

10LL
by

10RR
b,

10LR
b,

10RL
b,

12LL
by

12RL
b,

14LL
b2

14LR
b,

3LL
b,

3LR
9,

5LR
v,

5RL
b,

6LL
b,

6LR
b,

7LL
v,

7RR
b,

7LR
b,

7TRL
v,

8LL
v,

SRR
G,

SLR
b,

SRL
v,

14RL
9,

QEZLR = gij’QRR(V4L « Vir, Vsr < Vsr)
Vi VarVsrDi

82
@B (Vi < Vig, Vs < Vag)
Vi Vs Diy

1672
Q;QOLL(VZ;L — Vg, V51 < V5R)
Vi VirVs Dty

1672
G2 R (Vag, < Vig, Vsr < Vig)
12LR __ mév42LV4RV5LD11)
Jer =7 1672
gngR = Q;ZZLL(VZ;L — Vir, Vsr, < Vig)
Vi Vs D
2
g (Vi < Vag, Vs < Vsg)
3RL _ (Do + Dy + Dy + D3)mgV3 VirVsL

b1 1672
gglRR = g?fL(%L — Vir, Vs < Vir)
DoV VarVsr
872

9" (Var, < Vig, Vs < Vag)
GRL _ _mé‘/;lLVfR(DOmQ%L + (Do + D1 + Dy)miVsg)

on 1672
gglRR = gEfL(%L — Vir, Vs < Vir)
(D12 + Do + Doy + Do3) Vs Vay,
1672
95, (Var, < Vig, Vs, < Vsr)
(D1a + Dy + Doy + Da3)VE VirVir
1672
gF(Vap < Vig, Vs < Vsg)
B Vi Var(DamgVsp + (Dig + Dy + Day)myVsg)
1672
9or " (Var, < Vir, Vs, < Vsr)
_ Vir(DamgVsp + (Dig + Dy + Dag)myVig)

1672
gy " (Vap < Vig, Vs < Vsg)
~ DooViyVsi,
82

26



g = gy (Var = Vig, Var < Vag) (157)

(158)
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Figure 1: Gluon initial state subprocess Feynman diagrams for the top quark and anti-

charm quark associated production.

30



u, ¢ g t u,c cz ot U,
av i il |a

é_'_;T_'_E ¢ G ¢ ¢ 7 ¢ ¢ G ¢

(1) (b2) (b3) (bs)
q t u,c ¢ u,c _ ¢

A
‘ _B

q ¢ q c ¢ ¢ ¢ ¢

(v1) (v2) (vs) (v4)

Figure 2: Quark initial state subprocess Feynman diagrams for the top quark and anti-

charm quark associated production.
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Figure 3: The total cross sections for the pp — tu as a function of the mass of gluino.
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Figure 4: The total cross sections for the pp — té(u) with LL off-diagonal elements. Here,
solid line: my = 200 GeV, Mgusy = 400 GeV; dashed line: my = 300 GeV, Mgysy = 400
GeV; dotted line: my = 200 GeV, Mgugy = 1000 GeV; dash-dotted line: myz = 300 GeV,
Msuysy = 1000 GeV.
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Figure 5: The total cross sections for the pp — té(u) with RR off-diagonal elements
(6{?)rr- Here, solid line: mg = 200 GeV, Mgysy = 400 GeV; dashed line: mg = 300 GeV,
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mg = 300 GeV, Mgysy = 1000 GeV.
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Figure 8: The total cross sections for the pp — t¢(u) with LR off-diagonal elements
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mg = 300 GeV, MSUSY = 1000 GeV.
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Figure 9: Typical interference effects between different matrix elements within one block
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GeV.
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Figure 10: Similar as Fig.9, but for tu.
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