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1. Introduction

The calculations of multi-particle processes at next-to-leading order (NLO) level are
particularly important for Large Hadron Collider (LHC) and International Linear
Collider (ILC) physics, especially in hunting for Higgs boson(s) and New Physics
(NP) signatures. Searching for the Higgs boson is one of the central tasks required
for the operation of LHC. In order to solve some difficulties encountered in the Stan-
dard Model (SM), many New Physics models have been introduced. Most notable
of them are the various supersymmetric (SUSY) models. The Minimal Supersym-
metric extension of the Standard Model (MSSM)[, B, B, B, B, A, [, B, the simplest
one, provides many new physics benchmark points to experimentalists to search the
SUSY signatures at the LHC. However, both hunting for the Higgs boson(s) and
searching for the New Physics signatures are often limited by overwhelming back-
grounds. Cascade decays from heavy SUSY particles often result in multi-particle
final states. Therefore, precise theoretical results of multi-leg processes are urgently
needed with the enhancement of accumulated data at the LHC. To accomplish this
task, a significant number of multileg processes should be calculated up to the NLO
accuracy in SM and NP. Nevertheless, this task can be very challenging.



In general, a NLO calculation includes real-radiation corrections and virtual
corrections with renormalization. The real corrections, without any loop integrals
at NLO level, can be accomplished with many efficient algorithms, such as Berends-
Giele recursion relations[f], Britto-Cachazo-Feng-Witten (BCFW) recursion relations
[0, [T, etc. Programs such as MADGRAPH[[Z, [3], COMPHEP[[4], AMEGIC++[[7]
,ALPHA[LG, [7, [§], HELAC[[Y, U] and COMIX[PT] are all efficient tree-level matrix
elements generators. Accompanied with phase space slicing method[P7] or subtrac-
tion terms|R3, 24, B3, R4, 7, BY, B9, BJ, BT, the automation of real-radiation part
seems much straightforward to be realized[B3, P7, B3, B4]. On the other hand, the
automatic calculation of one-loop integrals is also a feasible task nowadays. Actu-
ally, the difficulties in one-loop calculation are relevant to the simplification of the
lengthy Dirac structures and the reduction of one-loop integrals to standard master
integrals. The latter issue can be resolved by many existing one-loop integrals re-
duction algorithms, such as Passarino-Veltman reduction procedure [B3, Bd, Bq]. The
former one encounters difficulties in making the expression more compact, because
one should treat the Dirac matrices in d = 4 — 2¢ dimensions when using dimensional
regularization and dimensional reduction.

Recently, we have witnessed a new evolution of NLO techniques. Automatic
one-loop calculations have become a feasible approach after several new and efficient
algorithms are proposed. Some of the most notable methods are the Unitarity [BS,
BY, O, i1, £, [3] based techniques such as the Ossola, Papadopoulos, and Pittau
(OPP) reduction method [[f4), {5, 6, 7, {8, E9], by reducing the computation of one-
loop amplitudes to a problem of a tree level calculation. This method are able to
control the computational complexity efficiently with remaining tree level recursion
equations. However, when applying in 4 dimensions in OPP, one can extract the Cut
Constructible(CC) part of the amplitudes, while the left piece rational terms should
be derived separately [BQ]. With the known rational part R, efficient simplifications of
the lengthy Dirac structures in 4 dimensions are possible at the Feynman amplitude
level, which also make it possible to do a complicated one-loop computation about
multi-particle processes in other reduction algorithms [F1], F3, B3

Fortunately, the rational part R (in OPP approach, it is called Rs) is proven to
be guaranteed by the ultraviolet (UV) nature of one-loop amplitudes [f3, p4].i.e. the
only origin of R we considered here is from a combination of O(e€) part in numerator
of a loop integral and its UV divergence term O(—) . Since the UV poles,in contrast

UV
to infrared divergence ones,do not depend on kinematical properties of external legs

such as on-shell relations, one can establish the Feynman rules respect to the effective
vertices. This fact also ensures four external legs enough.

The complete Feynman rules for R in SM under anticommutating s strategy
in the 't Hooft-Feynman gauge, ¢ gauge and Unitary gauge have been calculated
B3, B4, b1. Besides, their package R2SM written in FORM is also available [pg].
The Feynman rules for the R in SM under the 't Hooft-Veltman ~5 scheme have



been calculated by us [f9]. Moreover, some simplifications to extract rational terms
were suggested recently [B0, BI]. For supersymmetric amplitudes, one can track to the
Cachazo-Svrcek-Witten Fenyman rules[p2, B3, f4] to make some simplifications in the
calculation of gluonic amplitudes.In the present paper, the complete set of Feynman
Rules for rational part R of QCD corrections in the MSSM are calculated at the one-
loop level with two 5 strategies. All of these Feynman rules can be implemented in
NLO matrix element generators like MADLOOP[GH, pf] and HELAC-NLO[p7] and
also be useful in the development of FEYNRULES[Gg] or in any other methods such
as Open Loops [B9 or GOSAM ([, [7].

The organization of the paper is as follows. In Section 2, the origin of rational
part R is recalled. The dimensional regularization schemes and 5 schemes are fixed
in Section 3. The complete set of Feynman rules are listed in Section 4. Finally, we
make a conclusion.

2. Origin of Rational Part

In dimensional regularization procedure, one should treat integral momentum ¢ in
d = 4 — 2e dimensions to maintain the gauge invariance. A generic N-point one-loop
(sub-) amplitude reads as

Ay = | dig=—=—"— (2.1)
where

Dy =(q+pr)?’— (my)®, q=q+4q. (2.2)

Here a bar denotes d dimensional objects while a tilde means something living in
d — 4 dimensions.

The rational part R comes from the division of the above numerator N(g) into
a 4-dimensional part and a (d — 4)-dimensional part

N(q) = N(q) + N(¢* €,q), (2.3)

Apart from the process dependent N (q), the remaining part N(cjz, 6,q) = N(7)—N(q)
gives rise to rational part R

queq

d“q
DD

(2.4)

To clarify the division and to avoid the possible ambiguities, we split d = 4 — 2¢
dimensional objects in the tree like Feynman rules as follows

TG = Qo+ Qi Va = Vo T Vi Giw = G + G- (2.5)



The effective vertices for R can be obtained from all possible one-particle irreducible
Green functions, which is enough up to 4 external legs in the MSSM QCD, which
is a renormalizable model. It’s also worth reminding that the rational part R is
not gauge invariance independently. Actually, in OPP framework, R; + Ry is gauge
invariant and preserves all the Ward identities of the theory [pg).

3. Dimensional Regularization Schemes and ~; Schemes

In this section, the proposed regularization schemes and ~; schemes adopted in this
paper are reviewed and an example of calculating rational term R is given.

First, the Feynman rules in two dimensional regularization schemes that main-
tain the advantages of the helicity method for loop calculation are reviewed. These
schemes require all the quantities of external legs to be in four dimensions. The
supersymmetry-preserving Dimensional Reduction (DRED)[[J] has been proven to
be equivalent to Dimensional Regularization (DREG) [(3]. Thus, the Four-dimensional
Helicity (FDH)[4, [[3, {6, {7 and 't Hooft-Veltman (HV) [[§] schemes were chosen
in our results. In the FDH scheme, the only d dimensional object is the integral
momentum ¢, while in the HV scheme all the internal(unobserved) quantities such
as the polarization of internal vectors are d dimensional objects, i.e.

/ q 661)
HV Dl
N(q 6—0 .q)

FDH: q DyDs...Dy

Rl (3.1)
When using dimensional regularization in both schemes, the common object to be
analytically continued from 4 dimensions to d = 4 — 2¢ dimensions is

P (32)

Because of the nature of external legs in four dimensions, the contribution of § to R
has to be in ¢ forms.

As we known, there are two famous algebraic self-consistent 5 regularization
schemes existing in the market. The first class, called 't Hooft-Veltman (HV) ~s-
regularization scheme, was proposed by ’t Hooft and Veltman and systematized by
Breitenlohner and Maison [7§, {9, Bd, B1], B3, B3, B4, BY, BA]. It is the first proven
consistent 5 scheme [B2, B3, B4, BY, Bq]. It favors a non-vanishing anti-commutator
{¥s5,9a} # 0. This scheme distinguishes 4-dimensional and (d — 4)-dimensional ob-
jects to create correct spurious anomalies. Due to the non-anticommutation relation,
the tree-like Feynman rules in the theory were modified as symmetric forms [B7 in
our calculations. The other practicable scheme was introduced by Kreimer, Korner,
and Schilcher (KKS), et al. [BY, BY, PO]. Instead of violating the anticommutation



equation, they chose to preserve the anticommutation relationship {vs,7;} = 0 and
prevented cyclic property in Dirac traces to avoid algebraic inconsistency. A projec-
tion on four-dimensional subspaces is needed in their redefinition of trace operation:

TT(75f7ﬁ1"':yﬁ2k> = tT(P(f}/l’))f?ﬁl"':yﬁzk)’ (33)

where P(V5) = & €upapsna ¥ 72" 9* with Lorentz indexes of €, ,u5, all in 4
dimensions. To obtain the correct result in this scheme, a ”"special” vertex called
"reading point” should be identified in the loops and all the 75 in Dirac structures
should be removed to the vertex before performing projection. Generally, different
treatments of "reading point” in each Feynman graph may generate a discrepancy
proportional to the totally antisymmetric Levi-Civita tensor €. In some computa-
tions of specific processes, different intermediate results may be derived if different
regularization schemes are selected [P, PJ].However, physical results should be the
same in different regularization schemes as long as the unitarity is kept in the theory
after some necessary renormalization[03, P4, P53, Pg, P7, Pg].

To describe the procedure more clearly, an illustrative example of deriving R
from the gluon self-energy in MSSM QCD is provided. The corresponding Feynman
diagrams are shown in Fig[]. The contribution of diagram (@) in Fig[]] is vanishing
because it is a massless tadpole. For (b) — (d), the internal scalar loops cannot give
a non-vanishing contribution to the R of gluon self-energy because the vertices are
always contracted to external polarization vectors. The nontrivial contributions are
only from the last three diagrams. For the quark loop with two external gluons, the
numerator can be read as

V(@) = o Ty + mo) (§ + B+ o)) (3.0

where external indices p and v have been taken in four dimensions. After performing
some Dirac algebra, one arrive at

B 2

~2\ gS % MV~2

Integrating it with the help of any one-loop integral reduction algorithms, this quark
loop contribution can be obtained. The last two diagrams are gluino loop and gluon
loop. The same basic procedure is employed to deal with these loops.

4. Feynman Rules for the Rational Part

In this section, the complete list of the effective MSSM QCD vertices contributing
to R in the 't Hooft-Feynman gauge are given. We use FEYNARTS [p9] to gener-
ate all of the Feynman amplitudes. Therefore, the Feynman rules are following the
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Figure 1: Diagrams contributing to the gluon self-energy in the MSSM QCD.

conventions of Refs.[[10(, [LO1], [L02, L0]]. In particular, fermion chains are concate-
nated following the algorithm in Ref.[[04], which works also for Majorana fermions
and the fermion-number-violating couplings. Two parameters Agy and gbs are in-
troduced in the formulae to denote the different dimensional regularization schemes
and 75 schemes as in our previous paper [p9. Here, Agy = 1 corresponds to the 't
Hooft-Veltman regularization scheme and Agy = 0 to the Four Dimensional Helicity
scheme, while gbs = 1 corresponds to the KKS 5 scheme and g5s = —1 to the HV



~5 scheme. Our notations are as follows:

Ly=e, Ly=p, L3y=r,
Ly=v., Ls= Vs L¢ = vy,
Qi=u, Qx=d, Q3=s,
Qe=c, Q5=0, Qs=1,

I/l,l = ey, E1,2 = e, E2,1 = i1,
Loo=fio, Ly1="r, Lys=",
Ly=1., Ls= Uy, L = 0,
Ql,l = Uy, Ql,z = Uy, C~22,1 =d,,
Qoo =ds, Qz1 =351, Qz2= 5,
C?4,1 =y, C~24,2 = Cq, Qs,l = by,
Qs2=bs, Qo1 =11, Qoo = 1o

In addition,

€1 =¢6, €=U, €3=T,

Vy =Ve, Vo=V, V3=V,
Ulzu, UQIC, ngt,

D1 :d,D2 = S,Dg :b,

€11 = €1, €12 =€y, €21 = i1,
€29 = [l2, €31 =Ti, €32 = T,
Uy = Ve, 7;2:&;17 V3 = Uy,

01,1 = Uy, 01,2 = Uy, [72,1 =y,
Upy =&y, Usy =11, Usy =t
Dl,l = d, D1,2 = ds, D2,1 = 51,
D2,2 = S, Ds,l = by, [)3,2 = b,.

(4.1)

(4.2)

N, denotes the number of colors and V,, 4, are CKM matrix elements. In MSSM,

the following rotation matrices should be introduced too

Q1 ) (QIL ) ((711 ) <UIL
ar ) g () () =R (2
<Qz,2 : Qir U2 l U.r
Dis ) (DIL ) <é11 ) <élL
) Zrp (2 ) (0 ) =R (O
( Dl,z : Dl,R €12 l €LR

)

)

Besides, matrices RN, C'R, C'L are the neutralino mixing matrix and the right-handed
, left-handed chargino mixing matrices respectively, which is also following the con-
vention of FEYNARTS. We denote the element of matrix M as M;;, M;; or M j.



To make the result readable, we introduce some notations for the following frequently
used summations

2
SRl(l, m)sl,s2 = kz:; Rl,(SLk)Rm (s2,k) (R R >s2,sl ’
SRQ(Z m)sl o = Rl*(sll R,, (s2,2) + Rl*(sl 2) Rm,(s2,1)7

SRUL(I, m)s1.50 = ZRUZ 10y RO 520 (RU RU*) ,

s2,s1
k=1

SRUQ(Z m)sl 52 = RUI* s1,1) RU ,(52,2) + RUI* sl,2)RUmv(52vl)’

SRD1(L,m) 1.0 = ZRDl R = (RD RDT) ,

s2,s1
k=1

SRDQ(Z m)sl 2 = RDl L(s1,1) RD ,(52,2) + RD[ ,(s1,2) RD ,(52,1)

QO = 1‘% and QT = H% are two chiral projection operators with g¢s, e coupling
constants in QCD and QED respectively. For brevity, t3 = tan(3,cs = cos 3, s =
sin 3, c, = cosa, s, = sina, ¢,, = cos by, s, = sinb,,. Parameters ;1 and A, are the
Higgs-doublet mixing parameter and the soft breaking A-parameters. In some cases,
we also use notation A = B(a — (), which means the expression A are obtained

from B by all of the o in B replaced by the .

4.1 Effective Vertices in Pure MSSM QCD

In this section, we give the complete list of the non-vanishing R effective vertices in
pure MSSM QCD, with all external and internal legs MSSM QCD particles.

4.1.1 Pure MSSM QCD effective vertices with 2 external legs
All possible non-vanishing 2-point vertices in pure MSSM QCD are shown in Figf].

Squark-Squark vertices

There is no generation mixing in these vertices. The corresponding effective vertex
is shown in Figf (a) with their expressions as follows

14 g5
Vert(Ql,, Q% ) = 2@93 Cp 69 8§, {(3mé+3mél —?) [ 998 SR1(1, 1)1 00
1 —gbs Os1.s
ISR, 1) sg] + 252 (3m3, —p2>}. (4.3)
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Q;,sl e ‘ - 7Qm152 = Vert(Q;,sh Qm,sZ)
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G oo @G5> G = Vert(G?, G?)

Figure 2: All possible non-vanishing 2-point vertices in pure MSSM QCD.

Gluon-Gluon vertex

The corresponding diagram is shown in Fig ] (b) with its expression as follows

7 2
Vert(GZ, Gzli) = & C’A 5ab |:p_g;w + )\HV (g;wp2 - pupu)

4872 2
p2 B 6mé 2 2
+Z (TQWJ) + (p — 6m@) Guv | - (44)
Q (4

Quark-Quark vertices

The corresponding diagram is shown in Fig} (¢) with its expression as follows

pa— ) 2 ..
Vert(Qf, Qin) = % CF oY 5lm (—ﬁ + 2le) )‘HV- (45)
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Figure 3: All possible non-vanishing 3-point vertices in pure MSSM QCD.

Gluino-Gluino vertex

The corresponding diagram is shown in Fig ] (d) with its expression as follows

> 2
~ 0~ 1
Vert(G",G") = - 5;2 Cu 6% (—p+ 2me) Ay (4.6)

4.1.2 Pure MSSM QCD effective vertices with 3 external legs
All possible non-vanishing 3-point vertices in pure MSSM QCD are shown in Fig[J.

Gluon-Quark-Quark vertices

The corresponding diagram is shown in Fig.§ (a) with its expression as follows

;3
a eV L9 a -
Vert (G}, @, Q),) = 162 15 Oum (C—Q + C+Q+) T (4.7)

— 10 —



where

C_o =14+ Agv)Cr+ Ne (RlTRl> ;

2 2,2
A
Oy = (14 Aay) Cr + (Rl RZ)L1 . (4.8)

Gluon-Gluon-Gluon vertex

The corresponding diagram is shown in Fig.f (b) with its expression with only N
flavor quarks as follows

SN, (15 2N
Vert (G, G5, G5) = — % < !

abc
487‘(‘2 Z + HV + Nc ) f Vﬂyp(plvp27p3>7 (49)

where

V,Wp(pl,pz,pg) = g/w(pZ - pl)p + gvp(pS - p2)u + gpu(pl - p3)v- (4'10)

Gluino-Quark-Squark vertices

The corresponding diagram are shown in Fig.f] (¢, d) with their expressions as follows

~a i Aj ng a —
Vert(G*, @1, @n,s) = —5 Tji Oum (C_Q™ +0,07),
-3
S ayaY 195 a * ()— *
Vert(G*,Q;, Q3. ) = = T oo (CTQ +C2 Q) (4.11)
where
1 1 — gbs 1+ gbs ) 5
C. = Ris) — A1+ Apv) Rigs + A1+ Agv) Ry | N2
32VaN, K L(s1) 5 ( v ) B (s.2) ( V) B (s 1)
1— gbs 1+ ¢5s
—Ris,1) — g 2Ry (s1) (RIT Rz>21 +—2 2Ry (s,2) (le Rz>21} ;
1 1—gbs 1+ gbs ) )
C, =— Ry (50 — 41+ Agv) Ry (s1) + 4(1 4+ Mgv) Ry (s N:
+ 32v/2N, [( 1,(s,2) 2 ( HV) 1,(s,1) ( av) 1,(s,2)
1—¢gbs 1+ ¢5s
—Ri(en) =~ 2Ri (a2 (R}Rl>1 ,t 2% 2R oy (RlTRl>1 2} : (4.12)

— 11 —



Gluon-Squark-Squark vertices

The corresponding diagram is shown in Fig.§ (¢) with its expression as follows

- 3 2
a LG a 6Nc —1
Vert(G Ql sls ms2) = 1272 erz 5lm 16N, 531,32
1 5 1—gbs C
19 o SR 1)y + — 228 OF

2 2
(SRl(l, l)sl,s2 — SRQ(Z, l)sl,sZ)] (pl — p2)ﬂ‘ (413)

Gluon-Gluino-Gluino vertex
The corresponding diagram is shown in Fig.§ (f) with its expression as follows

~ ~ 1 3
Vert(G%, G, G°) = % (C_Q™ +C.Q%) 4, (4.14)

where

C_ = 2N, (Tr(T°T"T°) — Tr(T*T°T")) (1 + Apv)

- (Tr(T“TbTC) > (Rir), —rereTr) 3 (A Rl>z2> ’
l | ,

l
Cy = 2N, (Tr(T*T*T°) — Tr(T*TT")) (1 + Anv)

+ (Tr(T“TbTC) 3 (R}Rl>22 — T (TTT?) Y (Rle>l 1) . (4.15)

l ’ l

4.1.3 Pure MSSM QCD effective vertices with 4 external legs
All possible non-vanishing 4-point vertices in pure MSSM QCD are shown in Fig[.

Gluon-Gluon-Gluon-Gluon vertex

The corresponding diagram is shown in Fig[ (a) with its expression with only N
flavors quarks as follows

- 12 —



= vert (G, €8, 65, )

a d
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— Vert (G” G 0i L, QM?)
N
=i
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(b)
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252w s Qis,ss
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7 N
b N =14
Qu s1, > \Q14 s4

Figure 4: All possible non-vanishing 4-point vertices in pure MSSM QCD.

;4
19,

Vert (GZ,GZ,GCP>GZ) = 1872

(Cl guugpa + C12 gupgua + C13 g;wgup) 9 (416)

where

Tr({T*, T°}{T¢, T%}) (11N, + 2Agy N, + 6N;)

— (Tr(T°TT’T) + Tr(T*TT"T®)) (22N, + 4Agv Ne + 10Ny)
(b4 ¢) =Tr({T*, T°HT?, T*}) (11N, + 2Agy N, + 6N;)

— (Tr(T°T*TT) + Tr(T*TT°T")) (22N, + 4Agv N, + 10Ny)
(b« (

—(

| |
Q

Ci(b < d) = Tr({T*, T YT, T"}) (11N, + 2\sry Ne. + 6N;)
Tr(T*TTT") + Tr(T°T"TT*)) (22N, + 4Agy N, + 10N;) . (4.17)

Gluon-Gluon-Squark-Squark vertices

The corresponding diagram is shown in Figf] (b) with its expression as follows

— 13 —



_ - 4
a i NI 195
Vert (GH,ij,Ql,sl, J ) = %5 C g (4.18)

m,s2
where
1 1+ g5s i ew .
C=—1g Om [ 5 (3 59 0% +8 Cp {T ,Tb}ﬁ) SR1(1,1)s1,62
1 —gbs P
+ (2 Cr {T*,T }ji (5 SR1(1, 1) 51,62 + SR2(1,1)41.52)

4§ gab (7T SRI(1,1)s1,52 +4 SR2(1,1)s1,52))

S0 (ij cap  21NZ—2 )
bR (g geb  Ze 2 fpa ) )| 4.1
8 <5 ’ N T (4.19)

Squark-Squark-Squark-Squark vertices

The corresponding diagram is shown in Fig[] (¢) with its expression as follows

;4

=i Ai =i i Y95 i1,i2 5i3,i i1,i4 £i2,i
Vert (Ql%,sh lg,s% l§,33’ li,s4> Y (01 sty 4 o, gl gz 3) (4.20)
where
1 3
Cl = _?)BT]VCQ {Kl [(— (42 +4 958) NC + (78 + 8 g58) Nc) 5l1,l4 5l2,l3

+ (6N — (42 +4 ¢5s)) G Gizua] + K2 (— (42 +4 g5s) N7 — (30 + 4 ¢5s))
Sp1201304 + K3 (6N2 + (66 + 8 g55) Ne.) 11,44 Gio3

1- g5
+ 29 ® K4 [(—=8N? = 16) dpwsn Oisus + (—8N? + 32N,) 61114 Srass]

+ (122gv — 1) [(NV2 + 2) 051,52 03,50 G102 Oiza + (N2 — ANL) 1,54 Os2,53 G104 G123 }
02 = Cl (l2 < l4, 52 & 84) . (421)

For brevity, we also introduce following notations

2
K1 = (R (o1 Rez. 2.0 Ris (53 1) Bi (sk)
k=1

K2 = R;kl,(sl,l)RlZ(S?vl)R73,(s3,2)Rl4,(5472) + R717(51,2)R127(3272)R737(53,1)Rl4,(8471)’
K3 = Rl*l,(sl,l)RlZ(S?Q)Rl*37(53,2)Rl4,(5471) + Rzkl,(sl,z)RlZ(ﬂ,l)R737(53,1)Rl4,(s472)>
K4 = R71,(51,1)Rl2,(s272)R73,(33,1)Rl4,(s4,2) + R?l,(sl,2)Rl?,(sll)R73,(s3,2)Rl4,(8471)‘(4‘22)

— 14 —



4.2 Effective Vertices in Mixed MSSM QCD

In this section, we give the complete set of the non-vanishing R effective vertices in
mixed MSSM QCD, with all internal legs SUSY QCD particles and parts of external
legs MSSM particles.

4.2.1 Mixed MSSM QCD effective vertices with 3 external legs
All possible non-vanishing 3-point vertices in mixed MSSM QCD are shown in Fig.f.

Scalar-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.f| (a) with its expression as follows

- 2
_nge ab 1

0 a bY _ Ca 2 Sa 2
Vert (h ,GM,GV) =5 0 Guw ST— (sB ;mU o ng> ,

: 2
0 a b L9s€ cap 1
Vert (H 7G;uGu) = —w ) Guv

Vert (A” or ¢°, G}, GY) = 0. (4.23)

Vector-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.f| (b) with its expression as follows

2
a b 9s€  cab 1 E :
Vert (Zl“ sz? Gp) = W ) Euvp(pl—p2) 9% s IgQ,
wow o

Vert (A4, G, GZ) = 0. (4.24)

Neutralino-Gluon-Gluino vertices

The generic effective vertex is shown in Fig.[j (¢) with its expression as follows

;2

Vert (GZ,G”’,X?) _ Zf’:j (C_Q™ + 07 4, (4.25)
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where

5ab .
¢ = 192my ¢y suwCs8s [mwswcﬁsﬁRval(; (RIan)l,l - 4; (RanRUm)zg

+2) " (RD},RDy), ,) + 3mwcucsss RN (Y (RULRU), |

m

— Y (RD},RDy,), ) + 6cucs RN; > mu,, (RULRU,), ,

+6cw35RN[f3 Z mp,, (RDLRDm)LJ ’

Scalar-Gluino-Gluino vertices
The generic effective vertex is shown in Fig.f| (d) with its generic expression as follows

)
Vert (8,Ge,GY) = 5 (cfa + c5ar). (4.27)

™

The actual values of S, C*° and Cf are

5ab
o P (RU*RU) ~ s (RDTRD)
- 32mw SwCpSs <C CB;mUl g 2.1 5 SB;le ! ! 21 )’

= (oM,

HO ho
Cy =CL (ca = SaySa = —Ca),

_ ’5ab
o g (S (i), S (10180),, ).
c = (e,

'5ab
Cfo _ 95832:nm (_ ;mUl (RUITRUI)ZI + ;le <RD;LRD1>2’1> )

c? = (c?) . (4.28)

Vector-Gluino-Gluino vertices

— 16 —



The generic effective vertex is shown in Fig[f (e) with its generic expression as follows

© 2
Vert (Vu,é“,@b) = % (CYQ™ +CYQT) v, (4.29)

™

The actual values of V, C¥ and CY are

et 5o 5 (metn), - (et )
_ Z ((RDITRD1> o (RDITRDZ)zg)] ’

l
Cﬁ — _01_47

% = —% {zl: {(4530 ! +2958 3) (RU;RUl)L1
- (4330 - % 3) (RU}RUI)QJ
_; {(283} ! +295s 3) (RD}RD,)L1
- (2530 - ? 3) (RD}RDZ)Z’J }

c?=-C?. (4.30)

Neutralino-Quark-Squark vertices

The generic effective vertices are shown in Fig (f, g) with their generic expressions
as follows

;2

Vert (00, @1 @) = L i (€20 + Cf0Y),

;2

Vert (gﬁ,@;‘, gn) _ Zf’r—f Sim (C?’Q‘ n cf?lm) . (4.31)

The actual values of Y°, Q, Q, C¥ and C’f are

- 17 —



cY

U
C+

ch

D,
C+

Ui
i

oD

5y
= Cr |mwsSySsgRN, {RU, (s
96\/§mwcwsw55 F [ Wowep AL D)

3 cuss RN o RUL 1) + 955 6mu,cu RNy (RUJRU)  RU, sego
b} ’ 171 k) k)

— g5 8w swss RN, (RUlTRUl>2 (RU,(, ssgse

+30melRN;74RUl,(S,2)] ’
5
_ C —Amy SSg RN, 1 RU; s
96\/§chwaSB F [ w B )1 1,(s,2)

+3mu, e RNy aRUL(s.1) + 95 2myy $uwsg RN, 1 (RUZTRUZ) RU, (, s-goe)
1,2 e

+955 GmiwcwssRNwa (RUJRU) - RU, (g
1,2 A

+g55 6my,co RN, (RUZTRU1)2 2 RUZ,(S,%)} ,

X
= Cr |mwswcgRN, {RD; s
96\/§mwcwsw05 F [ Wowts ALl

3 cucs RN, o R Dy o) + 655 6mp,cu RN 5 (RDIRDY)  RDy siges)
9 ’ 171 b K

+g5s dmyswcs RN, (RDlT RDl> RD, (, ssgue)
b 2’1 b b

+3lecwRN;f73RDz,(s,2)} )
X
— Cr 12mwsywcgRN,, 1RD; s
96\/§mwcw8w05 F [ WSwCs 1AL (s,2)

+3mp,cw RN, sRDy (s 1) + g5 2my suwcs RN, 1 (RD}RDl) RD, , a-goe)
1,2 e

—g5s 6myycy,cg RNy, 2 (RD}RDO RD, (s, 32052
1,2 5

2

+955 6mp,cw RN, 3 (RDJRDZ)2 2 RDM&%)} ,

(e

- (Cfl)* . (4.32)

Chargino-Quark-Squark vertices

The generic effective vertices are shown in Figfy (h, i) with their generic expressions

as follows
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where

Vert (%, Uf, D) = ng (cLePreq 4 cfePregt)
Vert (%, D}, U7,.) = Z;q:g (c2meqr 4 e meqt)
o = ~ o
Vert (%, Di, U, ) = 5 (02007 + o 00,
~+ 771t ~j Zgge Ul Dm,s — Ulyf)m,s —+
Vert ( + l,Dm) -2 ( O~ + ¢UnPmeq ) (4.33)
QUibme _ 07 Cr Vi o [2mwes CR, RDyy o1y
B 64myy sy " e
+\/§mDm CRZ,QRDm,(s,2)
+g5s 2v2mp, CR®, (RUZTRU1> RD,,, H)] ,
b 1’1 b b
CUhﬁm's = 76“ CF VT |:\/§mU CLn 2RDm (s,1)
+ 64mw SwSs Dm,Ui ! ’ e
+955 2V2my, CLyy (RUIRDY)  RD,, (s
2,2 "
~g5s 4mwss CLay (RUIRUL)  RD,,, )} ,
1,2 "
CDhﬁm’S = L CF VU D [Qmwsg CcL: 1RUm (s,1)
- 64my sySgs ot ™ e
_\/§mUm CL;QRUm,(sQ)
—g5s 2v/2my, CL, (RD}RDZ) RU,,, H)] ,
b 171 b b
Cflﬁm's = 7527 Cr Vu,.0 |:_\/§mD CR,2RU,, (s1)
64mw SuCp ot ! ’ e
~g55 2V2mp, CRyy (RDIRDY)  RU,, (,5-goe
2,2 "
+g5s dmes Cly,y (RDIRD:)  RU,,, )} ,
1,2 "
C:lzlvbm,s — _ (C:[F]lyf)m,s> 7
Cflvﬁm,s — (C:'l:)l,f]m,s> . (434)

Scalar-Quark-Quark vertices
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The generic effective vertex is shown in Fig[f (j) with its generic expression as follows

2

9s 9 9
= Cr dij (14 Apv) <vSQlQ’” + gbs aSQlQ’”%) . (4.35)

The actual values of S, Q;, Qu, v599m and a5Q@m are

Vert (S, Q;, Q%) = —

P0UTm _'éecamUl(Slm SO D 1€SoMp,Oim
2mw swsg 2my Sycs
ahOQlQ'm — O’
,UHOUlUm _ _'éesamUlélm UHODle . _z'ecaleélm
2mw SwSs 2mw SwCs
aHOQlQm — O’
rUAOQlQm — ,
aAOUzUm _ emUlélm aAODle . _6t5le(5lm
2my sptp’ 2Myy Sw
,Ud)OQlQm — O’
a¢0UlUm _ _€mUl(51m afi)ODle _ €mp,
2mWSw 7 QmWsw ’
H=UDm _ T ie -1
v =V, S E— mU(t ) +mDm(t )
Dm,UlQ\/?mWSw ( \UB B ) )
H-U;Dp _ 1/t ie .
a =V, ——— (my,(tg) " — mp,, (ts)
DmyUl 2\/§mwsw ( l B B )7
H+DLUm . 7:6 1
v = VUm,D — (my,, t + mp, (¢
l2\/§mWSw ( ( 5) l( 5)) ’
H+DlUm . e _1
a = Vo057 —— (mu,(ts)” —mp,(ts)
l2\/§mwsw ( B l B ) ?
¢~UiDm _ /1 ie
v =V (my, —mp,,)
Prlio omuy s : ’
¢~ UiDm _ /1 ie
a =V (mU + mDm)
Prlio omuy s : ’
dtDUm 1€
(% = VUm,D — (mUm — Mmp )
"N 2ma S v
a® PiUm — —Vu,..0, —— (mu,, +mp,) . (4.36)
2V 2muy S

Vector-Quark-Quark vertices

The generic effective vertex is shown in Fig.f] (k) with its generic expression as follows
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2

Vert (Vi Q1 Q) = =15 Cr 69 (14 day) (07997, + g5s @V 99, 740)1.37)

The actual values of V, Q;, Qm, vV9%@m and aV@9m are

rUAQlQ’HL — _Z'eQQl(Slm’
qAQ@m — 0,
ZQLQm J— iesw IsQl
) = — — 0,
Cw Qo 252 tm>
A 1el.
a1l s
25w Cw
WU, Dm __ 1 i€
v = -V _
Dm’UIQ\/?sw7
W-U;Dp _ 1/t ie
a =V —_
Dm7Ul2\/§Sw7
WD Um _ ie
v = _VUm,D
12\/551,)7
- e
aW+DlUm = VUmyDli' (438)

Scalar-Squark-Squark vertices

The generic effective vertex is shown in Fig.j (1) with its generic expression as follows

m,s2

- = ig2e .
Vert (S,Qj,sl, J ): e” O alner, (4.39)

The actual values of S, Qs1, Qu,s2 and C5s1@msz are

1
192myy sycSp

077 = ..
C’h Uis1Um,s2 — Oim Cr 6

2
{Z [((18 + 12 g55) cucamiy, + (=) dmyymy s 554
k=1

_5k,1 BmeZSBSa—i-B) RUlf(sl,k)RUl,(SZk)}
1— gbs

—3my, {<4cam@ — pSa — CaAf + SmUlca) RU[ 51,2y RUi (s2.1)

1 —gbs

+ <4Camé — 1Sy — CQAUZ + 8mUlca) RU;:(SIJ)RUL(SQ’Q)} } ,
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ChODl,sl Dm,s2

CHOQI,SlQ~77L,52

CAOUl,slﬁm,sQ

CAODl,sl E)m,s2

C¢OUl,slﬁm,s2

C‘z’ODl,sl Dm,s2

1 g
_5 m C 51.7
! 192myy sycyCs F

k=1

2
{Z [((18 + 12 g5s) cwsam%l + (—1)(k+1) Qmwmzsi}CBSoH_g

— Ok,1 3MmwmzCgsa+p) RDZ(SLIC)RDJ,(SZJC)}

—3mp,Cy [(45(1771@ — HCo — SoAD, +

+ <4samc;~ — W' Ca — SaAp, +

1—gbs

8lesa) RDj (519 BDi (52,1

1 —gbs

5 8lesa) RDZ(sl,l)RDz,(sz,z)} } ,

h0~ ] :’ULS
= CMQua1@me (g 3 €, Co = S, Satf — —CatfyCatB — Sats) ;

B S 5 +o) L
! 64myy Sy Cr mUl( ﬁ)

1 —¢gbs
[(—g5s Ameg + plts) + g

- (—g5s dmg + 1 (t) +

_6m7 61.7 t
: 64myy sy, Cr 0 mop,(ts)

[(—g?)s dmg + plts) ™ +

— (s g+t

Oym———— CFp 0¥
: 64myy S, E Mo

1—-g5
[<g55 dmg + p(ts) ™ — —222

- (g5s dmg + p*(tg) ™ —

—py—— Cp oY t
! 64myy Sy, F mp, (ts)

1—g5
[<g55 dme + p(ts) — 903

1 —gbs

- (g5s dme + p*(tg) —

— 922 —

1—gbs

1 — gbs

2

1 —gbs

8mUl + A*Ul) RUIT(31,2)RUI,(S2,1)

8my, + AUl) RU:(5171)RUl,(s272)} ,

Sle + A;)l) RDZ*,(SIQ)RDl,(le)

gbs .
8le + ADL) RDI,(SI,I)RDI,(S2,2):| 5

87nUl o Az}l) RUIT(31,2)RUI,(S2,1)

8mUl - AUl) RUlT(sl,l)RUl,(s2,2):| 3

Sle - A*Dl> RDZ*,(SIQ)RDI,(SZD

Sle - ADZ) RDZ(SI,I)RDl,(s2,2):| )



1
a 32\/§mwswt5

RUlT(le)RDm,(S?Q) + {Ntﬁmm -

CH7Ul751ﬁ77L,52 — CF (SZ‘Y VDTm,Ul {(3 _'_ 2g55) (1 _'_ t%) mUlmDm

1+ gbs

dmemy,

1 —gbs

Amp,, t5 (my, +mp,, + me) + mUlA*Ul] RU (51,9 RDm (s2.1)

+ [(3 + 2¢5s) m%]l + (3 4 2¢5s) m%mt% — m%Vtﬁs%]

. . 1+ gbs
RUl,(sl,l)RDm,(SZl) + |:,u mp,,tg + t%mpm (ADm — 29 4m@)

1—gbs
2
1

a 32\/§mwswt5

dmy, (my, +mp,, + mc)} RUlT(sl,l)RDm,(s272)} )

CH+D1,s1l7m,sz _ CF 5ij VUm,Dl {(3 + 2955) (1 + t%) my,, mp,

1+ g5s

RDZ(31,2)RUm7(S272) + |:,Uzt5le — 4méletg

_1—g5s

dmy,, (mp, + my,, +mea) + leA*Dlt%} RDZ(81’2)RUm7(52’1)
+ [(3+2g5s)m{, + (34 2g5s) m, t5 — miytssas]

. . 14 g5s
RDJ (511)RUp,(s2,1) + [M my,,tg +muy,, <AUm - 29 4mé)

B 1 — gbs

4let% (le +my,, + m@)} RUZ(5171)RDm,(8272)} ,

- 1 . 1+ gbs

O almse — ____— R 59 V) {[ my, + ————4meamy,t
32\/§mwswtﬁ E D, Uy ’u U 2 G'"ULYB
—— —4mop, (mp,, +mu, + mg)ts — Apmuts| RU (51,9 RDm (s2,1)

—tg [— (3+295s) m3, + (3+ 2g5s) mp, + miycap| RUJ (o 1y RDim (s2.1)

. 1+ g5s
—tg |mp,, ;' tg + mp,, <_ADm + 29 4m(;)

1—gbs
2
1
32\/§mwswt5
1 —gbs
2
4 [_ (3 + 2g5s) m%l + (34 2g5s) m?]m + m%,vcm] RD;y 1.1y RUn (s2.1)

1 )
+ g S4m@) tg

dmy, (my, + mp,, + m(;)] RUff(sl,l)RDm,(sm)} ;

C¢+Dl,slﬁm,s2 — 1 + g5S

CF (5ij VUm,Dl {tﬁ |:/J,letﬁ —+ 4meDl

4mUm (mUm + mp, + mé) — AElle} RDl*,(slg)RUm,(SZl)

+ | —mu, "+ my, (AUm -

1 —gbs

-+ 4le (le —+ muy,, + m@) t5:| RUlf(sl,l)RDm7(S2,2)} . (440)
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Vector-Squark-Squark vertices

The generic effective vertex is shown in Fig] (m) with its generic expression as
follows

N A z’gge VO, 010m.s2
Vert (VM,QM, ) = L Vs, (4.41)

m,s2

The actual values of V', @781, Qm752 and CVQus1@ms2 are

- K 1+ g5
CAQMAQWWQ = 5lm 9%Ql CYF <551,52 + +29 ° 8SR1(lal)sl,s2

1 — ¢bs
+ L9 (SR 1)1 — SR Z>51,52>) (01— ),
7, 10 6% 1+ ghs
ZU, slUm,s — 2 - *
v 2 — 5lm 5776611,811, CF 9; (4Sw 35k,1) RUl,(sl,k)RUl,(slk)
1 —gbs 2
(p1 — p2)“ + 5 ((p1 — pg)u (kz:; (2033} — 3k2)

RU} 41 1y RUs(s20) — 1655 SRU2(1, 1) s152) + (p1),s
(24RU;(8171)RUL(82,2) - 12RU;(8172)RUL(8271))
_(pz)“ (24RUZ(3172)RUI,(52,1) - 12RU:(3171)RUI’(52’2)))} ’

1) 2
C#Pabns =g, 7 op [LE% 05 (02 35 ) RD; G RD
’ M S T6c, 5, 2 Z( St = 30k.1) RDJ (1 1y RDi (s2.)
1 —gbs 2
(p1 = p2), + —5 ((p1 —p2), (Z (1052 — 3k?)
k=1

RDj (1 1y RD(s2) — 855, SRD2(1,1)s1,52) + (p1)
(24RDj (o1 1yRDy (s2,2) — 12RD; (41 0y RDy (s2,1))
—(p2)u (24RD} (41 ) RDy (s21) — 12RD} 1\ RD (s2.2))) ]

i B 5% 1+ gbs
WU Dmsa _ t _ x
C l,s1 2 — 96\/58w CF VDm,Uz |: 9 9(]91 pg)“ RUI7(81’1)RDm7(32,1)
1—gbs 2
+ 9 <(p1 —p2), Z (+* RUIf(sl,k)RDm,(sZk)) + (p1),
k=1

(4RU;(31’2)RDm,(8271) - 8RUIT(SI,1)RDm7(5272)) - (p2)ﬂ
(4RUlﬂ:(8171)RDm,(s2,2) - SRUlﬂ:(sl,Z)RDmv(szJ)))] )
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1+ g5s
2

~ = 62] .
CW+D1,S1Um,s2 — CF VUm,Dl |: 9 (pl —pg)u RDl’(3171)RUm7(5271)

96+/25,,

2
1—g5s X
+t— ((pl —p2), Y (K RD} (1 1y RUm s2.)) + (p1),

k=1
(4RDl*,(sl,2)RUm,(S271) - 8RD1*7(51,1)RUm,(s2,2)) - (p2)u

(4RDy (1) RUp (s2,2) — 8RD} (41 9y RUp (s2,1)) )] - (4.42)

4.2.2 Mixed MSSM QCD effective vertices with 4 external legs

All possible non-vanishing 4-point vertices in mixed MSSM QCD are shown in Fig.fj.

Vector-Gluon-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.f] (a) with its expression as follows

43

a C nge
Vert (VM’ Gw GZ, GJ) = 2 [CY (g,wgpa + GupYGov + g/wgup) + C;/‘C:uupa] (443)

The actual values of V, C} and Cy are

A 1 a b c
i = 3 (Sae ).

c =0,
CZ _ _ Sw (@ . I3_Q) TT(Ta {Tb Tc})
! 24c,, 7 22 S
Q
cz— 9 > ]?)—QTT(TG (7%, 7) (4.44)
2 2Ucysy 5 2 ’ ' '

Vector-Vector-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.f] (b) with its expression as follows
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< 2
a ng al
Vert (Viy, Vay, G4, G2) = ~543 0 " (GuwGpo + GupGov + GuoGup)

Z (UVlQlQmUV2Qle + aVIQlQmaV2Q77LQl> , (445)

I,m

where all non-vanish vV@@m and V99" are shown in Eq.([35).

Scalar-Scalar-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.fi (¢) with its expression as follows

;2
7 _ _ _ _
Vert (51’ 52’ GZ’ Gg) = 8-7g:2 5ab guy Z (,UlelQm,US2Qle _ aSlQlQmaS2Q77LQl(>4746)

I,m

where all non-vanish v5@@m and a°29m are shown in Eq.(f230).

Vector-Gluon-Squark-Squark vertices

The generic effective vertex is shown in Fig.f§ (d) with its generic expression as follows

a ig::’e V Q1,51 Qm,s2
Vert (VH’G Ql ,s1) ms2> = T2 Juw C S (447)

The actual values of V, Q, é and CVQus1Qm.s2 are

CAQaQme — _g gcéfvl T4 [(6NZ —1) ba1,2 + 2 (BN — 8) SR1(1, 1) 51,42

1 —gbs
2

4 (NZ+1) (SRl(l,l)ng+SR2(l,l)sl,82)],

noF 1 1 5
C?YLsUms2 — Otm A T;; { +29 i 8 (5NC2 — 7) 83, SRUl(l,l)sLsg

+ (51 — 48N7) RU (.1 RUy (s2,1) + 12 (2N? — 1) 55,051,52
1— gb5s
Loy

[—2 (N? 4+ 1) (852, — 3) SRU2(I, 1) 1,52

—1—122 N2—3 S +N5k1+5k2)RUl slkRUl s2k)]}
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576¢y5,N, 7 2
+ (51 — 48N?) RDj () 1y RDy (s2.1) + 6 (2N7 — 1) 87,0.1.52
1 — gbs
* 2

o 1 1
CAPLabmsz = 5, T { 908y (5N2 = 7) st SRD1(,1)s1,5

[—2 (N? +1) (452 — 3) SRD2(1, 1)1,52

122 N2—3 8 + N, 5k1+5k2)RD1(51kRDl(sM))]}

- 1
W01 Dmsz TN T V},WUI {(17 = 16N?) RU; (i1 1y RD (21

1—g58

2
[4 Z N25k,1 + 5k,2) RUlT(sl,k)RDm7(82,k)
k=1

+ 2 (ch + 1) (RUl (s1,1) RD ,(s2,2) +RU1 ,(s1,2) RD 1(s2,1) ))]}

- 1
CW+D1,51U7rL,52 — W fT]aZ VUm,Dl {(17 — 16Nc2) RDl*,(sl,l)RUm,(Szl)

1—g58

2
[4 Z N25k71 + 5k,2) RDz*,(st)RUm,(s?vk)
k=1

(N2+1) (RDf (1.1yRUnm,(s2,2) + RD} (31 2) RUnn (s2.1)) ) | } (4.48)

Vector-Vector-Squark-Squark vertices

The generic effective vertex is shown in Fig[§ (e) with its generic expression as follows

: 2 )
/Z/gs ) S ~ms
Vert (vm,vQ,,,Ql N mz) = G5 (Man g, (4.49)
The actual values of Vi, V5, @, é and CVlV?Ql»slémﬂ are
ij 2 .2
Qg e
48

1 —gbs
* 2

N ij 2
CAZQL,slém,ﬂ — 6lm i_; CF {Z |:17,UAQlQl (,UZQLQI + (_1)kaZQlQl>
k=

CAAQl,slém,SQ — _5lm 1 + 958

Cr [551,52 + 16 SR1(1,1)s1,2

(20 SRl(l, 1)31,32 -+ 4 SR2(Z, 1)31752):| y

2
1— ¢5s
L1y

1— g5s 5 ) 2
(17995 A (UZQZQI 4 (_1)(’“”@2@’@1)} Ry (o100 B,(s2,0)

ApAQi1QL,ZQiQ SR2(1,1)s1,2 } )
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CZZQl,slém,SZ = — i i_; Cp {Qii [(UZQlQl + (_l)kaZQzQz)

- i {(19 @ZQzQz + (—1)%2@1@1)2

k=1

1—g5s o 20\ pr
I Tg 4 (UZQzQz + (_1)(k+1)aZQzQz) )Rl,(817k)Rl7(52’k):|

_1 — gos 4 ((UZQIQL + aZQLQl>2 +3 (UZQIQL _ aZQle>)

2
SRQ(Z, l)sl,s2} )

2}: (UW*UZDQ _ aW*Ung>

g

(UW+DgUm _ aW+DgUm> ((RD;RDg)Ll — 8) — 351,4

1 —gds W-U,D wW-U,D W+DyUp W+DyUn,
L (o) (i

e 5i
CW W lioaUms2 — ~35 Cr {RUlT(sl,l)RUmv(SQ,l)

(SRD2(Z> m)sl,s2 + RDZ(5172)RDm,(s2,2))} )

9 Z (UW+DlUg _ aW+DlUg)

g

(UW*UgDm _ aW*UgDm> <(RU3RUg)1’1 — 8) — 351m]

1 —gds 42 (Uwﬂt)lﬁg _ aW+Dng) (UW*UgDm _ aW*UgDm)
2
g

i E 5
CW W+Dl,lem,s2 — _% CF {RDZ(SLI)RDm7(S271)

(SRUQ(Z, m)si,s2 + RUIT(31,2)RUm7(5272))} ’

AW, . Bm,s o 2'5“6 W=U; Dy, * - 958
C 1,51 2 = m CF () L [17RU17(31’1)RDm,(52,1) + 9
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where the explicit expressions of vV@@m and aV?@m are given in Eq.([33).

Scalar-Scalar-Squark-Squark vertices

The generic effective vertex is shown in Fig.fj (f) with its expression as follows

Vert <Slv 527 Ql sl) ¥m 52> - Zgﬂs_ CSlS2Ql SlQm 2. (451)

The actual values of S1, S, @, Q and C5152Qu1Qm.s2 gre

L 5is
VUnl,Vn 7U,s 7Um,s — [ 2 *
CVn1¥n2,Yis1 2= 5lm5n1,n2 3840%18%” Cr (4SwRUl,(sl,2)RUlv(5272)
+ (30120 - 5120) RUJf(sl,l)RUl,(le)) )
o 5ii
Un1,Un2,D )8 Dm,s2 __ _ - 2 *
CVnivn2,Dis1 2 — 5lm5nl,n2 384012”312” CF (2SwRDl7(5172)RDl,(52,2)

+ (20121} + 1) RDZ(SLl)RDl,(le)) ’

— 929 —



Cénl,rlyénZ,r%Ul,sl7Um,32 —

Cénl,rl 7én2,r27Dl,slme,s2

Cénl,r'l7Dn27Ul,slme,32 —

CﬂnlyénZ,rlle,slva,SZ _

Chohoﬁl,slﬁm,.ﬂ

Chohof)l,slbm,.ﬂ

CHOHOQZ,SIQWL,S2

i
384c2,s2,
RL;l,(rl,l)RLnL(ﬂ,l) - 45iRUJf(51,2)RUl,(s2,2)RL:1,(T1,1)RLn1,(r2,1)
—252 wlU (51 1) RUL(s2.1) RLp1 (01,9)RLn1 (r2,2)

+ 852 RU} 1.0y RUss2.2) RL21 (11,9 B Lt r22)]
5”

—5lm5n1,n2 CF [(20121} + 1) RUIf(sl,l)RUL(le)

= (Slm(SnLnQ CF [4mW82 C%RDl s1,2) RDl ,(52,2)

384m3, 2 s? cﬁ
RLy, (1.2 RLn1 r2,2) 4+ 6mp e, o, RDJ (o1 1y RDy (52,
RL 1,20 RLn1r21) + 6szmen1C?URDZ(sl,z)RDl,(szn
RLnL(rLl)RLnlv(T’M) + 2m12/V$12uC%RDl*,(sl,1)RDl,(s2,l)
RLy (1,2 BLn 22 + miy (3¢, — s1) C%RDZ(SM)RDL(SM)
RL;lv(rlvl)RLnL(rll) - Qm%VSiC%RDZ(Sl,z)RDl,(s2,2)
RL} 1y RLnr21)]

X .
Onin2 64s 2 CF VD v, BUC ) (mWCﬁRD 20 1)
o
5n17n2 T 9 o 9 CF VUm D, RU 1(s2,1) (mWCBRDl s1,1) RLn2 (1)
64 W wcﬁ

+ lemenQRDl,(sl,Q)RLNZ,(Tl,Q)) )
64

" 384m}, 2 52 s

RUY 1.1y RU(s2,1) + 2 (23mi;, c2.¢5 — 2miy 55, ¢2a573)

Cr [(46mf, cict + miy (42, — 3) c2a55)

* 1 - 58
RU} (1. RUL22) = —— 8mi ¢l (SRUL(L st o
+SRU2(1,1)s1,02)]
51
—Om > Cp [(—46m7, ¢l s +miy (252, — 3) c2aC3)

384mi,c2 s2 WCh
RDJ (s1.1yRDy (s2,1) — 2 (23leC + miy s C2acﬁ)

. 1 — gbs
RDl,(sl,2)RDl7(52v2) +

_|_SRD2(Z, l)51,82)] )

8lecisi (SRD1(1,1)s1,2

04,05 A
= I Qua@me (5, — —co, Co = Sa, Coa — —C2a) ,

- 30 —



5
384mgy, c2 52 t5

RUlf(sl’l)RUl,(SQ,l) + 2 (23m%]l03u - 2m%VS%UC2ﬁt%)

CAOAOUL,slﬁm,SZ

= Oim Cr [(46m2Ulch +miy (4830 - 3) cwt%)

. 1—g5s
RU} 2y RU 52 — =5 8mi ¢ (SRUL(L D)t

—SRU2(,1)s1 52)] ,
5

Im 3213 5 2

384mgy, 2 s2)

RDj 51 1yRDy (s2,1) + 2 (23m, it + miy s cas)

(A D, 1y Do Cr [(46m3, 213 — miy (252 — 3) ca5)

) 1 — gbs
RDl,(sl,2)RDl’(8272) — 29 8m2DlC%Ut% (SRD1(17 l)sl,sz
_SRDQ(Z, l)sl,SQ)] )

5i

¢O¢00l,slﬁm,82 — 2 2 2 2
¢ Im 384771%4/012”312” CF [(46mUzcw — My (4811) - 3) 025)

RUlf(le)RUl,(szl) + 2 (237”%]103; + 2m%{/530026>

. 1 —gds
RU} (51,9 RUl (s2,2) — Tg szUlC%u (SRUL(L, ) 51,52

_SRUQ(Z, l)sl,SQ)] )
5

Im 50,79 9 9

384mWCwa

RD; (51 1)RDy52,1) + 2 (23mip,cs, — miy sy, ca5)

C¢O¢0Dl,515m,82 — CF [(46m%lci] —I— m%’V (2830 - 3) 025)

) 1 —gbs
RDl,(sl,2)RDl’(8272) — g 8m2DlC%U (SRD1(17 l)sl,sz
_SRDQ(Z, l)sl,SQ)] )

51

H-H4 Uy 1 Upm.s 2 2 2 ;
wow

2 42
—+ 46th5 Z szg VDTg,UlVUm’Dg
g
+2 (3¢ muymu,, — 2miys%east3) O

RUIT(sl,l)RUm,(Sll)

RUlT(sl,z)RUm,(ﬁv?)

+ QOmUlmUmch Z <Vgg,Ulva,Dg>
9

_1—g58
2

+ mUmRU[f(Sl,g)) (mDQt%RUm,(le) + mUlRUm,(s2,2)):| } )

2 i ;
8¢ [VDg,UzVUvag (t3mp, RU} (o1.1)
g

- 31 -



L 5
H=H* Dy 1 Doz _ T CaCaply — My Copt
C 1,51 ,52 W OF {[(4mwcw02ﬁt6 — mW626tB> 5lm

RDl*,(sl,l)RDm,(s?J)

2 2
— 46¢;, Z my, V[T)WUQ Vu,.p,
g
_Qt% [(Bcit%m[)lm[)m + m%vsfucw) Oim

+ 20lemDmC Z( DU VUg,Dz>

1 —gbs

RDZ (s1,2) RD, +(52,2)

+

g

+ ngRDZ(Sl,l)) (lethD (s2,2) + Mu, RDp 21)) ] }
6%
384mW02 s2

2 2
— 46¢% Z mp, VDTg,Ul VUn.Dy
g
-2 [(BCfumUlmUm + 2771%[/812”02&) Oim

+ 20mUlmUm w Z ( Dy, UlVUm,Dg)

1 —gbs
+ 2

C¢7¢+Ul,slﬁm752 — Cr {[(Qm%/vci]ng + m%}[/cw) Oim

RUlf(sl,l)RUmv(sll)

RUIT(31,2)RUW7(5272)

803’ Z [VDTnglva’DQ (ngRUlf(sl,l)
g

— mUmRU[f(sm)) (ngRU (s2,1) mUlRU (52,2 )] }
5
384mi, 2 s2

+46c5, > mp Vi Vi,

g
+2 [(3cilemDm — m%/vsi,c2ﬁ) Oim

+ 20lemDm w Z ( D, Ungle)

1 —gbs %
- 9 803; Z [VDm,UgVUg,Dz (_mDmRDz,(st)
g

+ 1y, RD} (q1.1)) (=M, RDyn(s22) + mMu, RDyms2.1)) ] }

C(b’(b*f)z,slf)m,sz — CF {[(4m%4,030625 — m%/[/c2ﬁ) 5lm

RDl*,(sl,l)RDm7(5271)

RDZ(31,2)RDW7(5272)

- 32 —



o 5%
Cho,HO,Ul,shUm,sQ — 5 m 38 o —+ 4OCQSCM
384m3, 2 s2 826 Cr { [ 0w w (352 )

+ mW (43 - 3) Szﬁ%} RUZT(SI,I)RUL(SZD

+ [mi, s, (3520 + 40¢asa) — 4miy st 52055] RUJ (g1 2)RUL(s2.9)
1—gbs

2

8my, o Casa (SRUL(L1)s1,62 + SRU2(L, l)sl,sz)} ;

0 [0 F D . o
Ch H® Dy 61,Dim,s2 — _6lm 384mwc2 82 C% F { |:le (382a + 4OCaSa>
+ mW (25 - 3) 52010%} RDZ(sl,l)RDlv(szJ)

+ [le (3824 + 40¢ySq) — Qm%‘,sismcﬂ RDy (51.2)RDi (s2.2)

1—g5s
- 8m%lc12ycasa (SRD1(1,1)s1,52 + SRD2(I, 5)51,52)} ;
. = 1— 953 164
ChOAOUl,gUm,sZ — mo—————— C 2 o
2 : 48m?,s2 st o

(RU 1.0 RUu 52,1y — RU; (31.1)RU1(s2.9))

5 = 1 — gbs 0%
Ch°A Dy g1 D . Cr m2, sut
2 asm2, stes ¢ My Sets
(RD] (¢1.2RD1s21) — RD] (o )y RD1(s2.))
- F 1 — gbs 0%
ChoquUl,slUm,sZ _ _ 5m C 2 .
2 "ASmM2, 255 e

(RUlf(sLQ)RUl,(sll) - RUZ(S171)RUZ7(52,2)> 5
_ 1 — gbs 104
M08 Dii Dz — _ m ——s——— Cp m 5q
2 asm2 ey LD
(RDZ(st)RDl,(le) — RDZ(31,1)RDl,(82,2)) ;
CHOAOQl,slém,SZ — ChOAOQl,slém,s2 (Sa — —Cay Cay — Soc)7
CH%OQL,le:?m,sz — ChOGOQl,s1C:2m,sz (Sa — —Ca, Co — Sa)>
54
384mgy,c2 52 55t
+ miys3sapts (455, — 3)) RU[ (51,1 RUl (s2,1)
+ (mUl (4036 + 3525t5) — 4mWs 865261:6)

« 1 5s
RUJ (51,9 RUl (s2,2) — 29 8my, oy

(SRUL(L, D)s1.40 — SRU2(1, 1) s1.50)]

CAO(bOUL,sl(jm,SZ — CF [(mUl (4035 + 3825t6)

- 33 —



CAO¢ODL,31 Dm,s2 —

ChoH?Ul,slf)m,SQ —

ChOH+Dl,sl ﬁm,s2 —

CHOH?Ul,sl E)m,s2

CHOH+Dl,slﬁ7n,52 —

5%
384mW02 52 cﬁ
+ mWCBSQﬁ (23w -3)) RDy (1.1 RDi (s2.1)
+ (m%lc?jJ (40026t5 + 3525) — Qm%,vs?uc%sw)

* 1 - 58
RDZ,(51,2)RDI,(S2,2) - Tg 8m%lcwcﬁt5

(SRD1(l,1)s1,520 — SRD2(1,1)51.52)] »
64
192v2m?, 52, c55%t gs25
—m3, Sasats (2055 4 3cats) — 3miyshcstpCatp)

Cr [(m},cl (40chts + 3sa5)

CF VDTm,Uz {825 (szlCan (2085 + BCQtﬁ)

RUl (s1,1) RD ,(s2,1) + 2mUlmDm35 (106a65825t5 + 36585t585 a
1—g5s

—10s45p523) RU/ (512D (s2.2) — 455598

[(mUlcacL; mD SQSBtB) RUl (s1,1) RD,, (2,1

+ ( My, mp,,S5a58 + mUlcacB) RUl (s1,1) RD,, (s2,2)

+ (mUlmDmCaCﬁtﬁ — mDmsasL;tﬁ) RUI’(5172)RDm7(52,1)

+my,mp,, (Cacﬁt% - Sasﬁ) RUIT(51,2)RDm7(S272)} } )
5

192/2m, 52 ¢35t gsas

—m3, Sa5pts (2055 + 3cats) — 3miy shcstgCastp)

CF VUm,Dz {825 (m2UmCan (2085 + 3Cgtg)

RDZ(SLl)RUnL(SQ’l) + 2my,, mp,sg (1Oca05525t% + 3cpsptpss—a
1 — gbs

—10s455895) RD; (s1.2) WU, (s2,2) 455598

[(m,, cacs — M, 5a55t5) RD; (1.1 RUn (s2.1)

+ (mUmleCaCﬁt% — m% SQSﬁt%) RDl* s1,0) U (s2,2)
+ ( mp,Mu,, SasSp + mU CQCﬁ) RDj (51,9 RUp (s2,1)
+my,, mp, (cathB sa55) RDl (s1,2) RUp, (52,2 }}

PR
= O H UisiDm.s2 (Ca = Sas Sa = —Cay CatB = Sats

Sa+B —7 —Ca+tBsSB—a —7 CB—a;, CB—a — —Sg_a) R
0+ ) 7
CH T Dis1Un,s2 (Ca = SayrSa = —Cay CatB = Sats,

Sa+B —7 —Ca+tBsSB—a ~7 CB—a; CB—a — —Sg_a) R

— 34 —



. = Y
CA°H Ui Dimsz i

Cr V} 23m%, tt — 23m? + 3m?, copt>
192\/57”%4/5%01% F ¥V Dm,Ui [( Dm”B U w28 5)

1 —gbs

RUZ(sm)RDm,(s?J) +

((mUl — mDmt%) RUIT(SI,I)RDm7(5271) -+ mDmt%RUZ(slg)RDm,(le)
_mULRUlf(sl,l)RDm,(SZQ))} )

4 (mDmt% + mUl)

CAOH+Dl,slﬁm,s2 — ié”
192v/2m3, 2 t%

Cr Vu,..o, [(23m%l t‘g —23m}, + Bm%,[,cwt%)

1 —gbs

RDZ(SI,I)RUm7(5271) _'_

((mUm — let%> RDl*,(sl,l)RUm,(SZl) + let%RDZ(SLl)RUm,(ﬂQ)
—my,, RD} (51.9)RUp.(s2.1)) ] »

4 (let% + mUm)

_ = '51’]‘
C¢OH Ul,lem,s2 — ? C VT s 23m2 t2 +23m2 o 3m2 s t
192V2m3, 52 spsty ! (525 (23mb, 15 U ws2sts)
RU (1) RDpp (s2,1) — 2muy,mp,, (3t5 + 10326t26 + 10325)
* 1 - 58
RUl,(8172)RDm,(s2,2) - J 4825

((m?]l + m%mt%) RUIf(Sl,l)RDm,(sz,l) + (—mQUl + mUlmDm)
RU (1,1 RD(s2,2) — (M, 15 — muymp,, 5) RU (.2 RDm(s2,1)
- (mUlmDmt% + mUszm) RUIT(51,2)RDm,(s2,2))] ;
COH DU — _ Y
192/2m3, 52 so5t g
RDy (51,1)RUn,(s2,1) + 2mu,, mp, (3t6 + 10326t26 + 10525)
1—g5s

Cr Vu,..0, [—525 (23m%lt% + 2377’L2Um — Sm%,vs%tg)

RDl*,(sl,2)RUm,(s2,2) + 4826
((m2Um + m%ﬁ%) RDZ(sl,l)RUm,(le) + t% (_m%l + lemUm)
RDZ(3171)RUm7(5272) - (m%]m - lemUm> RDZ(SI,Z)RUM7(82,1)

— (lemUmt% + lemUm) RDZ(sm)RUm,(s?,?))] )

— 35 —



Ch0¢7 Ul,lem,SZ —

Ch0¢+bl,slﬁm,s2 —

CHOfif ﬁl,slbm,sz —

CHod)Jr[)l,slUm,.sQ

CAodf U161 D2 -

51
192v/2m?, 52 s5cp895
—3m12/V85058a+g> RUlf(sl,l)RDm(S?,l) + QmUlmDm (1OCa05825
1 —gbs

Cr Vo (=520 (23mcacs +23mb, sass

+105,53525 + 3cSaCa—q ) RUl (s1,2) RDm (s2,2) T 4sop

((m,cacs +mb, sa58) RU 1.1y R D (s2.1)

+ (szlCacﬁ - mUszmSaSB) RU} 51,1y RD (52,2)
+ (m%msasﬁ - mUszmCaCB) RUY (51,2 BDm (s2,1)
— Mmy,mp,, (CaCs + 5a55) Rsz(s1,2)RDm,(sz,2))} ;

X
Cr Vi —595 (23m2, cocs + 23m2, Sus
192v/2m2, 52 s5c595 U D [ 2 ( Um =P DiZesh
—3m124/85058a+5) RDZ(8171)RUm7(32,1) + QlemUm (1OCa05825

1—gbs

—|—108a5’5825 + 3058505_ ) RDl (s1,2) RU,, (s2,2) T 482ﬁ

((m,, cacs + m%)lsasﬂ) RDj (1,1)RUnn (s2,1)

+ (m%lsasﬁ — Mp, My, CaCp) RD} 1.1y RUn (s2,2)
+ (sz Calp — szmUmSaSB) RDl*(sl 2) RU,, (s2,1)
— mp,muy,, (CaCs + 5a55) RD} (1 9yRUn (s2.))]
ch'G 01,91 D52 (Ca = SaySa = —Cay CatB = Satp

Sa+p3 — —Ca+p3,Sp—a — CB—a; CB—a — _Sﬁ—a) ;

0+ 75 7o
= "G DisiUm,s2 (Ca = SarSa = —Ca, CatB — Sa+p,

Sa+B8 —7 —Ca+tB;,S8—a —7 CB—ay CB—a — —Sﬁ_a) ,
6%
192\/771%,32 s2gt5

Cr ng,Ul (525 (23m7, +23m3, t5

1—gbs
2

(3ts + 10s25t5 + 10325) RU;*(S1 ) RD (s2,2) +
4826 ( (mUz + mD7 tﬁ) RUI ,(s1,1) RD,, ,(s2,1)

+ (mUz + mUszmtB> RUI,(sl,l)RDm,(s2,2)

+ (sz t% + mUszm) RUI* s1,2) D (s2,1)

— my;mp,, (1+t3) RU (4.9)RDpm(s22))]

— 36 —



0%
192v/2m?, 52 sost
—3m%,vtﬁ825) RDZ(8171)RUm7(32,1) + QmUmle

CAO¢+DZ,SIU’UL,SQ —

CF VUm,Dl [825 (23m2Um + 23m2Dlt%

1—gbs
2

(3t5 —+ 108251% + 10825) RDZ(51,2)RUm,(s2,2) —
4s9p ((szm + szltZ) RDZ(31,1)RUm,(32,1)

o (m%lt% + mUmle) RDl*,(sl,l)RUm,(s2,2)

- (m%]m + mUmlet%) RDl*,(le)RUm,(le)

+ mp,my,, (1 + t%) RDZ(31,2)RUm,(S2,2)):| s

¢O¢7U,s f)m,s _ Zé” t 2 2
C l,s1 2 — _W CF VDm,Ul |:(2SmUl - 23mD7n
. 1— gbs
+3miy¢23) RU; 1.1y RDom (2 + ——

4 (mp,, —my,) ((mUz +mp,,) RUI*(sll RDp (s2,1)
- mUZRUZ(s171)RDm,(s2,2) mDmRUl (s1,2) RDp, (82 1)”

d)o +D s [:]m,s _ Z(SZ] 2 2
O Dis1Ums2 _ RN Cr Vu,p, [(23mg, —23m3,
W2w
. 1—g5s
33y 23) RDj o1y RUm,s2.) + —

4 (le — mUm) ((mUm + le) RDl (s1,1) RU ,(s2,1)
leRDZ(Sl,l)RUm,(s2,2 - mUmRD[7(51,2)RUm,(s2,1)):| 5
i
384mi,c2 s2ts

4662t Z (mggvgnglvaDgD RU; 1.1y RUnm 2,1

CH+¢’Uz,515m,s2 — Cr [tg ((2m12,vc120825 + m%/vszﬁ) Oim

+2 ((SmUl — 2miy 55 525t3) Oim

+ 20mUlmUm w Z ( Dy UZVUZ Dg)> RUIT(SIQ)RUW(SM)

1 — g5s %
Z( Dy ULVUm Dg) (ngt%RUl,(sLl)

+ mUmRUL(Sl,Q)) (ngRUm,(s2,1) - mUlRUm,(s2,2)):| )

— 37 —



6ij 2 2 2
- W Cr [((4mwcw525t5 - mWS2Bt5) Oim

—46¢2 (szgvgm,UgVUg,DJ) RD} 1.1y RD (2,1
g

CH+¢7Dl,lem,32

+2t5 ((3mp, cats — miyss52p) Oum

+ 20lemDmat5 Z ( Dy U VUle)) RDZ(3172)RDm7(5272)

1 —gbs *
_'_ 2 803} Z (VDTm,UgVUle) (ngRDlv(sLl)
g

- mDmRDl*,(SLQ)) (ngRDm,(s2,1) + let%RDm,(s2,2)):| ’
i
384mi,c2 s2ts

— 4603}1’:5 Z <m%ngg7UlVUm7Dg)) RUlf(sl,l)RUmv(szJ)
+2 ((3mUl — QmWs Sggtg) Otm

+ 20mUlmUm w Z ( Dy UlVUlng>> RUl 812 RU 822

1 —gbs

CH7¢+UL,slém,82 — Cr [tﬁ ((2m%4/ci]82ﬁ + m%}yszﬁ) Oim,

+ 80’!21} Z (VD97ULVU7rL7Dg> (ngRUlf(Sl,l)
g

- mUmRU;:(slg)) (ngRUm,(le) + mUlt%RUm,(s2,2))} )
i
384ch2 s2ts

— 4603] Z <m2UgVDTm,Ungg7Dl>> RDI J(s1,1) RD ,(52,1)

g

CHid)JrDl,sle,sQ — CF [((4m%/vci)s2ﬁtﬁ — m%/VSQBtB) 5lm

+2t5 ((3m%lcit5 — m%,vsfusw) Oim,

+ 20lemDmcth Z < D, UQVUSNDI)) RDZ(8172)RDm’(S2’2)

1—g5s %
t—— 8¢, > (VD"“UQVUQ,Dl) (mu, RD] (51,1
g

+ mDmt%RDZ(slg)) (ngRD (s2,1) — leRDm7(52,2))} . (4.52)

All of the other effective vertices which don’t appear above are zero. We have
checked that if we include all of the quarks and squarks, the terms proportional
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to totally antisymmetry tensor ¢,,,, are vanishing due to the cancelation of gauge
anomaly in MSSM QCD.

5. Summary

Given the data accumulated at the LHC, searching the supersymmetry signatures
seems feasible, which has been attracted a lot of interests from both theoretical
and experimental sides. It is important to note that ATLAS and CMS are mainly
focused on the MSSM to interpret what they have observed (or not observed). To
be more specifically, a special theoretical model the so-called constrained MSSM
was often used to reduce the number of unknow parameters from dozens to four-
and-a-half[[[05, [[06, [[07, [0§, [09, [10]. Hence, phenomenologically, MSSM plays a
special role in discovering or excluding supersymmetry. As a consequence of R-parity
conservation, a pair of gluino or squarks are produced dominantly at the LHC and

then cascade decays into multi QCD particles. Its irreducible background are mainly
multijets final states, and it may also be background of other interesting processes.
Therefore, higher order corrections especially including SUSY QCD corrections are
predominantly in investigating SUSY phenomenology.

In the paper, we have given a complete list of Feynman rules for the rational part
of one-loop amplitudes in the MSSM QCD. The numerators of one-loop amplitudes
can be simplified in four-dimensions if the corresponding rational terms are added
correctly. It makes the NLO SUSY QCD calculation in multi-particle processes
much easier than before. With the nature of rational part R described above, the
regularization scheme dependence is included in the expressions of R. Therefore,
vs problems in dimensional regularization can be clarified with the investigation of
R in supersymmetric models. To meet the needs of practical NLO calculation, the
results are expressed in two dimensional regularization schemes and two 75 schemes.

The usefulness of our results will be shown in analyzing SUSY phenomenology up to
NLO SUSY QCD corrections.
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Figure 5: All possible non-vanishing 3-point vertices in mixed MSSM QCD.
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Figure 6: All possible non-vanishing 4-point vertices in mixed SUSY QCD (MSSM).
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