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This paper contains the complete set of Feynman rules for the minimal supersymmetric extension
of the standard model. Propagators and vertices are computed in the 't Hooft —Feynman gauge,
convenient for perturbative calculations beyond the tree level.

I. INTRODUCTION II. GENERA. L STRUCTURE OF THE MODEL

In recent years intensive studies of the minimal super-
symmetric extension of the standard model (MSSM) have
been undertaken. It stands as the simplest soft broken-
supersymmetry (SUSY) theory which contains all parti-
cles present in the standard model, and can be arranged
so that it does not contradict the existing experimental
data and is a good laboratory for testing various theoreti-
cal properties and experimental predictions of such
theories. Although it is only the smallest realistic model,
all practical calculations in the MSSM are very tedious
because of its complexity. To make it easier, several pa-
pers containing Feynman rules for that model have been
written. ' They take into account only the tree-level in-
teractions of the Higgs particles and those related to
them (charginos and neutralinos). In this paper we com-
plete all the Feynman rules for the MSSM in the
't Hooft —Feynman gauge, convenient for calculations of
perturbative corrections. All rules are collected in a form
which makes it easy to carry out systematic numerical or
symbolic computations.

Part of the mass matrices and vertices considered in
the paper, mainly related to the Higgs-boson and
supersyrnmetric-fermion sectors, has been already investi-
gated in other papers. ' We write down those formulas
once more, because our main aim is to collect in one
place and in one fixed convention the full set of rules
needed to calculate any process in the frame of the
MSSM. The conventions used in the paper are the same
as used by Haber and Kane. '

The plan of the paper is the following. Section II con-
tains a short review of the technical rules of constructing
SUSY Yang-Mills theories. In Sec. III we define the
fields and the parameters existing in the MSSM. The
physical content of the theory, the mass matrices eigen-
states fields, are outlined in Sec. IV. In Sec. V we de-
scribe the gauge used in other calculations; Sec. VI con-
tains the Lagrangian of the MSSM in terms of the physi-
cal fields. A short summary and comments on the choice
of the parameters of the model are given in Sec. VII. In
Appendix A we write down the same Lagrangian, but in
terms of the initial fields; Appendix B consists of the full
set of propagators and vertices corresponding to the La-
grangian of Sec. VI.

Supersymrnetric Yang-Mills theories contain two basic
types of fields —gauge multiplets (A, ', V„') in the adjoint
representation of a gauge group 6 and matter multiplets
(A;, g;) in some chosen representations of G. A, and P
denote fermions in two-component notation, A; are com-
plex scalar fields, and V„' are spin-1 real vector fields (the
spinor notation and conventions used in the paper are the
same as those explained in Appendix A of Ref. 1).

To construct the Lagrangian of such a theory we fol-
low the rules given in Ref. 1. In the strictly supersym-
metric case one has the following terms (summation con-
vention is used unless stated otherwise).

(1) Kinetic terms.
(2) pelf-interaction of gauge multiplets —the well-

known three- and four-gauge-boson vertices —see, e.g. ,
Ref. 3 and additional interaction of gauginos and gauge
fields:

tgf, b, 1 cr"AV„' . ,

(3) Interactions of the gauge and matter multiplets (T'
is the Hermitian group generator in the representation
corresponding to the given multiplet):

gT~ V„'(g;o "—
t)'t +iA a"A ),

ig&2 TJ(A,'g A,' —
A, 'g;AJ),

g (ToT ) V~Vv A+A"
'J P l

(4) Self-interactions of the matter multiplets. For tech-
nical reasons it is convenient to define the so-called "su-
perpotential" W as an at most cubic gauge-invariant po-
lynomial which depends on scalar fields A;, but not on
A,.

' (Ref. 1) (usually the superpotential is defined as a
function of the superfields). We need also two auxiliary
functions:

F, =awyaA, ,

D'=g A,*T,' A

Now we can write the scalar supersymrnetric potential
as

V= —'D'D'+F F
2 l l

Yukawa interactions are given by
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—
—,'(32W/BA;BAi+H. c. ) . Scalar s Fermions U(1) charge

In the case of semisimple groups G =G, - . G„
one should substitute in the above expressions sums of
type gg; V; T, in place of g VT and the same for gauginos.
There are also n A, —k —V vertices and n —,'D terms in the

scalar potential. For the U(1) factor there is no gaugino-
gaugino-gauge interaction, and the product g T V„' is re-

placed by —,'gy;5;I V„(no sum over i), where y; is the U(1)
quantum number of the matter multiplet (A;, g;} (similar-

ly for gauginos). In general the U(1) D field may be shift-

ed by the so-called Fayet-Iliopoulos term:

D =
—,'gy, A A;+g .

A g different from zero may introduce dangerous quad-
ratic divergences into the theory. In most realistic mod-
els (including the considered model) this constant is ab-
sent.

This completes the construction of a strictly supersym-
metric theory. To construct models which keep the nice
property of such a theory —lack of quadratic
divergences —and which simultaneously are experimen-
tally acceptable, it is necessary to add to the above La-
grangian explicit soft SUSY-breaking terms. A11 admissi-
ble expressions are listed below:

m, ReA +m2ImA +y(A +H. c. )+m3(VV+H. c. ) .

and A denote symbolically all possible gauge-
invariant combinations of scalar fields. These terms split
the masses of scalars and fermions present in the SUSY
multiplets and introduce new, nonsupersymmetric trilin-
ear scalar couplings.

III. MINIMAL SUPERSYMMKTRIC EXTENSION
OF THE STANDARD MODEL

To obtain the supersymmetric version of the standard
model one should extend the field content of the theory
by adding appropriate scalar or fermionic partners to the
ordinary matter and gauge fields. This is not enough —as
stated in the previous paragraph, the superpotential can
only be constructed as a function of fields and not of their
complex conjugates. Therefore it is not possible to give
masses to all fermions using only one Higgs doublet —at
least two with opposite U(1) quantum numbers are neces-
sary. The full field content of the MSSM is listed below.

(1) Multiplets of the gauge group SU(3)8 SU(2)SU(1):

A„', A,'„—weak isospin gauge fields,

coupling constant g, ;

B„,A,~—weak hypercharge gauge fields,

coupling constant g2,'

G„',Vz —QCD gauge fields, coupling constant g3

(2) Matter multiplets: we assume that three matter
generations exist, so the index I (and similarly all capital
I,J,K, . . . indices in the rest of the paper) runs from 1 to
3 (notation used can be immediately generalized to the
case of N generations}.

L—
e L

R I —+I
' —I
Q L

Q=I
d L

DI del
R

U =u'—Q R

H',
H'= H'

H
2=H =

2.

eL

gyl (
—1)c

QL

+g=
L

+l3 =(dl )'

@I —(ul )c

1
+H1

+H2
1

2
+H1

2 =+H=
H2

4
3

The SU(3) indices are not written explicitly. We under-
stand that the Q quarks and squarks are QCD triplets, D
and U fields QCD antitriplets.

In order to define the theory we have to write down the
superpotential and introduce the soft SUSY-breaking
terms (without them even using two Higgs doublets it is
impossible to break spontaneously the gauge symmetry).
The most general form of the superpotential which does
not violate gauge invariance and the standard-model con-
servation laws is

(2) Mass terms for gauginos:

m, (Rod, o+H. c. )+m2(A, 'q A, '„+H.c. )

+m3(Aeke+H. c. ) .

(3) Yukawa-type couplings of the scalar fields corre-
sponding to the suitable terms in the superpotential:

+e, us H; Q U +H. c."

(4) Yukawa-type couplings of the scalar fields, which
are diferent from the terms permitted in the superpoten
tial. Usually such couplings are not considered but set-
ting them to zero at the tree level is inconsistent; they are
generated perturbatively:

k IJH 2eI Ig I+e IJH 2+
Q IDI+ uI IJ~ I e

Q
IUI+H cS i i es S

8'=he"H. 'H +e"I H'L R
V E J iJ i J

+e d "H'Q'D I+e u "I'g'U.'.
lJ l J V i J

Terms such as a 6',JH Lj are gauge invariant but break
lepton-number conservation, so we do not include them
(similar problems appear for some products of squark
fields).

Soft breaking terms can be divided into several classes.
(1) Mass terms for the scalar fields:

m2 Hi@Hi m2 H2e~2 (m2 }Ill I+I J
H

1
I i H2 I t L i

(m2 )IJg leg J (m2 )IlgleQJ

(m 2 )IJDI+D J (m 2 )IJUI" UJ
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In general, constants h, hz, matrices 1,u, d, and
the trilinear soft couplings may be complex. %e can per-
form two operations which eliminate unnecessary degrees
of freedom. First, it is possible to change globally the
phase of one of the Higgs multiplets (H for the example)
in such a way that the constant hs becomes a real num-
ber. Then the equations for the vacuum expectations
values of the Higgs fields involve only real parameters.
In parallel, one should redefine the constants of the trilin-
ear couplings (such as u ~, us etc.} to absorb the change
of the phase of the Higgs multiplet. The second opera-
tion is the same as in the standard model by the
redefinition of the fields:

(Q,1,1I11)~ Vg(Q,J, 1II&;) (no sum over i),
( Uj 1IPI ) ylJ( UJ 1I1J )

(DI 1I1I ) yIJ(D J 1I1J )

and similarly for le tons, one can diagonalize the ma-
trices l,u, and d, obtaining Yukawa couplings of the
form e; l H L,R, etc. Of course there is no reason for
which soft terms would be diagonalized simultaneously.
By a proper redefinition of the parameters the matrices

V, VU, Vz, VL, and Vz disappear from the Lagrangian
leaving as their trace the Kobayashi-Maskawa matrix:

C= Vg Vg

This matrix appears in many di8'erent expressions con-
taining quarks and squarks, much more often then in the
standard model.

The full Lagrangian written in terms of the initial fields
[before SU(2}-symmetry breaking] is given in Appendix
A.

IV. PHYSICAL SPECTRUM OF THE MODEL

In the previous section we defined the field content and
all the initial parameters of the MSSM. To obtain the
physical spectrum of particles present in the theory one
should carry out the standard procedure of gauge sym-
metry breaking via vacuum expectation values (VEV's) of
the neutral Higgs fields and find the eigenstates of the
mass matrices for all fields. The VEV's of the Higgs
fields satisfy the following equations (8 denotes the Wein-
berg angle, e =g, sin8=g2cos8):

T

0(H')= 0, (H')=2, 0, 2 U2

e2
(U1 U2)™H+ lhl "1 hsU2 ~

8 sin Ocos 8 1

(1}Gauge bosons. Eight gluons G„' and the photon F„
are massless, the bosons 8'„and Z„have masses

e
m (

2 + 2 )1/2
2 sin0 cos8

( 2+ 2 )1/2
2 sin8

(2} Charged Higgs scalars. Four charged Higgs scalars
exist, two of them with the mass

M ~ =mw+mH +ma +2lhl
H)

and the other two massless. In the physical (unitary)
gauge Hz are absorbed by 8'bosons and disappear from
the Lagrangian. Fields 8 1+ and H2+ are related to the in-
itial Higgs fields by a matrix ZH:

'8" 8+
2 1

=ZH H+
1 2

V2

Z =(U+v )H 1 2 U U

(3) Neutral Higgs scalars. If the Lagrangian contains
only real parameters the neutral Higgs particles have
well-defined CI' eigenvalues —two of them are scalars,
and the other two are pseudoscalars. This is no longer
true if, for example, h is complex —one may find graphs
which describe scalar-pseudoscalar transitions. Never-
theless, in both cases it is convenient to divide neutral
Higgs bosons into two classes.

(i) "Scalar" particles Ho, i =1,2, defined as

~2ReH,"=ZgH +U; (no su.m over i) .

The matrix Z„and the masses of H, can be obtained
by diagonalizing the Mz matrix:

a y
r 13

V 2
2V 2

1a= —hs +
4sin Ocos 8

V 1
2U 2

2P= —hs +
4sin 8cos 8

e U1V2
2

r=hs
4sin 8cos 8

M 0
I

Z~ M~ Zg—
0 M()

2 J

(ii) "Pseudoscalar" particles H;+2, i = 1,2:

v'21inH, '=ZgH +2 (no sum over i) .
2

(u, —u2 )+mH + lhl U2 = hzu, . —
8 sin icos 8 2

Parameters of the above set of equations are con-
strained by the condition that U1 and v2 should give the
proper values of the gauge-boson masses.

The mass eigenstates of the particles in the theory are
the following.

Hz has the mass M 0 =mH +mH +2lh l, and H4 is theHI H2

massless Goldstone boson which disappears in the uni-
tary gauge. The ZH matrix is the same as in the case of
the charged Higgs bosons.

Matrix notation used in the paper seems to be con-



41 COMPLETE SET OF FEYNMAN RULES FOR THE MINIMAL. . . 3467

where

sinp —cosp cosa —sinu

cosp sinp ' " sina cosaZ =
L

venient in the case of nonunitary gauge, when the Gold-
stone bosons are explicitly present in the Lagrangian and
should be treated in the same way as the physical Higgs
particles. In order to compare our expressions with those
introduced in Refs. 1 and 2 one should substitute

lZ++ '
p &Z 2i+0

+j
—0, Z~ YZ~=T

j

m p
Kl

0

g/ i —Z 3j+0 A)2 Z4j 0

0

m p
K4

MHp+mz
tanp=, tan2a =tan2p

V) M'
p
—mz2

3

It is also worth remembering that due to the SUSY
structure of the model the Higgs-boson masses satisfy
two interesting tree-level relations:

M +=M p+m~
1 3

2m 3 0

0 2m 2

—
eu& eu,

2 cos8 2 sin8

eU2 eU2

2 cos8 2 sin8

eU2

eU ( eU2

2 sin8 2 sin8

0

0

—
ev&

2 cos8 2 cos8

m =0 m=—1 I
v ~ e —uil

2

I I I I1 1
md = — u]d, m„= .—V2u

&2 &2

M +M =M +m
1 2 3

(4) Matter fermions (quarks and leptons) have of course
the same masses as in the standard model:

(7) SU(3) gauginos do not mix. In four-component no-
tation we have eight gluinos AG with masses 2m &.

IA, G
AG=

lA, G

(8) Three complex scalar fields L, form three sneutrino
mass eigenstates v with masses given by diagonalization
of a matrix M„:

(5) Charginos. Four two-component spinors
Q, '„,A, „,VII2, +II, ) combine to give two four-component
Dirac fermions a„a2 corresponding to two charginos.
Also two mixing matrices Z+ and Z appear in the La-
grangian. They are defined by the condition that the
product (Z ) XZ+ should be diagonal:

LI=Z"2, Zt~„Z„=
M„

0

0

M,

X=
2m 2

euj

&2 sin8

ev2

&2 sin8

e (u, —u2)' S"+(m2)"
8 sin 8cos 8

m„0
1(z-)'xz+ =

0 mK"2

The unitary matrices Z+ and Z are not uniquely
specified —by changing their relative phases and the or-
der of the eigenvalues it is possible to choose m, positive

I

and (if necessary) m„)m„. The fields lr; are related to
1 2

the initial spinors as below:

+H2 Z2jXj & 4H] =Z2j

k~ +IX~

(6) Four two-component spinors (A,e, A, „,VII i, +H2 )

turn into four Majorana fermions ~;, i =1, . . . , 4, called
neutralinos. The formulas for mixing and mass matrices
are

A Cz, ~g ~z, =
M,'

0

0

ML2

gIJ i 2 gIJ+(ml)2gIJ+( 2)IJe (ui —u2)(l —2cos 8)

Ssin 8cos 8

jjIJ l 2 fIJ+ (
—l)2gIJ+ (

2 )IJ
e (ul —v2)

4cos 8

C = [u (1h'5 —k )+v I ].1
2 S 1 S

(10) Fields Q, and U turn into six up squarks U,.:

Sneutrinos are neutral but complex scalars.
(9) Fields L2 and R mix to give six charged selectrons

L;, i =1—6:

LI ZIjeI — g I Zt I+3)iI +
2 L i & L
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Zri U+ U I Z(1+3)i+ U—~1 U i & U
We have now completely defined all the physical fields

existing in the MSSM:

A D'
U DT B

MU

MU

e2(u, —v2)(1 —4cos 8)

24sin28cos 8

+(m l)2filJ+(m 2 )KLCKleCLJ

D = — [u (w +u Ii'5 )+u u ]
1

i S 2 S

glJ i 2 5IJ+( I)25IJ+(m2 )IJ
e2(v2i —u2)

6cos 8

Photon I:„'
Gauge bosons Z„, fV+

Gluons Ga

Gluinos AG
Char ginos
Neutralinos
Neutrinos
Electrons
Quarks q„,qe
Sneutrinos v
Selectrons L,
Squarks U,*,D;*
Higgs particles:

charged
neutral "scalar"
neutral "pseudoscalar"

a =1-8
a=1—8
i =1,2
i =1-4
I =1-3
I=1-3
I =1-3
I =1-3
i =1-6
i=1—6

H1
H, H',H''

(Majorana spinors)
(Dirac spinors)
(Majorana spinors)
(Dirac spinors)
(Dirac spinors}
(Dirac spinors)

gl ZIieD——
D I Z(I+3)iD+

2 D

C
ZD ( t B ZD

MD

MD

e (ui —v2)(1+2cos 8)
g IJ i 2 — gIJ+(m I )2gIJ+(m 2 )IJm&

24sin 8cos 8

e(u —u }gIJ i 2 gIJ+(ml)2fiIJ+(m2 )IJ
12cos 8

C = [v (dII2 eslJ eIJ)+v dIJ]1
2 S 1 S

(11) There are six down squarks D; composed from
fields Q2 and D:

The mass matrices are often quite complicated. Note
that not for all the possible values of input parameters
can one obtain reasonable sets of particle masses. There
is no problem with fermions, but for some choices of the
Higgs-sector data SU(2) symmetry would not be broken
or, on the contrary, improper values of squark interac-
tion constants can lead to negative values of their masses
and, as a consequence, to color symmetry breaking.
Demanding weak isospin symmetry breaking leads to the
condition

mH +mH +2)h/2&2/hs[,

(mH +/I /')([mH +/I (') &I s'.

A more detailed discussion of those questions, especial-
ly for the Higgs particles and gauginos, can be found for
example in Refs. 1 and 2. The super-scalar sector param-
eters are very complicated and probably it is more con-
venient to check the positivity of physical tree masses al-
ready after diagonalization.

V. CHOICE OF THE GAUGE

(&"3„+gmzcos8H4 )2—((Y'G„' )— (&'8„—pmz sin8H ~ )
2X

T

8'A„'+ gm„(H2+ H2 ) — cP—A„— gm„(H2++H2 )

( y'G ' )2 — ( 8'Z ) — ((FE ) ——(P' W )(8"W )
1 1 2 1

P 2g P 2g P

mzH48"Z„imili(H— 2+8"W„—H2 +W„) &gmz(H4) 4mwH2 H2

As long as one considers various processes in the spontaneously broken gauge theory in the tree approximation, the
most natural and preferred choice is the unitary gauge in which the unphysical Goldstone bosons are absent in the La-
grangian and Feynman rules. When we want to calculate higher corrections, we must include the ghost loops suitable
for the given gauge. Unfortunately the ghost part of the Lagrangian in the unitary gauge is complicated and difficult to
deal with. In those cases it is much more e5cient to use the so-called t Hooft-Feynman gauge, in which the Gold-
stone fields appear explicitly in the calculations, but ghost vertices are relatively siinple. For our model the appropriate
choice for the gauge-fixing terms is

~OF
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The first part of the above expression is identical to the
usual gauge-fixing terms, the second cancels similar o8'-

diagonal Higgs-boson —gauge-boson vertices remaining in
the Lagrangian after symmetry breaking, and the third
gives masses to the Goldstone bosons.

VI. THE INTERACTION LAGRANGIAN

Although we consider only the minimal extension of
the standard model, the full set of Feynman rules for
such a theory in the gauge described in Sec. V is very
complicated. Ln this section we describe the interaction
Lagrangian of the model, the propagators and vertices
suitable for the chosen gauge are collected in Appendix
B. Of course, one can obtain from them rules for tree
calculations in the unitary gauge by setting Hz and H& to
zero and neglecting the ghost terms.

It is convenient to divide all terms in the Lagrangian
into classes corresponding to the different types of parti-
cles taking part in the interactions. The quark, squark,

and gluino vertices which contain the QCD coupling con
stant g3 are important only for special kinds of calcula-
tions, including strong corrections, so they are collected
together as the separate, last class.

We must also give two technical remarks explaining
the notation used. First, the expression "+ H.c." always
refers only to the line in which it was used. Second, after
the diagonalization of the superpotential the couplingsI, u, d change into l 5, u 5, d 5, and simultane-
ously sums of the type A Jl +B convert into A I B
etc., containing the capital indices I,J,E, . . . more than
twice; nevertheless, one should always use the summation
convention in those cases. This should not lead to any
misunderstandings.

(1) Interactions of gauge bosons and superscalars. In
addition to the usual three-particle vertices with gradient
coupling also somewhat surprising expressions containing
two scalars and two gauge bosons appear.

(i) Quark-squark-gauge interactions (one should
remember about the color indices, although they are not
written explicitly):

1—
sin8cos8

1—
+

3 eq dp~qdF + . q dy" — —
—,
' »n'8 qdzsin8 cos8 2 2

1—
C'qdy q„8' +H.c.

& 2 sin8

'ie(U——a "U+)F — . ( 'Z "Zj —'sin 85'—J)(—U a "U+)Z
slue cose J P

+ ,''e(D, +a "D, —)F+ . ( —'Z 'Zg' ——'sin 85")(D;+a"D )Z
sine cose J

Z,"ZPC"(D,+aU+) W +H. c. -
~2 sine J

e 2e+ Z "Zf/W+W "U U++ 'e F F"U—U++ . (Z "ZJ~ 'O'Jsin 8)U —U—+Z F"
28 U P i j 9 ~ ' i 3 sln8cos8 U 3 i j P,

3 —8sin 8+e 45'~tan 8+ Z "ZI9 Z Z"U, U+ + Z 'ZJ~'W+W "D;+D + 'e2F F"D;+—D
12 sin 8 cos 8 I4 ~ 2 2 SIn28 D I4 I J 9 I4

L

3 —4sin 8+ . (ZDI'ZP' ——'5'Jsin 8)D+D Z FI' +e —'5'~tan 8+ Z 'ZJ' Z ZI'D, +D. .
3sin8cose ' ' J " ' 12sin Hcos 8 P t J

e'&2 Ii J IJZD'Zgc"D, +U+(Z~tane F~)W +H. c. —P

(ii) Lepton-slepton-gauge interactions:

+e%,'yi'%,'F„+ . %,'y~-e —, 11—
X5

sinO eos8 ' 2 2
—sin 8 %,Z„

1—e —r „'Ys
2 sine cose " 2 ~2 sinO

(2'a "d)Z +Ie(Z.;+a "r.; )F + . ( —'Z 'Z ~' —sin285'J)(I. ,+a~Z )Z8 8 P i ] P ~ 8 8 P L L l J P,

Z"Z "(r.+a ~d) W +H. c. -
8 v L I
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2 e+ ', w„'w -~+, z„z~ 2'2+ ', z"z»w+w-~L, -I.+
2sin 8 2cos 8 2sin 8

r

2 gijta 28+ ZIieZIg Z ZPL —L++e2F FPL L+
4sin 8cos 8

ZL'*ZL —25'tan8 F„Z"L; L.+
sin8 cos8

2

+ Z, ZI 'v L,+ 8'„(Z"tan8 —F")+H.c.
&2 sin8

(2) Interactions of the Higgs particles and gauge bosons. We define the auxiliary matrix AM as

AM —ZR Zfj ZR~Z

We have similar types of vertices as in the case of superscalars and additional two-gauge-boson-one-Higgs-particle
couplings:

+ . Ag (H; d "HJ.+z )Z„+ie(Z„cot28+F„)(H;+8"H; )
2sm8cos8 j+

2

+ U, Zj' 8'+8' "+ Z Z" Ho
sin2 8 2cos 8

em+ (Z"t—an8 F")W„+H—z +H. c.

1
JY 8' "+cot 28Z Z"+2cot28Z F"+F F" H;+H, -

2sin 8 P P P

2

+ W+W &+ Z Z~ (H'H'+H' H' )
4

' 28 " 2cos8 i i i+2 i+2

2
+ . AM(Z"tan8 F")8'„+H —H; . (Z"t—an8 F")W„+H; —H;+i+H. c.

(3) Interactions of the charginos and neutralinos with the gauge bosons:

1 —
5 1+—eK;y"K;F„— . K;Z" Z)+;*Z&~ +Z);Z&~' +25'cos28 K~Zq2sin8cos8 ' ' ~ 2 J

1+y~
K; W„+ +H.c.

. 1 —
y5 . . 1+y5+ " Z "Zg +Z 'Zg' a. .Z

2 sin8 cos8 N 2 K& P

(4) Higgs-boson —lepton and Higgs-boson —quark interactions. They are of a form similar to the Weinberg-Salam
model couplings, but complicated by the existence of two Higgs doublets:

E+ d R'9 d'VdH uZR'7 l H'~ d ZH1 dl 5'VdH +2+ ~ ~ HI 757 H +2'
2 v2

. 1 —
y5 . 1+@5+—I dIZli 5 +~ JZ2i 5 CIJ J~—+H c

2

(5) Interactions of the charginos and neutralinos with the superscalars.
(i) Interactions with squarks (superscript C denotes the charge-conjugated spinor):
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1—
+U; KJ. ZU" ( —,'Z)I(jsin8+Z)()jcos8) —u ZU

+ "Z)()j~2 sin8 cos8 2

+ 2e 2 Z(I+3)'eZ& ~ „IZri~Z4 o2e~2 I+r
g U ~ U 2

q„+H.c.

+D+K e
ZI3( 'ZN—(sin8 Z—N(cos8)+d Z' + 'Zg

1 —ys
~2 sin8 cos8 2

1+y5z(l+3)(zeal'E+drzrizg3 E '3 I+H3„,8 2 q

+ U+q',
1+y5 . 1 —

y5Z 'Z+'+u Z' + 'Z+' —d Z 'Z C ir +H. c.
8 U (I U &j 2 U &j 2 j

g) +— ZriZ —+d IZ(I+3)IZ
sin8

1 —
y5 . 1+y5

+ JZIiZ+(g( gIJq J+H cD 2j 2 u

(ii) Interactions with sleptons:

1—
+ . Z„'(ZN'sin8 Z'—cNso8)v 'i7, )Ii„+H.c.~ 2 sin8 cos8

+-0Kj
e

Zr'(Zgsin8+ZN3jcos8)+ I Zr' + 'Zg
1 —

y5

~2 sin8 cos8 2

1+ysZ(I+3)i' E+l~ZBZj'
cos8 L i

1—-c Z+ 3 +lrZ
sin8 " 2

1+y5' Z"'e'2'+H
V 8' .C.

1—
Z 'Z +l Z' +3'Z i7 )Pg++H c

snab
~ ~ L 1j L 2j j

(6) Interactions of the charginos and neutralinos with the Higgs particles:

p,. (Z'"ZN( —Z "Z)()i)(Z "sin8 —Z "cos8)
2 sin8 cos8 2

+(Z'"Z "—Z "Z ")(Z(t(i'sin8 Z 'i(c)i—s8o)
1+ys

g N 8 N j k
K'ao

1—
)70 (Z(kZN3( —Z "Z)((j)(Z"sin8 —Z 'cos8)

2 sin8 cos8

—(ZH'"ZN3" —ZN3kZN4" )(Z)I)j'sin8 —Z)()i'cos8) 0 0
KjHk +2

1 y5 1+ys— (z'"z-z++z'"z-z+) '+(z'"z-'z+'+z'"z-*z+')
sin

1 —
y5

2
+ . s7I Zr'I Z2 (ZNsin8+ZN'cos8) Z, ZN'cos8- .

sin8cose ~2

1 —
y5 1+ys+ rc (Z'"Z3.Z(+Z Zl;Z,+) —(Z'"Z3j'Zl +Z Z(j'Zg )

sin

Kjako

0
KjHk+2

1+
ZH Z2j (ZN S1118+ZN cos8)+Z1j ZN cos8 K;Hk +H.c.~2
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(7) Self-interactions of the gauge bosons:

ie—[W„+W. (a-~F" a—"F')+F„(W„a-W+& W—,+a W ~+W„+a~W- )]
—ie cot8[w„+ W„(a„Z"—a"Z")+Z„(w, a"W+"—W+ a"W "+W+ a "W ")]

2

+ (g" g
"I' g"—g"I')W+Wk W„w

2sin 8

+e (gi' g
"I' gi' —g I')F„F Wk W& +e cot 8(g" g I' g—~"g ~)Z„Z,W& W~

+e cot8(g" g "I'+g»g" 2g—l'"g I')Z„F„W&+W

(8) Ghost terms:

ie(—z„cot8+F„)[(al'rj )rj —(al"rj +
)rj+ ]+ieW„+ [(al"2)zcot8+a"rj„)2) —(a 2)

+ )(rjzcot8+ rjI )]

+ieW„[ (a"r—izcot8+aj'r), )rj++(al'rj )(rjz—cot8+rj, ) j

u, zj' rj rj +rj+rj++2) rj H,o+ (rj 2) 2) +r—j+ )Ho
4 sin 8 '

cos 8 2 sin8

emw fern
(rjzrj rj rjzcos28 rj+ r—~)si n28) H2+ (rjzri rj rjzcos28 r) rjF—sin28)H2

2 sin8 cos8 2 ssn8 cos8

(9) Scalar potential of the Higgs particles. This is the first part of the huge and complicated quartic potential of the
twenty seven scalar 6elds appearing in the theory. To streamline notation we de6ne four further auxiliary matrices:

Ag=Z "ZHt —Z"ZIjl Aj'=Z "Z"—Z 'Z ' Aj'=Z "ZII+Z 'ZIji B' =u Z"—u Z '

The Higgs potential is expressed as

2 2

AIIBI(HI~H)~Hk 2—
2 A/BI(HI~+2HI+2Hk

8 sin 8cos 8 8sin 8cos 8

2

A/BI( + . ( AI",I5„+AI",'5, l ) H;+Hj Hk
4sin 8cos 8 2sin8

+ . ej5'"H;+HI Hk+2+ 2
A JVekiH; HI+2Hk+Hl

2 sin8 4sin 8

e
AA AH +eikejl Hi +2HI'+2Hk Hl

4sin 8 2cos 8

e 2

AI'('AR HI~HI HkHl 22—AQ AHH;+2Hjo+2Hk+2Hl+2
32sin 8cos 8 32sin 8cos 8

2 2

AI'( AH'H; HjoHk+2Hi+2-
16sin 8cos 8 8 sin 8cos 8

2
A/A"'+ A'"A$' H H H„+H,

4ssn 8 2cos 8

It is easy to see that the couplings H;+Hj Hk+2 and H;+Hj Hk+2HI completely disappear in the unitary gauge.
(10) Interactions of the sleptons and Higgs bosons. One can naturally divide them into two groups.
(i) Three-scalar (two-slepton —one-Higgs-boson) couplings:

2

, B„'d*dH,'
4sin 8cos 8

22+Z» " Zk'Z'+(i'"Z("+'i IiIZ")Z»+(k "—Z('+" h iIZ(I+"')Z2I H—L, +H +H . -
uk H L S L ™eL H S L L M i j4sin 8

($1jIZIjZ(I+3)i /IIZIi~Z( + j)z +(kI ZIjZ & —kIIZI' Z( V}Z~l. S L L S L L H S L L S L L H

+i'(j z' z"+"I jz'jz"+"'—)z'"]L, I.+H'-
E L L L H i j k+2



COMPLETE SET OF FEYNMAN RULES FOR THE MINIMAL. . . 3473

1 —4
' 8+ e Bk pj+ ZII«ZII (I I) 3„Z)k(ZIi«ZII+Z(I+3)i«Z(I+3)I)

2 2g R
2 28 L L ) R L L L L

Z'"(i"'Z IZ"+""+I"Z"'Z"+3)j)+ Z'k(k"'ZIIZ" +""+k "Z"'Z"+3)I)
R S L L S L L R S L L S L L

I'Z'"(j 'Z" «Z"")I+jZ IZ"+"") L L+-H'.
R L L L L i j k

(ii) Two-slepton —two-Higgs-boson couplings:
2 2

, Agd'dH, 'H,' —,', Agd'HH0„H0„
8 sin gcos 8 8sin t9cos 8

+Z *Z I[e cot 8AQ (1 ) —ZHj]v «vH H+

2
L ~

2 sin2
J

2

+ Z 'Z (ZI'jjz'"+ZJ~Z ")+(I ) ZI'j)Z'" v L+H H +H. c.L v
2 sln2g R R i j k .C.

r

2

+ A"' 5'I+ Z ' Z —'(1 ) Z'"—Z"(Z "Z I+Z' + "Z' + '
) L L+H

H.H L L T H H L L L L i j k+2 1+24cos 8 2sin 8

2
1 —4

'
8+ A"' O'I+ Z "Z I ——'(I ) Z'"Z "(Z "Z '+Z' + "Z' + I) L L+H H

4 28 R
2

. 28 L L T R R L L L L i j k I

2 1+2 sill+ ' A"' S'I— "" Z"'Z'I —(I')'Z'"Z "Z"""'Z"+3)jL -L+H-H+ .38 H
2 2g L L H H L L ' j

(11) Interactions of the squarks and Higgs bosons. We have the same two types of couplings as in the previous case.
(i) Three-scalar couplings:

+ '(u Z 'Z' + " u'Z "—Z' + ")Z "+(u) 'Z "Z' + " (D Z jz'—+ "")Z'"S U U S U U H ~S U U ~S U U H

I(jlZ i«z' + V —I, «Z IZ(I+3i«)Z'"]U U+Ho
U U U U H i j k+2

+ 5'I+ Z "Z-I B"—(u ) U Z "(Z "Z I+Z' + "Z-' + I)

+ Z'"(u' 'Z"'Z' + I+u'Z'Z'I+"" }+ Z'k(u)I 'Z"'Z' +"I+u)'Z j'Z' +"")1 . 1
R us U U us U ~2 R ~s U U ~s U

u IZ 1k( j «Z II'Z (I +3 )i«+ j Z Ii «Z (I +3 )I) U
—

U +H 0
R U U U U i j k

+ —[(d 'ZDOZ' + "—d Z ' Z' + j)Z'"+(e 'ZPZ( "—e Z "Z' + )j)z "S D D S D D H S D D S D D H

+d'(j 'Z"Z"")I jZ~Z"+"")Z'"—]D D+H'-
D D D D H i j k+2

T

2 3 —4 8+ 5'I+ Z "Z-I B"—(d ) U Z'"(Z "Z I+Z' + "Z' + 'I)
2 2g D ~ R 1 R D D D D

Z'"(d 'Z IZ' + "'+d Z "Z' + 'I)+ Z "(e 'ZIZ' + "+e Z "Z' + 'I)R S D D S D D R S D D S D D

d'Z "(j 'Z"'Z"+"I+IZ&Z"""') D D+H'-
R D D D D i j k
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2
+ - Uiz'"+0 (d')'z "+U (~')'z" c"zJ'z"

U

&2m~sin8
5' u d'C'ZD'+"JZU+"+[ZH ji& C»+(Z(k(DKJ Z2k„KJ )CIK]z(J+3) Z~I

+[(ZH"ds +ZH es )C Z—ji'd C ]Z 'Z(I+3)j V+D+H

(ii) Four-scalar couplings:

2—e kl &,I 3 —Ssin 8
6cos 8 H 4sin 8

~ 2 U

I H H U U U U i j k+2 I+2
—(( ')'Z'"Z"(Z" Z I+Z"+""Z"+"I) V V+H-' H'

3—8sin 8A"' g(j+ sin ZIl~ZII )(QI)2Z2kZ2I(Zll+ZIJ+Z(I+3)I+Z(I+3)I) U U+H HR
4

. 28 U U Y R R U U U U i j k I

2

A kl glj 3+2 sin 8 ZIleZpl
3cos 8 H . 2 U4sin 8

—(u ) Z Z 'Z' + '"Z' + 'I —(d ) Z'"Z"C JC 'Z "Z j U U+H H+H H U U H H U U i j k I

2
A"' S'I+ "" Z"ZJ '(d')'Z—'"Z-"(Z"Z~+Z" +""Z"+"I) D-D+H' H'

H
2

~ 28 D D I H H D ll D D i j k+2 I+2

2
A"' g(j+ ZII~ZII ~(d I)2Z' Z ii(ZIl~zgr+Z(I+3)I~Z(r+3)J) D D+H HR

2
. 28 D D 2 R R D D D D i j k I

2 ' 2
Akl gj'3—2sin 8Z "Z j

6cos 8 H . 2 D D2sin 8

—(d )Z'"Z"Z'+ "Z'+ )j—( )Z "Z'C C 'Z "ZJ D D+H H+
H H D D ~ H H D D i j k I

CIJ A klZJlZIj ~ u JdIZ(J+3)lZ(I+3)j
H U D kl U D

+[(iJ )'Z "Z2' (d ) Z'"Z "]Z—J'Zgj U+D+H H +H. c.

2

+ C (Z'"Z "+Z "Z ')Z 'Z-I —A'"u d Z' +"Z' +'"
H R H R U D P U D

+[(u ) Z Z '+(d ) ZH Z")ZU'Z I U +D+Hk Hi+H. .c.

(12) The last type of couplings which may be useful in calculations without strong corrections are the four scalar in-
teractions of four sleptons or two sleptons and two squarks:

2

, v"v"v'v' +
8 sin 8cos 8

e2

2 cos28

28 zKi.z J ~
2sin 8 L L

2

Z "Z j+l 1Z' '"'Z' + I Z Z ' v'vL L+
L L L L v v l J2sln 8e;. 3—8sin 8S'I+, ZJ"Zy 2'dV, V,++ ', S—'I+ "," Z"Z,JJ 2'dD;D

3 cos 8 4s1n 8 6cos 8 2sin 8 J

—ZJIZLieCKLe
v U

2
ZKjeZ Jk+I JdKZ(K+3)j «Z(J+3)k pV D L++HD L D L t. J- k .C.

4s1Q 8
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2

+ —' ' "" 'Z"Z'I'Z"Z'"+ ' 5'(3Z"Z" 5—") i—'i'Z I'ZIkZ" +""Z"+'" L;I. I.-+I, +
8 sln28 28 L L L L

2 28 L L L L L L i j k l

2e

6cos 8
3+2 '

8
L L U U L L U U

3+2sm 8 ZI'*Z JZ 'Z —25 'Z "Z J—58JZ k*ZI'+48J'5 ' I. L+U U+
i j k l2sin 8

e

6cos 8
3+2 8 Z i«ZIJZ "«ZJ' 45—'ZII«ZIJ 5ijzjk«ZI)+25ij5"'

L L D D L L D D2sin 8

+I d (Z' + "Z JZ "'Z' + "+Z "Z' + 'IZ' + '" Z ') L L+D DL L D D L L D D i j k f

(13) At this point we complete all expressions containing the strong coupling constant g3. We have two basic types of
such interactions —first, couplings of the quarks and squarks with the gluons and gluinos and second, four squarks ver-
tices in the superpotential. We include in this paragraph also other four-squark vertices with other couplings —placing
them for example in the previous point would be unreasonable, because all realistic calculations including those expres-
sions should also contain the strong corrections. By Y' we denote the matrices of the SU(3) generators in the 3 repre-
sentation [generally a, b, c, . . . are indices corresponding to the 8 (adjoint) representation, a,P, y, . . . to the 3 represen-
tation of the strong gauge group].

—g q Y'y"q G„' g3qdY—'y"q 6„' ig (U—; Y'd"U;+)6„'+g U; Y'Y U; G„'G "+—', eg U; Y'U+6„'F"

eg3+ (Z '*Zf/ '5"sin —8)—U, Y'U+G'Z"
8 cos8 U 3 J J P

ig3(D;+ Y'Q—"D; )G'+g D;+ Y'YbD; G„'G " ,'eg3D;—+ Y—'D; 6„'F"

+ eg3
( ZI(Z I«+ —5 jsln 8)D+ Y D Gaz)

sin8 cos8 J

eg33J 2
Z IiZjJ( IJD + Ya U +g a pp —p +H

sin8 J

&
—xs 1+y5~2U —

YaA a ZIi«+Z(1+3)i«g3 i 6 U 2 U q„+H. c.

. 1 —
y5 . 1+@5+g3&2D+Y'A' —Z ' +Z' + " +H c

+-,'lg3f.&&' ~"A'6„'+g f. ,(dj'q', )q', 6„'+-,'g,f.„(a„g'„a„g„')6'6 " ,—g~g.„f.„gbg —~g„g-.
&n the following terms it is necessary to write down explicitly the color indices a, p, y, . . . :

+ ~
' g33(5(j 2ZIi«ZgI )(5k—l 2ZJk«Z'JI)(35

2 9+16 ' 8+ ' 25'j5k' —55'JZ'"'Z" + "" Z"Z'IZ'"'Z"-

JZ(I ) ZIjZ «Z( ) 5 ); U U U U+uu ~y5 ' ia ky jp l5

+ ' )~g 3 ( 5' —2ZD" ZI) )(5 '—2ZD" 'ZD')( 35as5j)~ —
5a)s5rs)

2
5ij5kl 5(JZIk«zjl+ s1n

zji «zoz Jk«z Jl

+d d JZ(I+3)jZIi«ZJIZ(J 3)k«5 ~ D
—

D
—D+D+

D D D D ap y5
' ia ky jp l5
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+ ,', g—3(5" 2—ZU *ZJ~)(5"' 2—ZD" 'ZD')( 35 5jls
2—5,(35rs )

2

8 0
45ij5kl 25ijZIkeZII 55klzIieZIj+ Sm ZIiezjlZJkeZJI

18cos 0 2sm

+ Z"Z j'Z "'Z"+u I~'Z" +""Z('+"IZK"'Z"2

U D D ~ ~ U U D D
2sin 0

+dKdLZlieZUJjZ(K+3)keZ(L+3(l CMCKIe5 5 U
—U+D —D+

U U D D ay PS ia jP ky 15

VII. SUMMARY

The model described in the previous sections contains
a great number of free parameters which considerably
limit its predictive power. There are some commonly
used ways to reduce the number of free constants in this
theory. The most often employed method is to obtain
values of the parameters at the scale of the order of m ~
by renormalization-group equations from the coupling
constants of the supergravity theories investigated at the
Planck mass. Usually such theories are much more
unified and contain typically only few free numbers. Of
course, there are also many constraints originating from
experimental data —first of all the masses of the super-
partners are bounded from below by their absence in the
present experiments, but one can find also many more
subtle limits: for example, if the masses of the supersca-
lars are not very high, then the nondiagonalness of the
soft Yukawa couplings ds, es, etc. can probably cause
by loop corrections too strong flavor-changing neutral
currents in the "normal" quark sector.

It is worth remembering that although in the superpo-
tential we can have only three matrices of Yukawa cou-
plings, six such matrices for the soft SUSY-breaking
terms are allowed, three additional ones describing in-
teractions of the superscalars with the complex-
conjugated Higgs doublets. Those three new couplings
can affect various processes; in particular, they are
present in the formulas for the scalar mass matrices. In
supergravity theories such terms are initially equal to
zero, but it is easy to show graphs which generate them
perturbatively. In all papers known to the author those
couplings were neglected, which seems to be inconsistent.

Many of the vertices written down in Sec. VI, especial-
ly in the scalar potential, are very complicated. To mini-

mize the possibility of mistakes a large part of them was
computed with use of the symbolic calculation program
REDUCE.
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APPENDIX A

In this Appendix we write down the Lagrangian of the
MSSM in terms of the initial fields, before SU(2)-
symmetry breaking, but already after the redefinition of
the coupling constants described in Sec. III. It should
help the reader to compare the conventions used here
with other papers and eventually check calculations of
the vertices expressed in terms of the mass-eigenstate par-
ticles.

In the formulas below we use the two-component fer-
mion notation.

After the diagonalization of the Yukawa couplings the
superpotential has the form (C is the Kobayashi-
Maskawa matrix, e(2= —e2( =—l)

w=a~„a'a'+&I~ a 'L, Ig'. .

iII(a2CJIeQ J a2QI )UI

dl(a(QI a 1CIJQJ )D I

The interaction Lagrangian contains the following
types of interactions.

(I) Gauge-boson —gaugino, gauge-boson —gauge-boson:

lg3fe~kGO' A, GG +Ig(kik)(, g(T~)( g A

,'g f, (d„G'„—B„G—„')G"G' ,'g3f, ,f, ,G„G "—G—'„G'",

(2) Quark-squark-gauge: T' are the SU(2) group generators, T'= (r', where 9 denote the Pauli matrices and I"and
the SU(3) generators in the 3 and 3 representations, respectively. SU(3) and, where possible, also SU(2} indices are

not written explicitly:
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—4 g(g3 Y'6„'+gl T A„+ ,'—g28„)cr"%1g —iQ '(gq Y'6„'+glT A„+—,'g28„}c)~gQ

—
—,'g, C (0 o "%1 +iQ 'd"Q )A„++H.c.

+i@2Q '(g2 Y'Az+g, T A, „+—,'g2Aa)%1&+H. c.

+igl(C Q 'A, %gl+C Q, 'A, +%' )+H.c.

CQl
+(CQl, Q2) '(g2 Y'6„'+glT'A„'+ ,'g28—„)(gqY 6 "+glTJAJ"+ ,'g28„—)

2

U(g2 Y'6' ——'g28 )cr "%1 iU—'(g2Y'6' ——'g28 )BlUU

+ Ul'(g, Y'6„' ——', g28„)(g, YbGb" ——'g 8")Ul

% D(g3 Y G~ + g382„) cr"O'D iD '—(g3 Y '6„' + ,'g28„—)d~IJD

+D '(g2 Y'6„'+—,'g28„}(g3Y G "+,'g28")—Dl

+iV 2U '(g3 Y'Ao —
—,'g2Aa)%1U+i/2D '(gq Y'A'o+ 3lg2Aa—)%1D+H.c.

In the above formulas A „*= A „'+iA „=~2K„.
(3) Lepton-slepton-gauge:

—%' (g, T'A „' ,'g 8„)—o —"%11 iL *(—g, T' A „' ,'g B„}—d "—LI

+L '(g, T'A' —
—,'g 8„)(g,TJA " ,'g 8")—L—g2%1+B—„cr"%1 ig28 —(R d"R )+g R 'R 8 8"

+i~2L '(g, T'A, '„——,'g2Aa }%11+i v 2g2R 'Aa%1Il+H. c.

(4} Higgs-boson-Higgsino —gauge:

—%1,(g, T'A„' —
—,'g, B„)cr"%1, iH "(—g, T'A „'

—
—,'g 8„}d"H'

+H'*(g, T'A„' —,'g28„)(g, T—JAI&——'g 8")H'
—%'II2(glT'A„'+ ,'g B„)cr"%—1 iH '(g, T—'A„'+ ,'g B„)7c"H2+H—2 (g, T'A'„+ 'g B„)(g TJ—AI}'+ 'g B&)H2—

+i ~2H "(g,T'A, '„——,'g2 All )% H, +i ~2H ' (g, T'A.'„+,' g2 All )% H2—+H. c.

(5) Yukawa couplings:

hail%"~, %—H2 I e(1%'II,—% 11R I e(1%'II,—%'„L, I all% „%—IIH +H. c.

dl( apl %II +CIJ%12 %11 )Dl dl( %1l Ql +CIJ@2 Q
I )%11 +H c

dl( H1%11 +CIJHl%1J )%11 211( CJIeH2@J +H2@1 )@I +H. c.

cc I( CJle%11 %lJ +%I2 %11 )UI lc I( C lie%11 Q
J +%12 QI )%11

Passing to the four-fermion notation one should substitute
I

%'g) +g2
I

I I0u=
+U ' +a

and similarly for the leptons.
(6) The scalar potential (in the Lagrangian —V appears}:

V= ,'(DoDo+D„'D„'—+DIIDII)+F F, .

For the FHlFHl and FH2FH2 terms we present SU(3) indices explicitly in places where their contraction can be arnbi-
gUOQS:

Da g (Qle yaQI+Dle Y aDI+ Ule Y aUI}

C
D„'=g, (CQl, Q, )"T'

D =—'g ( 'Q Q + 'D D 4—U U . L— 'L +2—R 'R H—"H'+H 'H )— .8 2 2 3 i i 3 3 l
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Fe F —
~h ~202«02+III JLIeL Julep J+dld J(CIKeCJLQK»QL +QleQJ )DI«D I

+ [Ilh 'H2*L,
,
IZ I+d 9 *(C"H", Q', +H,"Q', )8'+H. c.]

+ [l Id J(CJKI Ie
Q

K +L Ie
Q

J
)g IeD J+H c ]

p» p —
~
j ~2H1»01+ @I@J(CKICLJeQK»QL +QleQ J

) Ule UJ

[g Ig e( CJleH1eQ J+H1eQI )UI+ H

=(I ) H"H'R '8I.i Li l

pl»pl (Il)2e e +le~ lL, IeLI
R R ij kl i k j I

p Iep I —
( d I

)2~ 1 eI1D I»D I+ ( 1I
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(7) The soft SUSY-breaking terms:
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APPENDIX 8

In this appendix we complete Feynman rules for the interactions described in the Sec. VI. For simplicity we write
down the propagators and ghost terms for g= 1—extension to the general case is straightforward. The g dependence
of ghost vertices and Goldstone-boson masses can be found in Sec. U and in Sec. VI, paragraph 7. All vertices are prop-
erly symmetrized.

1. Propagators

(l) Scalar particles (Higgs boson or superscalar):

(2) Vector bosons:
V

VVVUVUVVVVVVUVV

P foal
2

lgp~

p —m

(3) Fermions. Part of the fermions existing in the model are described by Majorana spinors, which introduce some
additional complications into the calculations. The detailed discussion of the Feynman rules for the Majorana fermions
can be found for example in Appendixes D and E of Ref. 1:

(4) Ghosts:

p —m

The propagators of the quarks, squarks, and the color ghosts should be multiplied by the factor 5', where a and b are
as usual color indices.
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(1) Quarks-squarks-gauge-bosons:
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(2) Leptons —sleptons —gauge-bosons:
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(3) Higgs-particle —gauge-boson:
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(4) Charginos —neutralinos —gauge-bosons:
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(6) Charginos-neutralinos-leptons-sleptons:
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(7) Charginos —neutralinos —Higgs-particles:
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(9) Self-interactions of the gauge bosons:
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(1&) interactions of the sleptons and the Higgs particles:
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(12) Interactions of the squarks and the Higgs particles:
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(13) Self-interactions of the Higgs particles:
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(14) Interactions of four sleptons or two sleptons and two squarks:
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(15) Strong interactions of the quarks, squarks, gluons, and gluinos:
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