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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

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
supersymmetric-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. VIL.

II. GENERAL STRUCTURE OF THE MODEL

Supersymmetric Yang-Mills theories contain two basic
types of fields—gauge multiplets (A% V) in the adjoint
representation of a gauge group G and matter multiplets
(A;,¥;) in some chosen representations of G. A and ¢
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) Self-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:

i8S ape TRV,

(3) Interactions of the gauge and matter multiplets (7
is the Hermitian group generator in the representation
corresponding to the given multiplet):

—gT{}VZ(J,-E":/;}--i-iAi*B“Aj) ,
igV2TEA Y, A —KY; A)) ,
gUT T Vivrbar 4; .

(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 A4;, but not on
A (Ref. 1) (usually the superpotential is defined as a

function of the superfields). We need also two auxiliary
functions:

F,=3W /34, ,
=gA'T;A; .

Now we can write the scalar supersymmetric potential
as

=1D°D+F}F,; .

Yukawa interactions are given by
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—1(3*W/34;94;+H.c.) .

In the case of semisimple groups G =G ,® ' - ®G,
one should substitute in the above expressions sums of
type 3g;V;T; in place of gV'T and the same for gauginos.
There are also n A— A — ¥ vertices and n 1D? terms in the
scalar potential. For the U(1) factor there is no gaugino-
gaugino-gauge interaction, and the product gT; V', is re-
placed by gy;6;;¥, (no sum over i), where y; is the U(1)
quantum number of the matter multiplet (A4;,1,) (similar-
ly for gauginos). In general the U(1) D field may be shift-
ed by the so-called Fayet-Iliopoulos term:*

D=1gy; A4, +§ .

A ¢ 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—Ilack 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. All admissi-
ble expressions are listed below:’

m,Red?+m,ImA*+y(A3+H.c.)+m;(A°A°+H.c.) .

A? and A3 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 SUPERSYMMETRIC 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)@ SU(2)® U(1):

A, Ay — weak isospin gauge fields,
coupling constant g, ;
B,,Ap—weak hypercharge gauge fields,
coupling constant g, ;
G, A — QCD gauge fields, coupling constant g; .

(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).
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Scalars Fermions U(1) charge
.y
L=’ V= Y -1
?L—I L eL’_I
Ri=e }! Wh=(e, 1)F 2
I ﬁi ‘PI u[{ 1
) gi o dl{ 3
p'=ay wh=(d} H
Ul=u 3! W =(uf) —4
[ [ 1
H'= yl = —
H, B Wi
Hi Yin
H= |, ¥y = |2 1
H; Vi

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

W=he H'H+¢€,;I"H!L/R’
+e;dVH!Q/D'+e,;uVH}QU .

Terms such as a’e; H?L] 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:

_mizllHil‘Hil _mlzizHiZ‘Hiz_(mIE WL*L!
—(m2 )IJthRJ__(mé)IJQiItQiI
—(my)"DI* D —(mp)PUulr U’ .
(2) Mass terms for gauginos:
m(AEAS +H.c.)+m,(A A +H.c.)
+m;(AgAg+H.c.).

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

hse H!H?+€,I’HL/R'+¢,;d’H/Q[D’
+e,;uf’H}Q/U’+H.c.
(4) Yukawa-type couplings of the scalar fields, which
are different 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¥H?* LR +eVH?*Q/D'+wfH!*Q/U’+H.c.
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In general, constants h, hg, matrices I”, u%, d%, and
the trilinear soft couplings may be complex. We 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 hg 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 ¥, u¥ 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:

(@1, WL —VE(Q/, %)) (no sum over i),
(UL —-VEu,vy) ,
(DLWL) > VE(DI,Wy) ,

and similarly for leptons, one can diagonalize the ma-
trices I”/,u”, and d"”, obtaining Yukawa couplings of the
form €;1'"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
Vo> Yy, Vp, Vi, and V disappear from the Lagrangian
leaving as their trace the Kobayashi-Maskawa matrix:

—ypt
C—‘VQ2VQ1 .

This matrix appears in many different 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 (@ denotes the Wein-
berg angle, e =g ,sin6=g,cos0):

1 1 v 2 1 0
(H >_\/§ ol (H )—"‘/72 v, |
e’ 2 2 2 2 =
Bsimtoostg "1 V3T min AR 0= hva s

(v%~v%)+m,2,2 +|h|? |vy=—hgv, .

e
8 sin%6 cos26

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

The mass eigenstates of the particles in the theory are
the following.
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(1) Gauge bosons. Eight gluons G, and the photon F,
are massless, the bosons W# and Z u have masses
e

— 24,2412
my,=————@wi+v3?)
Z  2sinfcos® ' 2 ’

—_¢€ 2 24172
=——(@+ .
MW= S ing 01TV
(2) Charged Higgs scalars. Four charged Higgs scalars
exist, two of them with the mass
Mpe=mj+mp +mph +2|h*

and the other two massless. In the physical (unitary)
gauge H ;t are absorbed by W bosons and disappear from
the Lagrangian. Fields H; and HJ are related to the in-
itial Higgs fields by a matrix Z;:

H* H}
a} |~ ay |

Uy —Uy
ZHZ(U%_*_U%)‘“l/Z -

(3) Neutral Higgs scalars. If the Lagrangian contains
only real parameters the neutral Higgs particles have
well-defined CP eigenvalues—two of them are scalars,
and the other two are pseudoscalars. This is no longer
true if, for example, 4 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 H?, i =1,2, defined as

V2ReH/=Z§H?+v, (no sum over i) .

The matrix Z; and the masses of H can be obtained
by diagonalizing the My matrix:

a vy
Me= 1y B]’
2,2
a=—hg-2+—"1
Sv,  4sin%0cos?0
P v, et3
$v,  4sin’0cos?6 ’
—h ezvlvz
v=as 45in%0 cos?6 ’
M2
ZIM,Z, = g ’
RMRrZy 0 M2,
2

(i) “Pseudoscalar” particles H?, ,, i =1,2:
V2 ImH/=Z}H),, (no sum over i) .

HS has the mass Mo =mj +mj; +2|h|?, and H{is the
3

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

Matrix notation used in the paper seems to be con-
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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

sin8 —cosfB cosa —sina
Zy= cosB  sinB |’ ZR= |sina cosa |’
where
2 2
o) Mo +m3
tanf=—, tan2a= tanZB—ﬁ .
U, MH(; —mz

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

2 —ag2 2
ML =Mot+mi

2 2 g2 2
MH?+MH(2) MHg)+mZ .

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

ml=0, me——‘/—iv,ll ,
1 1
mj=-——ﬁv1d1, mu=T/-§v2u1.

(5)  Charginos. Four two-component spinors
(AY,A%,Wh,, ¥%) combine to give two four-component
Dirac fermions «;, k, corresponding to two charginos.
Also two mixing matrices Z*t and Z ~ appear in the La-
grangian. They are defined by the condition that the
product (Z ~)TXZ * should be diagonal:

5 ev,
m —_—
2 V'2sin@
X= s
ev,
V2 5in@
m, O
—\Ty7+—
(Z7)'XZ 0 m,,

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
and (if necessary) me >m,. The fields «; are related to

the initial spinors as below:
Vi =Z5ix\ Yi=Zuxi »
X

Xi

(6) Four two-component spinors (A A, WL W)
turn into four Majorana fermions «?, i =1, . .., 4, called
neutralinos. The formulas for mixing and mass matrices
are

AL Firy
— it _
= =iZyuXi, K=

V2

A=
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Ap=iZyxj, Ay=iZx},
Vin=Z¥xi Vin=Z¥x,

X " °
KW= |-o|, ZIYZy= ,
Xi
0 m o
K4
—ev, ev,
2 0
™3 2cosf 2cosé
evl _evz
0 M2 Ssin6  2sind
Y=
—ev, ev, 0 _h
2cosf@ 2sinf
ev, —ev,
—h 0
2cosf@ 2siné

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

—730
iAg

27 a
iAg

Ag=

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

Mi‘ 0
Li=zY/, zim,z = : :
0 M,

eX(vi—v3)

MU=—
8 sin%6 cos?0

8Y+(mP)¥ .

Sneutrinos are neutral but complex scalars.
(9) Fields L{ and R’ mix to give six charged selectrons
L;,i=1-6:

L§=ZI{“‘L1'_! RI:ZI(‘I+3)1'L‘_+ ,
2
AT ¢ Mz, 0
t _ .
ZL CT B ZL_ . ,
0 M}

eX(v?—v3)(1—2cos’0)
8 sin%6 cos’
eX(v}—v3)

4 cos’0

AIJ__.__

81]+(mel)2811+(mz )IJ ,
BIJ=

87 +(m[7?8" +(mp)V,

€=y h "8 k) +0,1]

(10) Fields Q and U’ turn into six up squarks U;:
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QI_Z U1+’ UI_Z(I+3)uU—

2
4t D IWU1 0
UlpT B* Zy

0 M,

_eXw]—v3)(1—4cos’0)
24 5in%0 cos?6

+(m,{)28”+(mé )KLcKltcLJ ,

)44 811

2(v1 —Uz)
6 cos?6

J— _ 811+(m1)281J+(m )IJ

D=~ = wf +u'h ") +vul’]

(11) There are six down squarks D; composed from
fields Q4 and D%

QI_ZIltDi—’ D1=Z(DI+3)iDi+ ,

r M},1 0
R A" C .
ZD Cf B ZD= . ,
0 M}
6
eX(v?—v2)(1+2cos?9)
IJ— 1 2 I 12817 2\lJ
AV = 24sin2900520 & +(md)8 +(mQ) N
2,22
e“(vi—v35)
B”=—12;0s262 8 +(mJ 26V +(m3)¥

We have now completely defined all the physical fields
existing in the MSSM.:

Photon F,
Gauge bosons Z,, W,
Gluons G, a=1-8
Gluinos A% a =1-8 (Majorana spinors)
Charginos K; i=1,2 (Dirac spinors)
Neutralinos ¥ i=1-4 (Majorana spinors)
Neutrinos w! I=1-3 (Dirac spinors)
Electrons w! I=1-3 (Dirac spinors)
Quarks ql,q} I=1-3 (Dirac spinors)
Sneutrinos I=1-3
Selectrons Lt i=1-6
Squarks UE,DE i=1-6
Higgs particles:

charged Hf

neutral “scalar” HY,HY

neutral “pseudoscalar” H$

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

mp +mp +2|h*>2|hs|,
(mf +lh|2)([m,21,2 +|hl1%) <h}.

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.

Cl= [0y 'h 8 — ) +v,d¥

V. CHOICE OF THE GAUGE

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 comphcated and difficult to
deal with. In those cases it is much more efficient 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 simple. For our model the appropriate
choice for the gauge-fixing terms is

-21?(8",42 +E&mycos6HY)?—

2
§ 4! +‘/§§mW(H2 HZ)J 25

LGF=_2L(8”G;: )2 — (aI‘B —Em,sinOH? )?

2§

¥ 42— :/%gmw(H; +H)

(aﬂz )2—~—(8“F P—
2§ 2§ 3

—m HY¥Z, —imy(Hf W, —H; W )—1emZ(H}Y —émyH Hy

=__(augz)2 (vl')"W“+ HW, )
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The first part of the above expression is identical to the
usual gauge-fixing terms, the second cancels similar off-
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. In 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 H3 and HJ 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,

)

COMPLETE SET OF FEYNMAN RULES FOR THE MINIMAL ...

3469

and gluino vertices which contain the QCD coupling con-
stant g, 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 couplings
17, u¥ d¥ change into 176¥, u’8¥, 4’8", and simultane-
ously sums of the type 471 KBKL {onvert into AVI7B'L,
etc., containing the capital indices I,J,K,... 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_
_7 1 e _1 1 Ys _ .2 1
—5equr g Fu - sinf cosf 7 g 2 2 58in°6 19,2,
+leg LytqlF +— gyt 1 - —1Lsin%0 |q}Z
374d 9450 T sinfcosh * ¢ 2 2 3 a=n
l_
2 =1 5 Jw—
——C H W, +H.c.
Vasing = 14V T W
— 22U 3ry* ___ie— Zliszl— 2g8ii n Z,
tie(U70"U;" )F, smOcosO Z}—21sin?08Y) (U~ 3 U’
1; +Ju * _ 1o:n2980f +Fup—
+3ie(D;"9"D;”)F, + 1n()cos6 (1Z§Z}* — 1sin’08")(D;*d D; )Z,
ie irp Ji < -
——=——Z}Z{jc¥(D U )W, +H.c.
Vi sing 204U : ;T
2 2
4 In + u + 4 4,2 m + 2e InZ 481‘1'- 29 U—U+Z FH
ZsinB ZU’W WTHU U +4e°F ,F*U; U, 3sin0cos9 §—48Yin%0)U, i Z,
i 3_8Sin29 — e TIirlix + —_ + —_ 2 + —_
+e? |$8Uan’ 0+ —————Z{*Z{J |Z,Z*U7 U} +——=-ZZ{*W W +D D +Le’F, F'D D,
N K 12 sin?6 cos?8 J |2 I 24in%0 P 5" W S e e
€ (Zlizh*—28%in?0)D,; D[ Z,F* +e? |istanto+ 4800 _suzne |7 suptp-
3 sinf cos@ PSR ’ 12sin%6 cos20 2 pe e
eV2 u -
Z+ —F* .C.
~%sin BZ bz{ic’pr U;* (Z*tan6—F )W, +H.c
(i1) Lepton-slepton-gauge interactions:
= 1 1=ys |
1 y\l/l I,p| L _ 2 1
+eV lyrplF +sm9cos0 2 sin“0 |V, Z,
— 1_
_ e SR Vs \I/I _ e SNTR o YS I ++
2 sinf cos@ o V2sing ¥ YeW, tH.c.
— L (I FZ, +ie(L B + =t (1zliZl* —sin08") (LB L] )Z
2sm00039(vl 3HNZ, +ie(LFI*LF, + snBooss \TZL sin’08)(L;T 9 L;)Z,,

— e Uzl v5umyw- +H.c.
V2sing " L W ¢
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eZ

2sin%0

WHL L
2 cos sin?

- 1 Tiszlipy+
Wiw #tt ——Z,Z" |V + zirziw;}
2 aijtan29+:Lﬂz9_

zi*z)
4 5in%0 cos?6

Z,Z¢L7 L/ +e’F, FFL7 LT

1

+e? | ————
€ sin6@ cos6f

Zfi*zli—28%an6

-7+

F,ZMLL;

+—————z”z WL W, (Z*tan6—F*)+H.c.
V2 sin@

(2) Interactions of the Higgs particles and gauge bosons. We define the auxiliary matrix A4,, as
A =ZYZ}-ZRZ} .

We have similar types of vertices as in the case of superscalars and additional two-gauge-boson-one-Higgs-particle
couplings:
e ij (O g0 . +ugr—
3 sind cosd Ay(H70"Hj ,)Z, +ie(Z cot20+F,)(H;"d"H;")

ie

AYHIS*H W, —

+
+
2sin@ 2si 9 +26 “Hi W, +H.c.
quf Wiw T+ IZZZ" H)
2sin%6 2 cos“0

—emW(Z"tanB—-F“)W;H{ +H.c.
1

+e? | ——— W W F+cot®20Z,Z*+2cot20Z F*+F F* |H H~
2sin%@  # # # # P
2
€ + - 0g70 0
PRy Wiw H+ 2005 Z,Z* (HPHP+HY HY, )
ez

+ ij(7Zh — F# +g-go—
2 sinf Ay (ZFtan6—F )W#Hj H;

2 YH HY,,+H.c.

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

—ek;y'k;F,—

1— 1+
wlzhezt, 2“+z;z** L&

e - L1EYs p
2sinBcosd 1T T +28"cos26

ij“

e _ 2i + —Y i — 1 — +Y5
+ pry: Kyt | |ZNZ1;t — \/5 z + |z¥ *Z;+ 73 Z3“sz — x?w: +H.c.
+7
e 1TYs
+ i Oyt 4ix 3i * 0 .
2 sinf cosf Riv" | Zy ZN, ~+2 NZY kiZu

(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

- j g1 177 -
+T/1;2—112,§'w5wgy,9— ‘/’21 WlysWIHY, , —1'Z} \Pﬁ——z——s—\II{,Hi +H.c.]

1 = 1 = = =
+ ng’zéq Gq4HY?— Tzu’Zﬁq TqlH— Td’Z;‘;q hrsadHY o+ 7—2—u zig lvsalH

1- 1+
+7! |—a'zh—"L2 +u'z} 275

5 CY¢/H +H.c.

(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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+U;®9 Z{*(1ZYsin0+ ZFcos)—u'Z T3i*ZY 2“
2V (I+3)iegpljn _ Izlixsphj +75 I
3cos62 Zyr—u'z{*zy q,+tH.c.
- ~ ; i iy3i | 1T Vs
+D;*x{ ZJ(LZ\sin6—ZYcos0)+d Z{ YzY | ——
‘\/ismocose b(3Zy) v b ¥ 2
e\/i (1+3)x * Izliz3js 1+ys I
3 osG ZY*+d'z Z,\/ 5 g;+tH.c
+=1 Jp(J+3)ip+e s IpJiy — Vs u.c
+Ui qd sna UZ +u ZU sz 2 _'d ZUzzj 2 C Kj +HC
_ — Vs ; +vs
_Di+Kj o 9 +dlz(l+3)lz __2____ JZII)IZ;j-t > CIJ ;‘I+HC
(ii) Interactions with sleptons:
e I.It *— 0 Vs I
+—=———ZU*(Zl5in0—Z¥cos0)v *k ¢ ——W]+H.c
V3 sinfcosh - n 2
4780 | |[——& ZIi(ZYsino+ Z2 + iz +3ig3
K; V3 sinf cosd Z;(Zp/sinf+ Zjjcosh) [ TZY 3
—eV2 (I+3)igplje 4 jIplimy3js 1tys Iy +
o050 —Z; ZYy*+1'z ZA/ 2 V.L"+H.c.
1—y Y
_ e 5 _ 5
—R{ | Zu—y  HZyt—— |z v +Hee.
— zZiz+1'zi+viz —1_1’3‘1,1 + Ly
sin 9 1 2 i ¢

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

_e__—o 1k 2k
> sinB oosd (ZYZY—ZEZY ) Z)sin0— ZFcosh) 2
+(ZikzZ 3 — zz"z"'*)(z,{/'*sine—z}vi*cosa)Hy5 K%H?
R ) Ji Tk
——le _gol(zlzy—zFZY)ZYsino— Z¥coss) 12
2sm0cos9 N 2
—(ZYzZ3* —ZYZ¥* ) Z Y *sin6— z,/*cose) K?H,?+2
_ e 1k Z 2k _—75+ 1k sz e Fly—« 1+7s
Voenp© (Zgzzzi+zFzizs) (ZRZ*Z3+ZFZ 5225 5
ie - —
+\f2si % (ZizzzH+2Zf zl,z;,) —(z,‘,"zzj'z *+zF zlj*z;*)
1_
mfj e ‘/l:—ZZZJ(Z},’sme-FZNCOSG) Z lcosf 27’5

4 5 H(Zp*sin0+ZF *cos0) + Z * Z/*cosh

1/5

KOH,
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(7) Self-interactions of the gauge bosons:
—ie[W: W, ("FY—a"F*)+F, (W IWTE—WIOW T+ ngﬂW_V)]
—ie cotf[ W;L W, (0,2"—0"ZH)+Z, (W, PWHH—WIOW T+ ng“W_V)]

( PAL VP __ o 1V, AP)W+W+W;W7
2sing & 888 w A p

+el(ghtg P —gh g )F F Wi W, +e’cot’0(ghg P —gH"g ) Z,Z Wi W,
+e’cotb(ghtg P +gheg ™ —2gigM)Z F WIW, .
(8) Ghost terms:

—ie(Z,cotd+F,)[(3*7 "~ — (37 ")m* 1+ieW  [(Tfzcot0+3Tp)n~ — ("7 *)(nzcotd+n5)]

+ieW [ — (3" zcotd+3*q )™ + (37 T )(nzcotd+np)]

§82 i 1 — 4+ + o 0 iegm wo_ _ _ o+ 4 0
— v,Z + + H:+ i ( — YH
4 sin%0 i coste TNz M TN M I osing T T
5w — 7t cos20—7 * sin29)H++—£m—W—(— * — 5 “1,c0820—7 ~npsin20)H
2sinfcosd 121 TN Mz T MF 2 Ty sinfcose 121 TN Mz T MF

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

Af=ZNZ 747y, Af=ZYZY—-ZYZY, A§=ZYZY+ZEZ}/, Bi=v,ZY—v,Z% .
The Higgs potential is expressed as

2 2
id 0770 e o w0
——. 5.4 B H; H HO— — = AUBkHO H‘ H
8 sin%0 cos’6 # k" §5in%0 cos20 ABRH o H] 4 Hy
2 e
£ /) LAY ki + 77— g0
T o2 a2, 468 : I8, + AF8,) |HTH H
4 5in6 cos?0 #Bx 2sinf 1 poy;) i Hk

iemy, _
g€ €,;8'"H " H~ Hk+2+4 A;Iek,Hi(’H}QHHk*H,

2 2
e klgr0gy0 0 e
——————— AJ Ag H; H H H——— 4 A H; HO, H? HP
32 sin%6 cos?6 ¥ L 325in%0 cos?6 i PeoH)aHi o H
2 2
e e
—————— A Ay HOHOH HY ,—————— 4 A +fI+If H,
16 sin%6 cos?6 { k+2E1+2 g 5in%0 cos? L k !
2 2
e 1 i gkl 1 | HOFO _e” 0 170 + gy
_—— Ad A A HHH AA+6,6 H ,H;,,HH
45in%0 | 2 cos?0 AAnt e "' 4sin’0 2cos i k 2k

It is easy to see that the couplings H;" H; H{ ., and H;* H;” H} , ,H 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
e .
—————Biv*V'H}
4sin20cos? * !
band o) 2 . - . . . . . :
+z¥ ———4‘_/22"’6 nZNZE+ (K Z KD —m N ZZ Y+ (K Z) T —h* 1z P2z |VLTH +H.c.
sin

+ ‘/15 [(léltzijziJ+3)it_ISIJziitzi.l+3)j)ZI!Ik+(kSIJtZlI‘jzi.l-i-})it_k.éJZLIl'tZiJ+3)j)ZIZ.Ik

_|,_lI(h 'Z[{i'Z;‘I+3)j_hZLIjZ’(‘I +3)ix )lefk]L,‘—Lj+H]9+2
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e’ Bk 51+1 45in%0
2cos?9 X 2sin%0

IurZIJ ’ _(ll)zvlzllzk(zluzlj_}_z(l +3)th(1+3)j)

‘/5 lezk(lIJ‘ZIJZ(J+3)" +Illzlltz(l+3 ])+ ‘/E Z]%k(klltzljzl(‘l-i-:”i# +k5{JZ[Ij‘Z£J+3U)

_ _l:llzék(h *ZlinZU+3iy Lz 0 +in)

-7 +¢0

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

2
_ e os 0 0
Py AvI*vH H)— A,;{V"VIH, . H

+Z3*Z [ePcot®0 A — (IXVZ}{ W/ *V'H H}

8 s1n29 cos?0

2
L_zlizi | gk (lyzYz¥ |\ VLYH-HO, +H.c.
‘/2 v 2sin29 11 IJ H i J k+2
zhizl <z Z¢k+ZYZE+ (11 ZYzZ¥ |VLYH HY)+H.c.
‘/2 25 R i j k
+ __LAM 8[j+_1;4_5inﬁzﬁtzlj — LI ZIZ I ZF*Z Y+ Z I+ VisZ U+ | Lo L Y HO HO
- An ") L Zr 3 L L i Li"Hp ,Hryy
4 cos 0 2sin“@
2 A2
+ _e__Z_A}!;I 8ij+1_4:51211_QZ£itZI{j — LU ZPZ M ZE Z+ 2 T Z 04V | Lo LY HOHD
4 cos“0 2sin“60
2 P
e i 1+2sin“0 _ ; ; .
+ ___Akl 81]_____—_21th11 _(II)ZZlkzllZ(I+3)mz(l+3)j L. L-+H_H+
2cos?9  H 2sin29 L L H“HEL L e A

(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:

+7i_2_[(u§.lzl]/'z}}/+3)i* IJtzlltz(J+3)j)ZZk+(w Jtzlltz(.l+3)j IJZZI]Z;JJ+3)i*)ZiIIk

+ul(hZ[I;'*zbl+3)j_h ‘Z[I/Zg +3)ix )lelk]Uih Uj+HI(()_+_2

Ilt [/ _(uI)ZUzsz(letZII/'+Zl(]I+3)itz§/l+3)j)

_ez 8,j+ 3_851n0
3 cos’0 4sin%0

+ 1 Z}z{k(uéJtZ{;tZg+3)j+uéJz(I)iZy-f-S)it)+‘/_ k(letlelitzbJ+3)j+wSI‘JZlI]izbl+3)it)

V2
+T/l—i—u’z,gk(h'Z{{z;}+3>"*+hzg'zg“’f) U U H
+T/%[(d”'215'2 JNis_qUZIis 7T\ Z Ik | (B ZYZY % ol lis 7+ Z 2k
+d h*Zl*Z TV~ hzZg V) Z3 D D HY
6;;9 3—4"5:21;9 LszY | Bk — (a0, Z N ZE ZY+Z +Pie Z +3)
—%Z}k(déhzgll(;””“ +d5{Jle)i.Zg+3)j)+%letk(eéhzgzgﬂm +elzZ iz +)

_—‘/l—i'dIZ§k(h tzll)itz(DI+3)j+hZ{)jZ(Dl+3)it) ]Di-—Dj-FHI?
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1 —,2
+[ l _zev,z,,+v1<d’)zz F4vy(u! 2z (cPzlz]

V2
_ 1/2m Wsine

SlkuJdlcllzl()1+3)jz{11+3)i+[leikhulcll+(zf11kw§Jt _Zglkuglt )CIK]Zé/J+3)iZ{jj

+U(Ziaf + zekNCK — 22 n*a c ) Z iz +3 U D/"H +H.c.

(ii) Four-scalar couplings:

8"’+ 3_8SIn202{;*Z(I/

~——— A}
n’6

6cos 6
_%(ul)ZZIZf Ittzvl+z(1+3)ltzll+3)j) ] U U+Hk+2H[+2

e 4k |siit 3_8.81211 0 ZIZl |- L PZZH ZE Zl+ Zf ez ) U~ Ut HRHY
6cos (7] 4sin“6
2 .
—-e ki i 3+2511’1 (V] Tix > Ij
—— A4 7 *Z
3cos?  H 4sin?9 Y J
_(u1)22121/6212112}]14'3”‘2;11+3)j_(dl)?.z}l{kz]l{lcl]c"(tzgitz{/' Ui—Uj+Hk_HI+
[ 2 ki | qij 3—4sin’0 Zlis L gIy2 Lis z 17U +3isZ U +3)j +
+t |7 4H b} +——7Zp zZy —3(d )Z (Z +Z; Zy ) |D;”D; HY HY.,
12 cos“6 2sin“6
2 .a . . . s
+ e . I 5:,+3 4812119 ZEZY |- Lad' Pz z M ZE Zh+ 2§ Tz ) Di—Dj+HI?H10
12 cos“6 2sin“0
+ e? yrarys 3—25sin%0 I”"Z
6 cos?0 2sin%0
—(dI)ZZ},kZ,‘,’Zl(,IJ'S)i'Z,()I+3)j—(uKVZ},"Z}}C“C“'Z}S“ZH Di_Dj+Hk_HI+
2
e . . ‘ .
‘/5’ CIJ 2Sin29 A]l;lz(.]}lzlljl_ekluldlzg-F:!)ZBI+3)]
+lw'PzFzi—(d"VZ}fz}\z{z§ |\U* D H HY,,+H.c.
+—‘/17CIJ 5 (Z Z}l{l+2121k221)z ZDJ Alk Jdlz(J+3)lz(I+3
sin%6
+(u)ZFZ+(dVZizy\zizf |U DY H HP +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:

. J% o 1—4sin’0 _xiv k)| st
————————v’ Va4 J zki=zKi sV
8 sin26 cos26 2 cos29 2sin%6
_ ZKZEi4 [K[LZK+Dis Z(L+3) | ZLiZKIx | JuyIp =L+
251n6 L
e? 3—8sin%0 _ jiu. i 2 . 3—4sin%0 ;
_ Zlisz i | s JJy -yt + —8 5+ Sin Jis zJj | Ie, In—p+
3 cos%0 4sin29 Y o L cos®6 sin%6 Zy*Zy |v"*v'D; D,

—ZZLisCcKLs viu~ D/ L}+H.c.

Z jtka+leKz(K+3)]tz(1+3)k
2s1 29
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2 . ), |
+ ["%Z"‘Z’"Z 17k 2;5265]1(3215:.21k — &) — Iz Z R Z I+ Vi Z I+ L=~ L ¥t
+ 6ci>s29 3-;:1:;29 [*ZPZ{*Z {2842 [ 2] —589Z{}* Z [+ 4578" L7L}U U

e? 34+2si0%0  fiwp1i er }
- 6 cos20 2 sin20 Z[{"Z[{Jng'Zﬁl—48klZI{ *Z{J—alzll)ktzll)l_*_zsjskl

+lldJ(Zil+3)itz£jz£ktz£]+3)1+Z£itzil+3)jZ(DJ+3)kt251) Li_Lj+Dk—DI+

(13) At this point we complete all expressions containing the strong coupling constant g;. 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,B,7,. .. to the 3 represen-
tation of the strong gauge group].

—gﬁiY“yﬂqﬁ“—gﬁdY“yﬂqu“—1g3(U Y“a“U )Ga+g3U” YYU G G""+—eg3Ui_Y“U,+GzF“
egs
sm9cos9

—ig3(D,-+Y"a“D,-_)G“+g3D Y°Y’D; GG —Zeg,D;" Y°D; GiF*

(Z{*Z{j—48%in’0)U;” YUt Gz

€g3
m(— Z* +18%in’0)D," Y°D; GoZ*

+ %z{;‘z{/‘c“pi+ YU GAW #+H.c.

+g,V2U; YRE | —Zf* 27 +z”+3"*1+2y g, +H.c.

+g3\/§D,-+Y“X‘& _Zzl)il__zﬁ""zgﬂwm g}+H.c.

+3 ’gsfabcA YHAG G181 anc (37 G)"IGGC +—83fabc(a G3—9,G; )G*HG Y — lggfabcfade bGd”GCG" .

In the following terms it is necessary to write down explicitly the color indices a,8,7,. . . :

+ ’ﬁg%(&‘f—zzg*z{;xa“—2z{,k*z{,’)(35aﬁaﬁy—8aﬂ5,5)

eZ 281]81(1__581]lejk#2(1}1+ 9+16sz‘n 0 Iltzllzlktzll
9 cos?6 n%6
+u1ulzg+3)itzll)jzéktzg+3)l aaﬁ878 Ui; Uk—yUJ;UI-g

+ 1 L g3(8Y—2ZL* Z )84 —2Z3%* ZJ) (38,585, — 8045,5)
e? i i 9—8sin%0
+ 6118k1_81121ktzll+ InZ ZJktZJI
18 cos?0 b =b in%0 5

+dIdJZI()I +3)jzgtzl.;lzl{)l +3)k= lsaﬁﬁ'yb }Di;Dk_yDj_EDl_g
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+ | 5838 —2Z{*Z{) 6" —2ZF* Z}/)(35,,, 855 — 28,48,5)
2 . . —45in? . .
— T |anisH— 28Uzl Zl — S6MZ i Z Y+ 2SN Zhie 7 te 2] | 8uB
18 cos’d sin’6
":’22 Z{,‘"Z{/Z,’,""Z{;’-&-u'u’Z{,’“"*Z},’“’fZI’,"“Zﬁ’
2sin“6
+deLZII]itZiI/'Zl()K+3)ktz(DL+3)l CLJcKI:OKSa}/SB5 Ui;UjEDk_yDl-g .
—

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 my,
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 d§J, eb{J, 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-

i83f apc AGO*A GG, +ig €3 A oA, Ak,

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, €,= —€,;=—1)

W=he;H'H}+1'e,;H!LIR'
~ultHiC*0f — H3Q! U
—d'HlQ}~HiC¥Q{ D" .

The interaction Lagrangian contains the following
types of interactions.
(1) Gauge-boson-gaugino, gauge-boson-gauge-boson:

183f 018,65 —3,G )G G — 183 ape fade G .G GG,

181€3(3,45—0,41) A A% — Lgte €0y AL A™ARA™

(2) Quark-squark-gauge: 7" are the SU(2) group generators, T'= 17, where 7* denote the Pauli matrices and Y“ and
Y @ 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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—V5(g;Y'Gy +g, T 4, +1g,B,)5 ¥} —iQ'*(g;,Y°G; +g,T° 4} + 1g,B, )3 4 6Q!
—1g,CH(W b, "W}, +iQ1* 30 A} +H.c.
+iv2Q'*(g;Y°AG +g, T\ + 1g,A5 W) +H.c.
+ig (CYQI* A W5, +CV*QI* A} Wh,) +H.c.

CQ,
H(C01,0.)"(g:Y Gy +81T" A, +18,B,)(8, Y'G ¥ +£, T/ A+ {g,B,) |
2
—V(8;Y°Gy, — 2¢,B,,)5 "W}, —iU *(g,Y °G% — 2g,B,,)3 4 U’
+U™(g;Y°G;,—1g,B,)(g; ¥ °G**— 2g,B*)U!
— ¥} (g;Y °G; +1g,B,)5 "W, —iDT*(g, ¥ °G% + 1g,B,)3% D’

+D'*(g,Y °G; +1g,B,,)(g, Y *G**+ 1g,B*)D!
+iV2U ™ (g, ¥ A —2g,A5 W, +iV2D % (g, 7 A% + 1g,A5 W) +H.c.

In the above formulas 4 = A, +id2=V2W].
(3) Lepton-slepton-gauge:

—V (g, T'A},—1g,B,)7 "W} —iL'*(g, T' A}, — 1g,B,)a% L’
+L™*(g,T'4, —1g,B,)(g, T/ A#— 1g,B*)L"~¢,¥ } B, 5 "Wk —ig,B,(R'*3*R")+g}R!*R'B B*
+iV2L (g, T\, — 1g,A5 )WL +iv2g,R1*A, WL +H.c.
(4) Higgs-boson-Higgsino-gauge:
~ U8, T' 4}, —18,B,)5 "W, —iH"*(g, T' A, — g, B, )8}, H'
+H'(g,T'A},—1g,B,)(g, T/ A/*—1g,B*)H!
—Wyy(g T'A}, +1g,B, )T "Wy, —iH™ (g, T' A . t1g:B, YouH? +H?* (g, T'A,+1g,B,)(g T/ 4%+ 1g,B*)H?

+iV2H" (g, T\ — 1g,hp Wy +iV2H™ (g, T'Al, + 1g,A5 )Wy, +H.c.
(5) Yukawa couplings:
—he Wi Vi — e, Wiy WE; R — e, Wiy WR L — e, W2 Wi H!+H.c.
—di( =Wy W, +CW W, )D T —d (—¥},04 +CP¥E, 0] )W, +H.c.
—d(—H |V, +CYH W, W), —ul(—C*HIV,, + H3W,, )W) +H.c.
—ul(—C* W, Vo, + ¥}, Y5 ) U —ul(—CT* WL, 0] +¥4,00 W +H.c.

Passing to the four-fermion notation one should substitute

I I
. Yo . |Ye
qu Tl{, » 494 @{)

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

V=LDE&D&+D D!+ DyDyg)+FF,; .

For the Fj Fy, and Ffj,Fy, terms we present SU(3) indices explicitly in places where their contraction can be ambi-
guous:

D¢ =g;(Q/*Y°Q/+D"*Y°D'+U'*Y°U"),

I
co, _ . .
+L"*T'L'+H"“T'H'+ H*T'H?

D} =g |(CQ,,0,)'*T

DB=i‘g2(%QiI.QiI—‘_%DI.DI_';'UI‘ Ul_LiItLiI_l__zR ItRI_HiltHil+Hi21Hi2) ,
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FiFy=hPH?*H}+ 'L LIR*R7+d'd(C**C/L Q8 Q15 +Q32095)D [* Dy
+[I"h*H?*L/R'"+d'hn*(CVH?*Q{+H3*Q])D'+H.c.]
+[1d/(CKLI*QX +L1I*QI)R"*D'+H.c.],

FoFp,=|RPH*H} +u'u/(CMCH* Q5 05+ 013015 UL U
—[u'n*(C"*H}*Q7 +H|*Q{)U'+H.c.],

F{*F;=("’H!*H/R™R',

FR*Fr=("e e H*HIL*L] ,

Fé?Fli =(d1)2H[1tHi1D1tDI+(uI)ZHX_ZtHiZUItU1+(u1dJCJIt UIDJ‘H,-I‘HI-Z“FH.C. ) ,

FiFh= (' PICYCN BT HIQY* 0 + HY HIQ{*0{ —(C”H*HiQ{*0{ +H.c.]

Fh*Fh=(d"P[HI*HIQ}* Qs +CV* CRH I HIQI* 0¥ —(CUHI*HIQI*Q{ +H.c.)] .

(7) The soft SUSY -breaking terms:
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APPENDIX B

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 £=1—extension to the general case is straightforward.® The & dependence
of ghost vertices and Goldstone-boson masses can be found in Sec. V and in Sec. VI, paragraph 7. All vertices are prop-
erly symmetrized.

1. Propagators

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

p 2_ m 2
(2) Vector bosons:
u v .
VVVVVVVVVVVVVVV _Buv
p 2__ m 2

(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:

+ - + 5 + - + -

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.



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

(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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(9) Self-interactions of the gauge bosons:
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(11) 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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