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Abstract

We write down the mass matrices and couplings needed for the e-model cal-
culations. These include the mass matrices for all the particles in the model, the
charged and neutral current couplings of the spin % particles with the gauge bosons,
and the couplings of the charged and neutral scalars with the spin % particles. We
have not included the couplings of the gauge bosons with themselves, because these
are the same as in the SM. Missing are still the couplings of the scalars with the

gauge bosons, and the couplings of the scalars among themselves.



Contents

1 The Superpotential and the Soft Breaking Terms

2 The Scalar Potential

3 Mass Matrices

3.1 Scalar Mass Matrices . . . . . . . . .. Lo
3.1.1 Charged Scalars . . . . . . . . ...
3.1.2 CP-Even Neutral Scalars . . . . . ... ... ... ... .......
3.1.3 CP-0Odd Neutral Scalars . . . . . ... .. ... ... ... .....
3.1.4 Squark Mass Matrices . . . . . . . . ... ... ... ...

3.2 Chargino Mass Matrix . . . . . .. . . ... .

3.3 Neutralino Mass Matrix . . . . . . ... ... ... o

3.4 Quark Mass Matrices . . . . . . . . ... .

Couplings in the e-model

4.1 Gauge Self-Interactions . . . . . . . . . ...
4.1.1 VVV o e
4.1.2 VVVV oo e

4.2 Charged Current Couplings . . . . . . . . . .. .. .. .. ... ...,
421 VXX - o o o
422 Waqq . . ..
4.23 Waq . . ..
424 WHH . . ... e

4.3 Neutral Current Couplings . . . . . . . . . . .. .. ... .. .. ...
4.3.1

(A, Z)

432 (A, Z)qq . . . o oo
433 ( )
(4, Z)

4.3.4

10

11



4.4 Scalar 3-Point Interactions . . . . . . . . . ..o 17

441 STOxE 17
442 SOy and PPxx . . . . ... 19
4.4.3 Stqq ... 21
444 Sqgand Plqq . . . . . . . .. 22
4.4.5 HQq . . . .. 22
4.4.6 HVV o 22

4.5 Gaugino-Fermion-Sfermion . . . . . . . . .. ..o 22
4.5.1 x%gq: Neutralino-Quark up-Squark up . . . . . ... ... ... 22
4.5.2 x°q: Neutralino-Quark down-Squark down . . ... ... .. 23
4.5.3 x qq¢: Chargino-Quark up-Squark down . . .. ... ... .. 23
4.5.4 x q¢: Chargino-Quark down-Squark up . . ... ... .. .. 24

4.6 4-Point Interactions . . . . . . . . . ..o 25
4.6.1 VVXX . o o o 25
4.6.2 VVHH . .. . 25

4.6.3 VVGq . . .. . 25

4.7 Higgs Self-Interactions . . . . . . . . . ... oo 25
471 HHH . . .. e 25

4.72 HHHH . .. . . . . 25

4.8 Ghost Interactions . . . . . ... Lo 25
4.8.1 wWwV . . 25
4.82 WwH . . .. 25

A Changelog 26



1 The Superpotential and the Soft Breaking Terms

Using the conventions of refs. [1, 2, 3] we introduce the model by specifying the superpo-

tential, which includes BRpV [4] in three generations. It is given by
W = e |hJ QLU H, + W3QDHy + WL R HG — pHyH! + e, LYHY) (1)

where 4,j = 1,2, 3 are generation indices, a,b = 1,2 are SU(2) indices, and ¢ is a com-
pletely antisymmetric 2 x 2 matrix, with €15 = 1. The symbol “hat” over each letter
indicates a superfield, with Q;, L;, ﬁd, and H, being SU(2) doublets with hypercharges
%, —1, —1, and 1 respectively, and U, D, and R being SU(2) singlets with hypercharges
—%, %, and 2 respectively. The couplings Ay, hp and hg are 3 X 3 Yukawa matrices, and
w and ¢; are parameters with units of mass. The last term in eq. (1) is the only R-parity

violating term.

Supersymmetry breaking is parameterized with a set of soft supersymmetry breaking
terms. In the MSSM these are given by

‘/S%fSM _ ZJQQa*Qa + 2]2U U* + MZJQD D* + Mz]QLa*La + MZJQR R*
+m¥ Hy HG +m%, HOHE — [%MSASAS + MM+ LMV + h.c.} (2)
tea [ADQIU HY + APQUD; HY + ALLIR;H — BuHGH)| .

In addition to the MSSM soft SUSY breaking terms in E%ftSM the BRpV model contains

the following extra term

vfﬁp‘” — Bicieay L2H? (3)

where the B; have units of mass. In what follows, we neglect intergenerational mixing in

the soft terms in eq. (2).

The electroweak symmetry is broken when the two Higgs doublets H; and H,,, and
the neutral component of the slepton doublets E} acquire vacuum expectation values. We
introduce the notation:

HY HF . Lo
H = d Hu - Y Lz - < ) 4
() m=(m) 2= () ®
where we shift the neutral fields with non—zero vevs as

H E—[02+vd+i<,02], H E—[02+vu+i@2], L E—[z/ +vl+w] (5)

%

Note that the TV boson acquires a mass mj, = 1g?v?, where v? = v3 + 02 + v} + v3 +vj ~
(246 GeV)?. We introduce the following notation in spherical coordinates for the vacuum

expectation values:

vy = wsin# sin @y sin 5 cos 3

v, = wsin# sinbysinfssin g

1



v3 = wsinf; sinfy cos by (6)
vy = wvsinb; cosb,

vy = vcosh

which preserves the MSSM definition tan 5 = v, /vg. In the MSSM limit, where ¢; =
v; = 0, the angles 6, are equal to 7/2. In addition to the above MSSM parameters, our
model contains nine new parameters, €;, v; and B;. The three vevs are determined by the
one—loop tadpole equations, and we will assume universality of the B-terms, B = B; at
the unification scale. Therefore, the only new and free parameters can be chosen as the

€;.

2 The Scalar Potential

The electroweak symmetry is broken when the Higgs and lepton fields acquire non—zero
vevs. These are calculated via the minimization of the effective potential or, in the

diagramatic method, via the tadpole equations. The full scalar potential at tree level is

ow |?
‘/:‘,otal Z az

+ Vp + VEGSM v oY (7)

S

where z; is any one of the scalar fields in the superpotential in eq. (1), Vp are the D-terms,
and Vfﬁ:pv is given in eq. (3).
The tree level scalar potential contains the following linear terms
Viear = gy + 1000 + 190" + 305" + 13037 (8)

mear

where the different t° are the tadpoles at tree level. They are given by
tg = (m%,d + u2)vd 4+ vgD — ,u(Bvu + viei)
tg = —Buvg + (m%ﬂ + ,MQ)UU — vy D + v; Bi€; + v, €2
t(l] = UlD + 61( — HUq + ’UuBl + Uiei) + %(UzMgzl -+ Mglivi) (9)
tg == UQD + 62( — UUq + UuBQ + UZ‘GZ‘) -+ %(UZMIQ/ZQ + M%ini)
5 = 3D+ 63( — g + Uy Bs + viei) + %(viM?ﬁ + M,%?ﬂ»vi)
where we have defined D = £(g% 4+ ¢”)(v] +v3 + v5 + v —v2) and € = €] + €3 +€3. A
repeated index i in eq. (9) implies summation over i = 1,2,3. The five tree level tadpoles

t2 are equal to zero at the minimum of the tree level potential, and from there one can

determine the five tree level vacuum expectation values.

It is well known that in order to find reliable results for the electroweak symmetry
breaking it is necessary to include the one—loop radiative corrections. The full scalar

potential at one loop level, called effective potential, is

Viotal = Vi + Vre (10)
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where Ve include the quantum corrections. In this paper we use the diagramatic method,
which incorporates the radiative corrections through the one—loop corrected tadpole equa-

tions. The one loop tadpoles are
to =t — 0tD7 + T,(Q) =t + TXH(Q) (11)

where o = d,u,1,2,3 and ff_R(Q) = —(5t£/[_5 + T,(Q) are the finite one loop tadpoles.
At the minimum of the potential we have t, = 0, and the vevs calculated from these

equations are the renormalized vevs.

3 Mass Matrices

3.1 Scalar Mass Matrices
3.1.1 Charged Scalars

The mass matrix of the charged scalar sector follows from the quadratic terms in the

scalar potential

‘/quadratic - S,_ Mgi Sl+ (12)

where the unrotated charged scalars are S'* = (H;, H;, éf, if 71, ek, if74). For conve-

nience we will divide this (8 x 8) matrix into blocks in the following way:

M2 M2T~ M2 M2T
T Y Ay (13
My; Mg My Mg
where the charged Higgs block is
[ Bugs+ 197 (V3 — X, v7) + Z_Z B+ 39%v4v,,
el + 158 v (hEhg)ij v
2
B+ 19%v4v, But + 1P+ v))
- - Z?:1 Biei:j_i + L

Vy -
This matrix reduces to the usual charged Higgs mass matrix in the MSSM when we set

v; = ¢ = 0 and we call m?, = Bu. The slepton block is given by

2 2
M= o (15
RL RR
where
3
(ML), = 30 (ih), 4 (= 3ok = 42 0+ deoy — B +
k=1 7 )
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3
+,LLU — <Z ek> 52J+€e]+ML]Z

3

v
_% Z — (Mgzk: + Mgkx) 03 (16)

k=1 Vi

1
M, = 7 (vaAp — pvshg) (17)
T

M%%L = (M%R) (18)

(M), = b (=30t — o) g+ 3od (1),

3 3
+ (Z (n%)., vk> (2_:1 (R3).; v5> + M2, (19)
We recover the usual stau mass matrix again by replacing v; = ¢; = 0 (note that we need
to replace the expression of the tadpole ¢; in eq. (9) before taking the limit). The mixing
between the charged Higgs sector and the slepton sector is given by the following 6 x 2

block (repeated indices are not summed unless an explicit sum appears):

3
ne; — %Ud Z (h*Ehg)zk v + ig2vdvi —B;e; + ngUuUi
M= 3 = 3 3 (20)
B %U“ D (hifg)zk € — % > (Ag)zk Yk _% (hg)zk (vg + eva)
k=1 k=1 k=1

and as expected, this mixing vanishes in the limit v; = ¢, = 0. The charged scalar mass
matrix in eq. (13), after setting ¢, = t4 = t; = 0, has determinant equal to zero for
& = 0, since one of the eigenvectors corresponds to the charged Goldstone boson with zero

eigenvalue.

For our one loop calculations one has to had the gauge fixing. The part of the mass

matrix in Eq. (13) that comes from the gauge fixing reads for the (2 x 2) A block

vg — Uy V4
2 _ 02 v2
M, — Uy Uy v2 (21)
02 v2
for the (6 x 2) B and the (6 x 6) C' blocks
ViVq  —UjUy
) R , [Mp 0
0 0 0 0
where the (3 x 3) D block is
U% V1V2 V1U3
v2 v2 v2
M2D _ Vo U1 U_% VaUs (23>
02 v2 v2



The charged scalar mass matrices are diagonalized by the following rotation matrices,
SE ’
T
with the eigenvalues diag(mg ,...,mg,) = RS M (Rsi) .
3.1.2 CP-Even Neutral Scalars

The quadratic scalar potential includes

‘/quadratic = %[037 2) ~1R]M UO + - (25)

2 2
Y s (26)
VR VRVR
where
BU—“+122+ZU—+— —Bu—1g2
po, Hagzat ) " = 19700y
2
M., = o o 3 I (27)
— B — 193vav, Bu—=+ 49zvs = 2. Brew—+ =
u — 2 u
12
—ME; + Zgzvdvi
2
M, = - (28)
Bie; — 197UV
and
2 3 Vg 1 3 Vg 2 2
(MVRVR) /,LEZ /UZ B 67, /UZ €’i kil ek/U_Z - 5 ]; v_ (ML’L]C + ML]C’L) /UZ 5@] + 4gZ/UZUj
teie; + 3 (M7 + ME,) (29)

where we have defined g% = g+ ¢">. In the upper-left 2 x 2 block, in the limit v; = ¢; = 0,
the reader can recognize the MSSM mass matrix corresponding to the CP—even neutral
Higgs sector. To define the rotation matrices let us define the unrotated fields by

S" = (a9, 00,71, 03, 1) (30)
Then the mass eigenstates are SY given by
0 _ pS°an0

T
with the eigenvalues diag(mg ,...,mg ) = R¥ M, (RSO) .



3.1.3 CP-0Odd Neutral Scalars

The quadratic scalar potential includes

¥1
‘/quadratic = %[nga 90(2)7 DZI]M?DO (10(2) + - (32)
v}
where the CP-odd neutral scalar mass matrix is
M?2 M2'J M2 MY
My, = | +§m22[ : F] ()
MP’JI M’JI’JI MF MG
where
(" 3 Vi td
B,uv—%—uZekv—%—— Bu
d _ d  Ud
M3y = = (34)
B,u BM——ZBka——i-—
—HE
o = (35)
— B¢
and
M2-) = — B LS (2 ti) s
( uzuz)ij - ,UEZ i €z ' — € Z Ek_ -3 kz::l U_Z ( Lik T Lk:i) + ’U_Z ij
t+ei€; + % (MIQAJ + Mfﬂ) (36)

Finally the part of the mass matrix in Eq. (33) that comes from the gauge fixing
reads for the (2 x 2) E block

vg — Uy Vg
2 _ v? 02
My, — Uy Vg v2 (37)
v2 V2
for the (3 x 2) F block
;U ViU
M = v2d . (38)
and for the (3 x 3) G block
v vy U3
v2 02 v2
MQG _ 71212)1 U_% U2?213 (39)
v v v



The charged pseudo—scalar mass matrices are diagonalized by the following rotation ma-

trices,
PO
P, =R P
) J

(40)

T
with the eigenvalues diag(m3 ,...,m},) = R M 20 (RPO) . where the unrotated fields

are

0 __ 0,0 ~I ~I ~I
P _(Sod?@u?Vl?VQ?VQ)

3.1.4 Squark Mass Matrices

In the unrotated basis @ = (Tip;, U;) and d, = (dp;, d%;) we get

1~/ 2~1 | 173 2 7
‘/quadratic =3 TM'{[ U +§dTM"I d

) Mq2LL Mﬁm
Y=, e
_ qRL aRR
with ¢ = (@, d). The blocks are different for up and down type squarks. We have

where

1

My = SO+ 0 ) (-2 02)
1

My = %vih@h%M%%(mé—m%V); (-2 302

Uy % *
M:LR = EAU \/— U +Z 62 hU

2 _ T
MIIRL - M’?ILR
and
2 = Ltz -t 1wy L (v —05+Zv3>
1
M, = Lo+ M3~ - ) <v§ e m)
. Vd % (" «
Mir = 5401 5hD
— 2
M;i%RL - MELR
We define the mass eigenstates
q=Rq
which implies
qz Rq]’i %

The rotation matrices are obtained from

RP ' (M9 B — 07

(41)

(44)

(48)

In our case the matrices in Eq. (43) are real and therefore the rotation matrices RY are

orthogonal matrices.



3.2 Chargino Mass Matrix

The charginos mix with the charged leptons forming a set of five charged fermions F*, i =
1,...,5in two component spinor notation. In a basis where ¢ *7 = (—iAT, HF eh, ph, 7#)

and 7 = (—i\™, H 4,60, L, TL ), the charged fermion mass terms in the Lagrangian are

tn=30 0 (o Y (1) +ne (49

where the chargino/lepton mass matrix is given by

M %gvu 0 0 0 ]
M= %gvl —€1 % (hE)n Ud Lg (hE)12 Ud % (hE)l?’ vd (50)
%902 —€2 % (hE)g LQ (hi)gs va % (hi)as va
L %g% —€3 % (he)sg va % (he)ss va ﬁ (he)ss va |

and M is the SU(2) gaugino soft mass. We note that chargino sector decouples from the
lepton sector in the limit ¢, = v; = 0. As in the MSSM, the chargino mass matrix is

diagonalized by two rotation matrices U and V defined by
Fr=Uyy; 5 F =V (51)
Then
U*Movfl = Mcp (52)

where Mgp is the diagonal charged fermion mass matrix. To determine U and V' we note
that

M2y, = VMEMeV ™' = U*MeME(U*) ! (53)
implying that V diagonalizes MéMg and U* diagonalizes MgMé. For future reference
we note that

vy =UN By 5 0 =V B (54)

In the previous expressions the FZ-i are two component spinors. We construct the four

component Dirac spinors out of the two component spinors with the conventions™,

_ ([ .
Xi—(Fi+> ( )

The chargino masses coming from Eq. (52) can have a negative sign. We fix that by

defining a sign parameter
m. —

= (56)

*Here we depart from the conventions of ref. [2] because we want the e, 4~ and 7~ to be the particles
and not the anti—particles.



This corresponds to the following substitution

Xi = V5 Xi (57)
and therefore
X; = mPL+Pr)X; 5 X s— X i (PL+n;Pr)
xi — (Po+mPr)xi 3 x%;— xT P+ Pr) (58)

3.3 Neutralino Mass Matrix

In our model, the neutrinos acquires mass [5], and this is due to a mixing between the
neutralino sector and the neutrinos, forming a set of seven neutral two component fermions
F?,i=1,..7. In the basis %7 = (—i\, —i\3, H}, H2, v, v,, v;) the neutral fermions mass

terms in the Lagrangian are given by
1
L, = —5(¢0)TMN¢° + h.c. (59)

where the neutralino/neutrino mass matrix is

M’ 0  —igva Llgv. —igvi —Igvs —1g'vy ]
0 M 3gva —39v. 39U 392 393
— % g'vg % gug 0 —1 0 0 0
My=| 1dv. —39v. —pn 0 €1 €2 €3 (60)
—39'v1 39U 0 €1
—1g'vs  gus 0 €
- tg'vs  3gus 0 €3 0 0 0

and M’ is the U(1) gaugino soft mass. This neutralino/neutrino mass matrix is diagonal-
ized by a 7 x 7 rotation matrix N such that

N*MyN ' = diag(m.0, ™My, M0, M0, My, My, M, ) (61)

For future reference we note that
¥ = N*); Fy (62)
and the four component Majorana neutral fermions are obtained from the two component

0 — il 63
Xi—(F—iO) ( )

The neutralino masses coming from Eq. (61) can have a negative sign. We fix that by

via the relation

defining a sign parameter
mXQ
7

€

(64)

|mx?
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This corresponds to the following substitution

X§ = X5 (65)
and therefore

) — (6P +Pr)X) 3 X% — X% (Pr + € Pr) (66)

3.4 Quark Mass Matrices

In two component spinor notation the relevant terms in the Lagrangian are

Y2
V2

where the primed states are again the interaction eigenstates. In 4—component spinor

Ly =——2= (hD)ij dle‘ dchj B (hU)ij U/LZ U/Lcj + hec. (67>

notation with the definitions

d’ u’
v (_) e (_) (69)
df u'f

we get
Ly = —E MDd;% — @MUUIR + h.c. (69)
where
U1 % (%) «
(MD)ij = ﬁ (hD)z‘j ; (MU)ij = % (hU)ij (70)

To obtain the eigenstates of the mass we rotate the quark fields through
dr = R& dy ; dr, = R¢ d; ; ur = R ul ; ur, = Ryu),  (71)

For future reference we write the relations between the mass and the interaction eigen-

states. We have

q;?i = (R?%>;z dRj ) qp; = qR; (Rg%>jz
B q=(d,u)
i = (R%);kz qr;j ) I, = T (R%)ji (72)
Then
R: MpR&t = ME*  and  R® MyRu' = M3 (73)

where Mzi(af}) are a diagonal matrices. These are diagonalized by noticing that

R%MDMDTR%T: (Mgiag)2 ; R%MDTMDR%TZ (Mg“‘g)Q
Ry MyMy' Ry = (Mg )2 . RapMy'My Ry = (M5™ )2 (74)

10



Before we close this section let us write down the Cabibbo-Kobayashi-Maskawa (CKM)
mixing matrix with our conventions. The couplings of the W* with the quarks are
9 g

V2 V2

Then in terms of the mass eigenstates the charged current Lagrangian reads
g *rrs— 5 g y _
ECC = _ﬁ VZC]KM WN dL] "}/’u Ur; — ﬁ V%KM WJ Ur,; "}/'u dLj (76)

where the CKM matrix V™ is defined through
YoM _ RER%T (77>

Lcoo = — Wu_dTLz Y u, W:TLZ Y dy, (75)

4 Couplings in the e-model

In this section we give a list of all the couplings of the e-model. In Table 1 we give a guide

to the various couplings of the model.

4.1 Gauge Self-Interactions

The gauge sector of the e-model is exactly the same as the SM and the MSSM. So we
refer the reader to ref. [3] for details and just give here the vertices for completeness and

to fix our notation.

4.1.1 VVV

We have
L = ie [(auw,; — 0,W, )W A — (9,W,} — 0,W;;) W A

— (9,4, — 9,A,) W W”}

+i g cos Oy [ (@W; - 0,,W“_) W zv — (8NWj - 0,,Wj) W—Hzv

— (0,2, — 0, Z,, ) W W_”] (78)
which gives the following Feynman rule for the vertices
P W
¥
Vo
- igv 9" (p2 = p3)” + 9" (ps — p1)" + 9™ (p1 — p2)” (79)
1
P3 )
Wy

tThis is work in progress, therefore the list is still incomplete.

11



Name Type Equations Explanation | Notes
Section
3-Point Gauge | Vxx (89), (101) 4.2, 4.3 V=A,72),W;
Coupling Vqq (91) 4.2 g=u,d,c, s,t,b
Vaq G=a,d,¢ 31,0
VHH (96) 4.2.4 H=2S5°P° H*
3-Point Higgs | Hxx (108),(109),(117), (119) | 4.4.1, 4.4.2
Coupling Hqq (125) 4.4.3
Hqq
HVV
Other 3-Point | ffx
dax (135),(141),(148),(154) 45
4-Point VVxx
Coupling HHVV
HHqq
Gauge vvv (79) 4.1
Self-Interaction | VVVV (81),(82) 4.1
Higgs HHH
Interaction HHHH
Ghost wwV
wwH

Table 1: List of the couplings of the e-model

12




where V = A(Z) and g4 =€, 97 = g cos Oy .

4.1.2 VVVV

For the quartic self-interactions we have

Lovwr = g |(Wiwe) (Wyw) - (ij—ﬂﬂ

+g? cos® Ow [W,I W, 242" — WiW =+ Z,2"]

e [WIW, AMAY — W+ A, AY]

t+eg costy [WIW, (ZMA” + ZVAM) — 2W,FW+ A, 2" (80)

which gives the following Feynman rules for the quartic vertices,

+
P2 W
¥
Vo
E L ig? [2grag® — govghB guvgaﬁ} (81)
P3 ~
W,
+
p2 W
¥
Vo
P X igvgv |9"g"" + 9" g™ —2 gwgaﬁ} (82)
P3
Wv_

where V = A(Z) and g4 = e,97 = g cosOy.

4.2 Charged Current Couplings

4.2.1 Wyyx

In the e-model the charged leptons and the neutrinos are mixed with the charginos and
neutralinos. Hence the couplings in this subsection also include those. Using two compo-
nent spinors and following the notation of ref. [2] the relevant part of the Lagrangian can

be written as

L=gW, l(vﬁu* — AN - 7 (HgaﬂHj +HdaﬂHg+ZLi5ﬂL9ﬂ

=1

13



. _ 1
+gW, [(/\+6“>\3 — A7) - 7 (

—_ —~ ——— P 3 —_—
Hifo"H)+ HYo" Hy + > LYo" L’ﬂ (83)
=1

To obtain the couplings in four component notation we first write eq.(83) in terms of the

mass eigenstates in two component notation, F;* and F?. In order to do that we recall

that L
—iX = N*;F° iN = NuF?
— A} = N*,F0 iN* = NpF?
Hy = N*3F! H) = NuF? (84)
HY = N*uF! HY = NuFy
LY = N* . ,F? i_2 = Ny F?
—iNT = U*pFy ixT = UnF;
Hy = U*pF; Hy = Uik (85)
Ly = Utjonky Ly = Uk,
—izt = V*le’jJr izt = leF—;r
HY = V*pF Hi = Vi F (86)
RE = Vol R = Vioul)

We obtain then

1
L = gWN_ [ FOO'MF—i— <N22V*j1—ﬁNi4V*jg>

1 3
+F; 5" F <—N*22UJ1 — % <N*i3Uj2 + 3 N*i,4+kUj,2+k>>1
gWJr [ 17Jr O'M FO <N 22V]1 — %N*ZAV]'Q)
1

3
(NZBU*J'Q + Z Ni,4+kU*j,2+k>>] (87)

Finally using

—X; V" PrxY

F o' F) = x;7"Pux!

FOo'F; = xI"Pux;
FrotF) = —\""Prx; (88)
and remembering the sign conventions, Eq. (57) and Eq. (65), we get
L=x; 7" (05 P+ Oy Pr) X5 Wy +XI" (015 Pr+ 0%y Pr) xj WiE (89)

14



where

3
OEI;V = gni€; [_N*ﬂUil - % <N*j3Ui2 + Z N*; stk Uz‘,2+k>‘|
k=1

O%ZV =g (_Nj2v*i1 + % Nj4V*i2) (9O>
oy =(0m)" 5 oy = (o)
4.2.2 Wyqd

This couplings were already presented before when we discussed the quark mass matrices
and the V™ matrix in Section 3.4. We just copy the result without further discussion.

In terms of the mass eigenstates the charged current Lagrangian reads

g K rrr_ g y _
ﬁcc = ——F= VSJKM VV‘u dLj 7# Ur; — —F—= V%KM Wj Ur,; 7# dLj (91)

V2 V2
where the CKM matrix V™ is defined in Eq. (77).

4.2.3 Wiq
4.2.4 WHH

The trilinear couplings of the W bosons with the charged and neutral scalars result from

the following terms written in terms of the unrotated doublets

3
Lwnn C (D,Hy)' D" + Hy(D,H,) D*H, + Y (D,L) D'L, (92)

i=1

In terms of the unrotated fields we get

Lwnn = Z’%W; {H;O MH; —H'HY — H>OH, "+ H,"H>™  (93)

3 —~— —_— o~
+3 (L/faﬂL'j — aw?)} +hec.
=1
which can be written as
Ly = O W, (208 — ;7 0"S0)+0,7 W, (P08 — Si* 0" P*) +h.c. (94)

where

'wes Zg "we g

Oll - 5 011 P= _5
’ Zg "we g

Owes —  _ 7 oyepr . _Z 95
22 2 22 2 ( )
IW Zg N ’ch = —g ] =

Ojjcs = 5 J= 1,2,3 O]J 2 J 1,2,3
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all other entries vanishing. In terms of the mass eigenstates we have

wes . pS°* pSTF Alwes wep _ pPY* pSE* "wep

1] -

4.3 Neutral Current Couplings
4.3.1 (A, Z)xx

In the e-model the charged leptons and the neutrinos are mixed with the charginos and
neutralinos. Hence the couplings in this subsection also include those. Using two compo-
nent spinors and following the notation of ref. [2] the relevant part of the Lagrangian can

be written as

1

L=

(gWi + g/BH) (H—jﬁu Hf — ?36“ ffd>

1 e —~ e —~
5 (~oW?+4'B,) (Hg & H° — HOg" Hg)
3 —_—
—gWi (ATe" A\ =X\ ) — g'B, YR 7" Rf
i=1

13 3 oo, Ly 3 T
+3 ; (—gWi+g'B,) To" L) + 5 ; (gW2+9'B,) L; 0" L; (97)

To obtain the couplings in four component notation we first write eq.(83) in terms of the

mass eigenstates in two component notation, FZ-i and F?. We also use

3 g a2
gW; = eA,+ cos O (1 sin Hw) Z,
3 .2
9B, = eA,— p—y sin” 0,2, (98)

We get in two component notation

5 _ 5 _
cz—MJmewWWWFmewEWEW

k=1 k=1

g
— 7
+ cosf, "

3 [
% <Ni4N*j4 — N;sN*j3 — Z Nz',4+kN*j,4+k> Fioﬁu Fjo
k=1

3 5 -
(%UiZU*jQ +U U*j + % Z UiorU*jopr — sin® 0, Z Uik:U*jk:> Fa* F

k=1 k=1

5 S
<_%Vi2V*j2 — VilV*jl -+ sin2 9w Z Vl-kV*jk) F’;r loia F}Jr (99)

k=1

Now using the unitarity of the diagonalization matrices we get, still in two component

spinor notation,

L= eAu[ (F o' Fy —F—jﬁl‘ﬂ*)]

i=1

16



9

Z
cos 6,

m

3 —_
% (Ni4N*j4 — Ni3N*j5 — Z Ni,4+k:N*j,4+k> Fig FJQ
k=1

3
(%UZQU*J'Q + UilU*jl + Z %Ui,2+kU*j,2+k — sin2 Hw 52]) F’f ot Fji

k=1

(—3ViV*jo = VaV* +sin® 0, 6;) F o F)f (100)

Finally we get in four component notation

3
L = eA)D> xi X7

=1

+ 20 30" (O3 P+ O Pr) X5 + Zixi v (055 Py + 05575 Pg) x5 (101)

where ,
Orif = L@ €i€j% <Ni4N*j4 — NisN*js— > Nz‘,4+kN*j,4+k>
€08 P k=1 (102)
ox = - (o)
and
g 3
Og;? = 0 min; <%Ui2U*j2 + UilU*jl + Z %Ui,2+kU*j,2+k - sin2 Hw 6@])
o8P k=1 (103)

O%sz] = ﬁ (%Vﬂv*ig + leV*ﬂ — SiIl2 «9w (5”)

4.3.2 (A, Z)qq
4.3.3 (A, 2)ig

4.34 (A Z)HH

4.4 Scalar 3-Point Interactions
4.4.1 STOy*

Using two component spinors and following the notation of ref. [2] the relevant part of

the Lagrangian can be written as

L=Ht l% (=N Hy + L (—iN)Hy — g(—i\") HO + 910 R—j]

— = ! - — - e
+HF [—ﬁ (iX3) H — 2 (iN) HF — g (idF) H}j]

* / - —
+ L; Ki (—iN®) + 9—2 (—M’)) Ly —g(—i\7) L) — hg RS Hgl
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+ RY [~g'V2(iN) R} — B Li HY + hig LOH | + e (104)

The previous expression can be written in terms of the two component fermions F/rand

/ _
L=H; < N* Uy + —=N*;1U*j5 — gN*iSU*ﬂ) FiOFf + B NiariVjoem Fj+ Fz’(]]

\/i
g = 70
\/§N11Vj2 - 9N1‘4Vj1> F]-Jr F;O]

/ —_—
< N* U* o0k + %N*ilU*j,2+k —QN*i,4+kU*j1> F)F7 =Ry NisV o FFD ]

+ R [~g VNV B FP + W (N*amU*j2 — N*3U*000) FOF; | + hec.(105)

+HF [( g TNV -
- [

Now we define the weak basis charged scalars S = (H;, H,, f;:, }A%Jj“ ). The mass eigen-
states S are obtained from S/* through the rotation matrix Rg+. Then in terms of the

unrotated fields S;* and in terms of the mass eigenstates Si°, the Lagrangian reads
L=x; (OFm Pu+Ofs Pr)X9S¢ + X0 (075 Pu+ ORS,. Pr) x5 Sit

=X, (055 PL+ 055, Pr) X3S, + X0 (0755, P+ O, Pr)x; S¢ (106)

where
cns _ pSTT Arens . cns  _ pPSTF Aens
OLijk - ka OLijm ) ORijk - ka ORijm
nes _ pSTT Ames . nes _ pST* Ames
OLijk - ka OLijm ) ORijk - ka ORijm (107>

The coupling matrices can be read from eq.( 105). We get
O,I?ZSI = (hmnN; 4+mVZ2+n)
/

cns g * * g k k k *
O;:m = ¢ <_ﬁNj2Vi2_%NjIViQ_gN]AVil)
Oflsim = 6 (W NV, ) 5 (m=1,23)
Oftim = 6 (—9VENVip,) 5 (m=1,2,3) (108)

and

Og?jsl = <% N;,U;y + % N;\U; — gNj3Ui1>

O, = 0
Rij24+m s \/5 72V 4.24m + \/i 1Y ¢ 24m g 7,44+mVY il ) (m — L4 )
Ofiisim = Mihy" (NjapUp — NUiay,) 5 (m=1,2,3) (109)
For the couplings with S, we have the relations, in an obvious notation
o = (085)
O = (Of5) (110)
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4.4.2 S%x and Py
Using two component spinors and following the notation of ref. [2] the relevant part of
the Lagrangian can be written as
0)* 9 sv770 , 9 770 77 i T— T
L= (Hd) l—ﬁ (—iN°) H; + ﬁ (—iN)H) —g(—iNT)H; — hi L; R;’}
*1 9 N N\ 70 -\ T+
+ (H? ——(—=\°) H — == (—i\') H, —g(—i\") H
()" |25 0w 2= 2 (o) B - g (-0v0) B
+ (L) | = (i) LY+ I (NI — g (—iNT) Ir + WY RT T
k /2 t k \/5( ? r—g(—1 k e 1y 11y
+ h.c. (111)
Now we write this expression in terms of the two component fermion eigenstates
/
= (H) K—\%N*ZQN*J-3 + %N*HN*]B) FOFY — gV* U, FF
UiV T
+ (1) [ Z=N*aN®; _ I NNt ) FORO — VUt R
u \/i i2 74 \/5 il 74 it g 2 Jr4y £y
+ (L) [~ EN"aN" i+ I N AN* k) FOFO — gV aU* o FF-
k \/5 24V a+k \/§ 14V j a4k i L'y gv aU okl L'
+ WU Vioim Fy F
+ h.c. (112)
To proceed we separate the real and imaginary parts of the complex scalars. Using
~ JOR 4 ;ToI
O S 3 (113)

L=~

we get
A (9 NN TN N FOFY — gV* \U*, FFF>
Vv2© V2ot t R

WU s Vi BT P+ h.c]

0 g g/

2 [(ﬁN*iZN*JA - EN*HN*]A) F;OF]Q - gV*iZU*jl F;JFF]-i + h.c
L g g

K—EN*QN*]'A% + EN*ilN*j,4+k> FiOFJQ —gV*ilU* 00 FZ-JrFf

+ h%m Ung@g_;_m F—J_ F—Z—’— + hC‘|

/
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/

. P 9 ars g 0 170 + =
—7 = ———=N*3N*;5+ —=N* N*;5| F [ —gV* U*s F'F;

- hgnt,2+mVi,2+n F—{ F’—ZJr - hC‘|

/
ak l<%N*i2N*j v %N*“N 3’4) FPF? — gV*uU*; FF; —he
/

NG [(—%N*i2N*j,4+k + %N*HN*JM) FORY — gV uU* 0 Y Fy
+ h%m UjQVLQerF—; F’—ZJr — hC‘| (114)

Introducing the notation S?° = (09,09, L9%) and P = (9, ¢Y, L) for the unrotated

scalar and pseudoscalar fields, we can write the Lagrangian in the form,
L =57 (0 P+ OFms Pr) x3 S+ $x2 (0752 P+ Ot Pr) X P
+x; (O Pr+ O, Pr) x; S +x; (05 P+ Ofh, Pr) xj P
= X7 (0735 P+ Ofsy, Pr) 3 SE+ 30 (01 P + ORi% Pr) X5 PF

+x; (055 PL+ 0555, Pr) x; S+ X, (055, P+ Ogfy Pr) x; PY - (115)

where
n S0 * n . po * n
OL?}SZ )ijk — R OIL ?%s) igm On L(R)ijk — ka O,Ln(RPS igm
ccs ccs cc; po * cc,
L(R)ijk — R O/L(R) ijm OL(pR) ijk R, O/L(Ig) ijm (116)

The unrotated couplings can be read from eq. (114). We get for the couplings with neutral

fermions,
g q
ﬁ?f = € <—§N*i2N*]’3 + EN*ilN*jg + (i ])>
g q
Oz = ¢ <§N*i2N*j4 — NN+ (i o j))
g g
Ok = € <_§N*i2N*j,4+k + EN*ilN*j,4+k + (i < j))
O = —i O (117)
and

Opm = (O’
Ope = (OFrY” (118)

The couplings with the charged fermions are
gt

g
/i
Orijii = n <——V*z‘1U*j2 Y]

NG U*oim V*i,2+n>
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g
O/LCZCJSQ = 1 <_7V*i2U*j1>
km

h
O,LCZ'CJ'S,2+k = 7 < j’v ZlU j,2+k + j— V*z 2+mU ]2)

e ) hmn
Orif = —in <_\/i*V*ilU*j2 + % U*j24m V*i,2+n>
O/LCngpQ = 1 Ny —7= \/— ZQU*]I

hkm

. g
O,Lcicﬁz% —tn; <_7§V*i1U*j,2+k - % V*i,2+mU*j2>
and
Ofize = (OF53)
Oiite = (Ofh)
4.4.3 Stqqd

(119)

(120)

(121)

The couplings of the charged scalars in the e-model to the quarks come from the corre-

sponding couplings of the MSSM charged Higgs bosons. They originate from the following

Yukawa Lagrangian [3],

LYukawa - (hD)Z‘j Hl_ ule d,LCJ + (hU)ij H;— dle uLg + h.c.
which reads in four component notation,

‘CYukawa: (hD) H dRZuLZ (hU) H+URJ dlLl—FhC

Now using Eq. (72) we can write,

2 2
Lvukawa = H2+ VZ?KM m;‘ £ URi dLj + Hf_ VZ?KM md £ Ur; de + h.c.

Uy T g

In terms of the charged scalars mass eigenstates we obtain
_ Qt sqq 549
EYukawa - Sk U (OLijkPL + ORijkPR) dj + h.c.
where
5qq _ pST* Arsqq
OL,Rijk - ka OL,Rijm
and

O’Sqq _ VCKM d \/_

Rijl  — g vy

V2

PORM . V2
J (3

Uy,

1sqq  _
OLz‘jQ =

21

(122)

(123)

(124)

(125)

(126)

(127)
(128)
(129)

(130)



4.4.4 S%q and PYqq
4.45 Hiq

4.4.6 HVV

4.5 Gaugino-Fermion-Sfermion
4.5.1 x%g: Neutralino-Quark up-Squark up

In two component spinor notation the relevant part of the Lagrangian is

2 2 2
L = 297)\31’622 sz+lg %A,ulea*Lz_Zg \/_)\/ ,[C/z NE'L
—hy} Houl,; tigy — hi] HoulS; i + hec. (131)

We first use Eq. (84) to obtain

1
L = F%, (- 5 N, - \gf 3 N* ity — hip" N*u aRn>

—i—F’ZOU/[C/m <\/_ 3 N*zl u; h?]m N*i4 ﬂLn) + h.c. (132)
which can be written in four component notation as

L = Um PLX? <§ 7 tan9 N* il ﬂ*Rm - hT[}m N*i4 aLn)

— 1
—U/m PRX? [% <N22 + g tan Qw Nil ) ﬂLm + h;}mn Ni4 ﬂ}nl + h.c. (133)

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.
We obtain,

L =7 (O}15.Pr, + Oy Pr) X iy + X7 (O745.PL + OFss Pr) u; i (134)

4 ~% o~k
Oty (§ 5 1000 N B R — 1" N0 5, R )
1 o~k ~%
Ottt (=25 (N 5 antu N, ) B R — " N B B 139

and
Opss = (0m) 1 Ops, = (O (136)
In Eq. (135) we have introduced the sign factor n} for the up—quarks defined in the same

way as for the charginos.
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4.5.2 x%gg: Neutralino-Quark down-Squark down

In two component spinor notation the relevant part of the Lagrangian is

2 ~ 2 ~ 2 ~
L = —ig g )‘3d3:z‘ dp; +ig % Ndydy; +ig % Ndf; dy;

— Wi} Hyd),; dpy — h HYd; dp; + hc. (137)
We first use Eq. (84) to obtain

g * g 1 * T* mn N* ]
L = Flod/[/m [<7N12—73N )dLm_h’D NiSan]
/
+F’Zodfm < \/_ 3 N*zl d}m h%m N*ig dLn) -+ h.c. (138)
which can be written in four component notation as
g an@ N*zl 1t h%m N*ig d~Ln>

— 1 ~ ~
+d/m PRX? l— NZQ 3 tan@ Nzl) dLm — h*Dmn Ni3 d*Rn‘| + h.c. (139)

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.
We obtain,

L =d; (Ofis.PL+ O Pr) XS dy + X7 (O74,PL + O Pr) di d, (140)
where

ns 2.9 nm \J* d
O%z]k_ <__ﬁ ane ledeerZSR%zm h’D N]3denR%zm>

3
O, =g (i (NJ2 ~ > tand, Nﬂ) RT

\/5 km R%zm - h*Dmn J3 de,n+3 R%zm) (141)

and
Opds = (0fs)" 5 O = (Ofis)” (142)
4.5.3 x ¢¢': Chargino-Quark up-Squark down
In two component spinor notation the relevant part of the Lagrangian is
L=ig\uy, di, +hi" HAS dp, +hi® Hyu),, dp, + hec. (143)
We first use Eq. (84) to obtain

L=—qU*y Fru, di +hi™ Vi Fral, di, +h U Foul dp, +hoe. (144)
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which can be written in four component notation as
L= X+PLU (—g U*il sz + h%m U*ig JRn) + EPRU; (h;}mn VZ‘Q J*Lm) + h.c. (145)

where we have introduced x T, the antiparticle of x~ in Eq. (55),

F;—I—
o-(£)

7

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.
We obtain,

£ =x; (0585.P, + 055, Pr) u; dy. + 10 (0153 PL + O Pr) X i (147)

where
Ot = m (~oU%s Bus RE, + 15" U R0 RY,)
Ofize = hg™" Vi RY, km R jn (148)
and
O = (035)” 5 O = (O%im) (149)

4.5.4 x q¢: Chargino-Quark down-Squark up

In two component spinor notation the relevant part of the Lagrangian is
L=ig\tdy,uy, + b Hidy,; gy + b Hy df; iy + hec. (150)
We first use Eq. (84) to obtain
L=—gV* Erd, i + bk Ve Erd, g, + W Uy Fydep, wh, +he (151)
which can be written in four component notation as
L=x; Prd, (—gV*1 @}, + B V¥ lipa) + X; Prdl, (hi"™ Ui @},,) +he.  (152)

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.
We obtain,

£ =x; (05%,P,+ O, Pr) d; iy + d; (OF5, Py, + 0% Pr) X; il (153)

where
Offfjk = 77? (—g V*a ng;m R%]m + hi" Vi R“k n+3 R%;m)
Ofﬁ?k = by Upn R, ngjn (154)
and
Ofi, = (05,) 1 Ofesy = (05%5,) (155)
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4.6 4-Point Interactions
4.6.1 VVyxyx
4.6.2 VVHH

4.6.3 VVig

4.7 Higgs Self-Interactions
4.71 HHH

472 HHHH

4.8 Ghost Interactions
4.8.1 wwV

4.8.2 wwH
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A Changelog

e 13/11,/2006

— Introduced the couplings of charged scalars to W and neutral scalars in Sec-
tion 4.2.4

e 30/10/2006
— Introduced the couplings of charged scalars to quarks in Section 4.4.3.
e 10/7/2003
— Corrected signs in Eq. (2) and Eq. (3).
e 17/6/2001
— The gauge self-interactions in Section 4.1 were introduced.
e 15/6/2001

— The sign factors were introduced in Eq. (117) and Eq. (119) and in all vertices

in Section 4.5.
o 12/6,/2001
— Some mistakes were correcetd in Eq. (117) and Eq. (119).
o 6/6/2001

— Introduced neutralino and chargino couplings to neutral scalars, in Section
4.4.2.

o 1/6/2001
— Indices corrected in Eq. (148) and Eq. (154).
e 30/5/2001

— Introduced neutralino and chargino couplings to quarks and squarks, in Sec-
tion 4.5.

e 29/5/2001

— Delete in Eq. (67) an extra factor (hf;),;.
— Change Lz — L; in Eq. (85).
— Change L — R and R — L in Eq. (110) and correct also the indices.

e 27/5/2001
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— Introduced the section on the quark mass matrices.
e 24/4/2001

— Change vy, — v, in Eq. (14).
— Change A}, — Ag ; hj; — hg in Eq. (17).
— Change cos23 — = (v —v2 + >, 07) in Eq. (44) and Eq. (45).

e 20/4/2001

— Introduced the version numbering convention.
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