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Probing quark-lepton unification with leptoquark and Higgs boson decays
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We point out unique relations between the decay widths for leptoquarks and Higgs bosons that can be
used to test the unification of quarks and leptons at the TeV scale. We discuss the main predictions of the
minimal theory for quark-lepton unification and show how the different decays for leptoquarks and Higgses

are related by the symmetry of the theory.
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I. INTRODUCTION

After the discovery of the Standard Model (SM) Higgs
boson at the large hadron collider (LHC) we know that the
SM of particle physics can describe with high precision the
physics below the TeV scale. Nonetheless, there are reasons
to believe that the LHC could discover new forces and a
new sector that could help address some of the open issues
in particle physics and cosmology.

It is well known that the SM needs to be modified in
order to explain the origin of neutrino masses, the nature of
dark matter, and the baryon asymmetry in the Universe.
Unfortunately, we do not know what is the cutoff scale of
the SM and there is no certainty that the LHC will discover
new physics. The unification of forces in nature is one of
the best ideas we have for physics beyond the Standard
Model. The simplest unified theories based on SU(5) and
SO(10) can describe physics at the high scale, Mgyt ~
105716 GeV (for reviews see Refs. [1,2]), and we cannot
hope to directly test their predictions at colliders because
the fields are superheavy.

Pati and Salam [3] proposed the idea of matter uni-
fication, where the SM quarks and leptons can be unified in
the same multiplet. This idea was crucial to understand the
idea of grand unification. The minimal Pati-Salam model
predicts the same mass for neutrinos and up-quarks, and the
same for down-quarks and charged leptons. Therefore, if
we use the canonical seesaw mechanism [4—7] the relevant
scale is My ~ 10'* GeV.
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In our view, the generic idea of quark-lepton unification
is very appealing. Some years ago, a simple theory for the
unification of quarks and leptons below the multi-TeV scale
was proposed by one of the present authors, P. Fileviez
Pérez, and M. B. Wise in Ref. [8]. This theory is based on
SU4). ® SU(2); ® U(1)g, and neutrino masses are gen-
erated through the inverse seesaw mechanism [9,10] in
order to have a consistent theory where SU(4) . is broken at
the low scale. This theory tells us that one can hope to test
the idea of quark-lepton unification at current or future
colliders.

In this article, motivated by the possibility to test the idea of
matter unification at colliders, we investigate in detail the
Higgs and leptoquark decays in the theory proposed in Ref. [8].
This theory predicts three leptoquarks and two Higgs
doublets. The predicted leptoquarks are X, ~ (3,1,2/3)gy,
®; ~ (3,2,-1/6)gy, and @, ~ (3,2,7/6)gy. We point out
relations between the decay widths for Leptoquarks and Higgs
bosons that can be used to test the idea of quark-lepton
unification at the TeV scale.

In the case of the scalar leptoquarks we find several
unique relations for the decay widths, for example,

: 13 - My & 2/3
SO - dw) = (M_> ST - 2d)).

ij=1

Therefore, if these decays are measured it can be checked
whether this relation predicted by quark-lepton unification
holds. In the above equation the leptoquarks qﬁ;/ 3 and q[)i/ }
are components of the @3 and ®, fields, respectively.
The Higgs sector of this theory is special because there
are two Higgs doublets with only four different Yukawa
couplings. One finds, for example, that only two Yukawa
couplings determine the masses for the down-quarks and
charged leptons. In the limit where there is a hierarchy
between the two Higgs vacuum expectation values,
tanff = vy,/v; > 1, we find that the quark-lepton
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unification predicts the following relation for the heavy
CP-even Higgs decay widths:

3 3
Y T(H - did) =3> T(H - ge))
i,j=1 i,j=1

This relation is quite unique because naively we expect the
Higgs decays into leptons and quarks to be different.
Finally, we study the relations between the leptoquark
and Higgs decays when tan < 1. For example, we find

3 B M o5\ 3
> T(¢;" = die;) = 4<—3 ) D T(H = ge)).
ij=1 i.j

We discuss how the above relations and other relations can
be used to test the idea of quark-lepton unification at
colliders.

This article is organized as follows: in Sec. II we discuss
the minimal theory for quark-lepton unification at the low
scale. In Sec. III we discuss the properties of the different
leptoquarks and their decays. In Sec. IV the new Higgses
are discussed and we point out the main properties of their
decays into fermions. Our main findings are summarized
in Sec. V.

I1I. MINIMAL QUARK-LEPTON UNIFICATION

A simple renormalizable theory for quark-lepton unifica-
tion was proposed in Ref. [8] which can be seen as a low-
energy limit of the Pati-Salam theory. This theory is based on
the gauge symmetry, SU(4). ® SU(2), ® U(1); and the
SM matter fields are unified in three representations:

Fo= () V)~ @20 1)
F,= <uc y0> ~(4,1,-1/2), (2)

&:<f f>~@Lum, (3)

while the gauge fields live in A, ~ (15.1,0). The minimal
Higgs sector has three scalar representations: @ ~ (15,2, 1/2),
x~(4,1,1/2), and H; ~ (1,2,1/2). This minimal sector
allows us to write a full realistic theory for matter unification.

The gauge symmetry, SU(4)- ® SU(2), ® U(1), is
spontaneously broken to the SM gauge group by the
vacuum expectation value (VEV) of the scalar field y,
ie., (y) = diag(0,0,0, u){/\/i), which gives mass to the
vector leptoquark X,, defining the scale of matter uni-
fication. See Appendix A for more details.

The Yukawa interactions for the charged fermions can be
written as

_E :) YIFQLFqu +Y2FQLFM®
+ Y3H[Fo Fy+ Y@ Fy Fy+He.,,  (4)

while for neutrinos one can implement the inverse seesaw
mechanism using the terms

1
—LDYsF xS+ E,uSS +H.c.. (5)

Here the fields S ~ (1,1,0) are SM fermionic singlets. In
order to achieve very small neutrino masses one needs a
seesaw mechanism. The minimal scenario to have the
SU(4), symmetry broken at the low scale and generate
small neutrino masses without fine-tuning is using the
inverse seesaw mechanism [8]. This is a key idea that
allows us to realize matter unification below the multi-
TeV scale.

The mass matrix for neutrinos in the basis (v, v¢, S)
reads as

0 MP 0 v
wes)| (M2)T 0 Mp [ v |, (6)
0 (M) u S
where M? = Y5v,/+/2 and MP is given in Eq. (21).
The light neutrino masses are given by
m, ~ u(M)?/(M7)?, (7)

when MP 3> MP >y and the heavy neutrinos form a
pseudo-Dirac pair.

In order to test the generic idea of quark-lepton uni-
fication we need to understand the predictions of the
different theories where this idea is realized. In this article,
we focus on the minimal theory for matter unification that
can describe physics below the multi-TeV scale, because
we can hope to test this idea at current or future colliders.
For phenomenological studies of this theory see
Refs. [11-14].

III. LEPTOQUARK DECAYS

The theory discussed in the previous section predicts a
vector leptoquark, X, ~ (3,1,2/3)gy, associated with the
SU(4) symmetry, and four physical scalar leptoquarks.
The scalar leptoquarks ®; ~ (3,2,-1/6)qy and @, ~
(3,2,7/6)gy can be written in SU(2), components as

1/3 5/3
3 4

(D3 = ( _2/3>’ and q)4 = < 2/3)? (8)
3 4

where the numbers in the superscript denote the electric
charge. The Yukawa interactions for ®; and &, are
given by
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— LD Yre, 04 DY (1), + Y, Q7 P (1°),
+ Y, @5, (d°), + Y4 ®]0, (), + He., 9)

where a and b correspond to the SU(2), indices. Notice
that in this sector we only have two different Yukawa
couplings because the SU(4), symmetry relates the differ-
ent Yukawa interactions in a unique way.

The physical scalar leptoquarks in this theory are

N S
Th -2/3 2/3 . -

e leptoquarks ¢, and ¢, can mix but the mixing
angle is determined by the electroweak scale, and hence, it
is generically very small. Consequently, in this work we
ignore this mixing. For the interactions of these fields see
Appendix E.

Now, let us discuss the different decays of the lepto-
quarks and their decays to understand how the quark-lepton
symmetry predicts unique relations between the different
decay widths.

X, decays: The vector leptoquark X, can have the
following decays:

X/t g e,»dj,l/,»uj,

where i,j=1,2,3 correspond to the family indices.
Unfortunately, naively one expects that the vector lepto-
quark mass must be above 10° TeV to satisfy the exper-
imental bounds on rare decays such as K; — e*u¥ [15],
unless one uses the freedom on the mixings between quarks
and leptons. For the vector leptoquark there is a very simple
relation for the decay widths:

3

,J_zzrx — ;). (10)
ij=1

Notice that the total widths for a given decay channel are
clean, meaning that they are independent of the unknown
mixing angles between quarks and leptons determined by
the matrix Vpg defined in Appendix E. If the right-handed
neutrinos are much lighter than the X, boson, the decay
widths of X, into quarks and leptons are equal.

Scalar leptoquarks: In the case of the scalar leptoquarks
one can have the decays

1/3 5/3

/ —>d,1/J,dN 4/ — euj;

-2/3 2/3

3/ —>d,e,,uu ;N j; 4/ —>e,dj,y,uj,Nu

Even though the Feynman rules for the scalar leptoquarks
listed in Appendix E are involved, it is possible to define
some total widths for different channels that are indepen-
dent of the unknown mixing angles entering in the
interactions: for example, by defining

FT( ;/3 d dl/ Z F 1/3 = C_Z’l'l/j)
3M 13

T Tr[Y}Y,), (11)

which turns out to be independent of any mixing angle
when the fermion masses are neglected; see Appendix B for
the details of the calculation. In order to understand this
simple result, notice that the individual decay width
F(¢1/ S dw ;) is a complicated function of mixing matri-
ces and Yukawa couplings. See the Feynman rules in
Appendix E for the details. However, since the leptoquarks
are heavy we can neglect the fermion masses and by
summing over the family index we find a total decay width
that is a function only of the Yukawa couplings. This
simple idea allows us to find relations between the different
decays.

We investigated the different leptoquark decays into
fermions and found the following set of relations predicted
by quark-lepton unification:

I'r( ;/3 — dv)
M i3
3

_ FT(ﬁf’i/B — ed)
M 23
4

= FT(¢;2/3 - ae) (12)
M(ﬁfz/s ’
3

Now, if the decay channels with the heavy pseudo-Dirac
neutrinos are available, neglecting all fermion masses one
finds

Cr(¢y” — dN) _ Tp(¢3” — u)
M 1/3 M 2/3
3 4
-2/3 _
M o ’
3
M 5/3
U@y = eu) = " [Dr(gs™ = an)
—2/3
?,
+0p($37 = de)). (14)

Furthermore, 1f the pseudo-Dirac neutrinos are light and
when ¢1/ 3 and ¢4 3 are the lightest elements of the @3 and
®,, respectively, then their total widths will be dominated
by the £ + ¢ decays, and hence, their lifetimes will satisfy

M ;/3‘[ ;/3 = M¢i/3‘lf¢i/3. (15)

Similarly, if ¢1/ 3 and ¢2/ 3 are the lightest elements of the
®; and @, we then have
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M 13T ,1/3 = M¢2/3T 2/3. (16)
3 3 4 4

The same is true when ¢§2/ 3 and either d)i/ 3 or qbi/ ? are the
lightest elements:
M

M —2/3T (17)
3

-2/3 = 2/3T ,2/3
¢3/ ¢4/ ¢4/ )

M¢;2/3T¢;2/3 = M(/)Z/3T{/)i/3. (18)

Clearly, these relations are predictions from the unification
of quark and leptons and can be used to test this idea at
particle colliders.

It is well known that any theory, including the SM, does
not predict the values of the gauge and Yukawa couplings
present in the interactions, but can predict relations between
the different physical quantities. In this case, the minimal
theory for quark-lepton unification is predicting a set of
relations for the decay widths that can be tested if these
leptoquarks are discovered in the near future.

It is important to mention that the branching ratios for the
leptoquark decays depend on the mass splittings of the
different components of ®; and ®,. For example, ¢é/ 3 can

have the following decays with the ¢3_2/ 3 in the final state:
qﬁé“ - W+¢3_2/3, 7I+¢3_2/3, éiuj¢3_2/3. Only when the mass
splitting is small one can have a large branching ratio for

¢;/ 3 dv ;- For a study about the relation between the
decays of a SU(2), doublet leptoquark see the studies in
Ref. [16]. See also Ref. [17] for a review about leptoquarks
and Ref. [18] for a recent discussion about proton decay
mediated by scalar leptoquarks in this theory, where the
authors have shown that there are no dimension-five
contributions to proton decay.

IV. HIGGS DECAYS

This theory predicts a unique Higgs sector with two
Higgs doublets, H; ~ (1,2,1/2) and H, ~ (1,2, 1/2), with
only four independent Yukawa couplings. The Yukawa
couplings for the Higgses can be written as

_ 1
Ly = MR<Y1TH1 +W§Y2TH2>QL

) 3
. (Y{H, - g YgHz) ‘,

, .1
+de| YTH! +—YTH*>
R< 3441 2\/§ 4552 QL

3
+ 2g <Y§HI —~ % YZHé) £, +Hec.. (19)

Here we neglect the small mixing between the Higgs
doublets and the y field. Notice that in the general two-
Higgs doublet model (commonly referred in the literature

as the type-IIl 2HDM) there are eight different Yukawa
couplings, but in our case the SU(4), symmetry relates
quarks and leptons so there are only four independent
Yukawa couplings. For reviews on two-Higgs doublet
models we refer the reader to Refs. [19,20].

After symmetry breaking the charged fermions and the
Dirac neutrino masses are given by

(] 1 (%)
My=Y —+—Y,—, 20
U 1\/§ 2\/§ 2\/§ ( )
M?Yl%—?n%, (21)
(] 1 (%)
MD*Y37+mY47§, (22)
v V3w

Here the VEVs of the Higgs doublets are defined as
(HY) = v,/V/2, and (H}) = v,/+/2. Notice that the above
equations allow us to have different masses for charged
leptons and down-quarks. However, one needs the inverse
seesaw mechanism to generate small neutrino masses
discussed in Sec. II.

In our convention the mass matrices are diagonalized as

UTMyU, = My, (24)
D'MpD, = M9, (25)
ETMiE. = M3*. (26)

Notice that the above relations tell us that the Yukawa
coupling Y, defines the difference between My and M,
and one can use these relations to write the decay widths for
leptoquarks as a function of quark masses. For example,

3M 2/3 9m2M 2/3
_ [ b
Cp(¢y” — ed) = Ton Tr[Y}Y4] ﬁﬁ- (27)
p

As in any two-Higgs doublet model, assuming CP con-
servation, the physical fields are as follows: & and H the
CP-even neutral fields, A the CP-odd field, and two
charged Higgs bosons H*. The h field is identified as
the SM-like Higgs boson. We list all the Feynman rules in
Appendix F. As in the case of the leptoquarks, one can find
a set of relations between the decay widths of the Higgs
bosons.
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The physical Higgs fields are defined as

H cosa sina\ [ HY
(n) = o o) (g
h —sina cosa ) \ HY
G\ [ cosp sinp (A}
<A0> B <—sinﬂ cosﬂ) <Ag>’ (29)

G=\ [ cosp sinf\ [Hf
(Hi>_(—sinﬁ cosﬂ)(H%)’ (30)

where HY, H, AY are the neutral, charged, and CP-odd
components of the Higgs doublets, respectively, and G°,
G* are the Goldstone bosons. Furthermore, the mixing
angle f is related to the VEVs of the Higgs doublets by
tan f = v,/v,. Since the h field is the SM-like Higgs
boson, in order to agree with the measured properties of the
SM Higgs field we will work in the limit sin(f — a) — 1 (or
a~ f# — x/2). In this limit we make sure the couplings of &
are SM-like.

The physical Higgs can have the usual decays to matter:

H,A— u,ul,d,dl,e,e],l/N

H"™ - e, i eilNj, d uj.

The decay widths of these Higgses are a function of the
Yukawa couplings and unknown mixing angles.

Following the same idea used for the leptoquark decays,
we can define the total widths for the different channels and
then find simple relations between the Higgs decays. In the
limit of tanf > 1, quark-lepton unification predicts the
following unique relation for the heavy Higgs:

3

> -

ij=1

,1—3ZFH—>ee (31)

Notice that this is a striking relation for the decays into
down-quarks and charged leptons.

We can find the following relation for the decay widths
of the charged Higgs, H, if the mass of the right-handed
neutrinos, My, is much smaller than M- :

I'y(HY = du) =3[y (H" — év) + T7(H" = &N)].
(32)

A similar relation can be obtained for the CP-odd neutral
Higgs:

3 3
Y T(A—did)=3) T(A-ze). (33)
ij=1 ij=1

In the tanf <« 1 limit the relations between the Higgs
decays become

I'7(A — ee) =307 (A — dd), (35)
and in this limit it is possible to relate the decay widths of
leptoquarks with the ones from the Higgs scalars as
follows:

12M 215

Tr(¢y” = ou) = — - Tr(H — i), (36)
H

B M
O3 = o) = 4( )y~ ee). ()
My
The following relation holds independent of the value of
tan f3:

M
(A - ee) = M—AFT(H — 2e). (38)
H

From our perspective, these relations are very unique.
Notice that the relations in Egs. (31)—(38) tell us something
interesting: the theory predicts simple relations for the total
decay widths into quarks and leptons. Clearly, these are
predictions from the unification of quarks and leptons. We
are not aware of any model for physics beyond the SM that
can predict these relations for the Higgs and leptoquark
decays.

V. SUMMARY

The idea of quark-lepton unification is one of the best-
motivated ideas for physics beyond the Standard Model.
We have discussed the minimal gauge theory for quark-
lepton unification that can describe physics below the
multi-TeV scale. This theory predicts one vector lepto-
quark, four scalar leptoquarks, and a unique Higgs sector
with only four independent Yukawa couplings.

In this article we pointed out unique relations between
the decay widths for leptoquarks that can be used to test the
idea of quark-lepton unification. We also discussed the
Higgs sector of the theory. The theory has two Higgs
doublets with only four different Yukawa couplings deter-
mined by the symmetry between quarks and leptons. We
discussed the different Higgs decays and showed how the
total Higgs decay widths into quarks and leptons are related
at large (and small) values for the ratio between the vacuum
expectation values. We believe that these results should
motivate new studies to test the idea of matter unification at
the LHC or future colliders.
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APPENDIX A: GAUGE AND HIGGS FIELDS

In this theory the SM gluon fields, the vector leptoquark,
and the new neutral gauge boson live in the adjoint
representation of SU(4).:

G, X,/V2
A, = ( g W ) +T,B, ~(15,1,0), (Al)
X:/V2 0

where G, ~ (8,1,0)g); are the gluons, X, ~ (3,1,2/3)gy
are vector leptoquarks, and Bj, ~ (1,1,0)gy. The Higgs
sector is composed of

Tp(p) — dv) =

3M(/)1/3

3
_—_ " NTazNzaDTﬂ]DJﬂ YT“/’ YZG —

167

3M¢1/3 ;
= T Y,y
Loz | 4],

due to the unitarity of mixing the matrices, the final result
turns out to be independent of any mixing parameter when
the fermion masses are neglected. The same simplification
occurs for the decays of the vector leptoquark X, after
summing over the family index.

APPENDIX C: HEAVY-GAUGE BOSON MASSES

The VEV of the scalar y corresponding to (y) =
diag(0,0,0,v,/ V/2) is responsible for the spontaneous
breaking of SU(4). ® SU(2), ® U(1); = SU(3) ®
SU(2), ® U(1),. After this spontaneous breaking, the
gauge boson corresponding to the SU(4). generator Ty
(B,) mixes with the U(l), gauge boson (Z%), which
results in the massless U(1), gauge boson (B,) of the
Standard Model and an orthogonal massive state (Z},)

defined by
sin94><Z;> )
cosfy ) \ B, )’

(ZRM> <c0594
B, ) \-sing,

Zr (@3 = dw;) =

x=(rua%)~(4,1,1/2), and

HY =(H{H0)~(1,2,1/2),
. >+\/§T4H2~(15,2,1 /2). (A2)

o (‘I’s @

@,
Here H, ~(1,2,1/2)qy is a second Higgs doublet,
Dy~ (8,2,1/2)gy, and the scalar leptoquarks @3 ~
(3,2,—1/6)gy and ®, ~ (3,2,7/6)gy. The T, generator
of SU(4). in the above equation is normalized
as Ty = ﬁdiag(l, 1,1,-3).

APPENDIX B: DECAY WIDTHS

Here we present the details on how the expressions for
the decay widths simplify when we sum over family
indices. Let us consider the decay ¢ - d, iv; and sum
over the family indices,

3M(/)1/3
167

(N*YIDD)U(NYIDI)i

My shoy'ab
B gaoshpy!®yre
167 M

(BI)

|
where the mixing angle and the hypercharge gauge coupling
are given by

9a
9 + 3 9%

9rY9a

sinf, = and gy = (C2)

g +3 9%

The mass of the heavy neutral gauge boson reads as

1 3
s =g (348 ) (©)
while the mass of the vector leptoquark is given by
2
M3 =222, (C4)

APPENDIX D: SCALAR POTENTIAL AND
LEPTOQUARK MASSES

The scalar potential may be written as
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V Dy HiH, + 12yt y + up Tr[@®] + A H{H y'y + JH{H  Tr[® @] + A3y y Tr[@' @]
+ (M4H iy @y + Hec.) + AsH I Tr[ @O H| + oy @Dy + 1, (HTH ) + 5 (ry)?

+ A Tr[(®T®)?] + A1 (Tr[® @])>

+ (A HY Tr[@ @ HY + 2, HY Tr [0 @b @]

+ A HITr @@ @) + Hee.) + Ay T Dy + A sTr[@T DO DY D) + 1,6 Tr[d Db Tr[ Db ]

+ A7 Tr[@9T DT Tr[ DY) + 4,5 Tr[® DPTDIDE] + A, Tr[d DT Db D),

where the trace is in SU(4). space, and a, b are SU(2),
indices. Taking the limit v, > v, v, we find that

Mg, = <\/?4 cotfp — % (A6 + /114)) v; (D2)
i, — - 3z6> 2 ()
i, — Z6 —83,114> 2 (o
M%,Z cot fv3. (D5)

These mass expressions imply the following tree-level sum
rule [12]:

3
== (Mg, + Mg,),

Mg, +2M3, 5

(Do)

which implies that the masses of the scalars in the theory
are related and of the same scale.

APPENDIX E: LEPTOQUARK FEYNMAN RULES

The vector leptoquark has the following interactions:

—L D “=X,(0,r"¢, + igy*vg + dgyeg) +He.. (El)

\/— u
For the scalar leptoquarks, after expanding the SU(2),

indices of the Yukawa interactions in Eq. (9), we can
describe the interactions by

=L Y{dp( ) v + di(3™) el + (9)) ]
+Ej€( 2/3) dl} + Y]’[Nt -2/3 J Nl %ﬂd]
iy v = e er) (E2)

where i, j correspond to family indices. The mass eigen-
states quTz/ 3 and ¢1_32/ 3 are defined as

$72 = cos Opopy™" + sin 0oy, (E3)

(@3) = —sinOLg¢, " +cosOopy”.  (E4)

(D1)

[
The masses of the leptoquarks have to be above 1 TeV from
LHC constraints and the mixing is determined by the
electroweak scale; therefore, the mixing angle 0y, is very
small in general.

The Feynman rules for the interactions of the leptoquarks
with fermions are as follows:

@ X,

PE
dielX P2 (Vas)i P V)P, -, E5
4 \/5[( DE) R ( 2) L]J’ ( )
X, ig_4(KlVCKMszDEK3VPMNS)ij7/”PLa
V2
(E6)
#NIX, i&V{iy”PR. (E7)
V2
(i) ¢y
Ay o i(V3)iPy, (E8)
Ndigy? : —i(VEK VoK) P (E9)
(i) ¢3/°:
b_liejf/')iﬁ : i[=(VEVinsK3) 7 PL + (V) Pgl.
(E10)
@) 37"
Niwig 2 icosOrq(V)iPy, (E11)
- —2/3 . .. *\1]
vuwg, r —isinfo(VE)YPg, (E12)
sidig i(cosOo(K3Vemns Vi) Pr
—SingLQ(VgKIVCKMK2)UPL)' (El3)
W ¢
Nl : isinOyo(V3)'Py, (E14)
Diufqﬁgzﬂ icos (Vi)Y Py, (E15)
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gdigy? ¢ i(sinfo(KsVenns Vi) Pr

+COS€LQ(VgK1 VCWKQ)UPL), (E16)

where P; p are the chiral projection operators P; x = (1 F
y>)/2 and the interaction matrices are given by

V,=N{U., V,=E.D., V3=UTY,N,,
V4:NTY4DC, VSZNTYzUC, V6:UTY4EC,
U'D=K,VcxmK;, E'N=K;Vpyns. Vpg=D'E,

(E17)
K| and K; are diagonal matrices containing three phases,

and K, is a diagonal matrix with two phases.

APPENDIX F: HIGGS FEYNMAN RULES

The Feynman for the physical scalars in the two-Higgs
doublets rules correspond to

() H*:
wd H" : i[(CpLua)'Pp + (Cruq)’Pg].  (F1)
NielH' : i(Cy,)"Py, (F2)
DelHY © —i(C,,)VPp. (F3)
(i) H~:
dwH™ : i[(Chuy)' P+ (CL) PRl (F4)
eNTH™ : i(C},)/ Py, (Fs)
. cos f}
Crua=Ul'YIsing—Y}
wua = UL (VT sing = 115K
3cos
CNe:NZ‘<Y{SIHﬂ+Yg\/’2 ﬂ>Ea
cosa sina
ch =UTl (YT + YT—> U,
1 \/E 2 2\/6
ci — pt <YT cosa LT sin a) D.
dd 33 ‘576
sin cosa
ch, =Ur <—YT— + YT—) U,
V2 Pk
Ch, = D! (—YTSiﬂ + Y] @>D,
dd 37 SN
Cﬁu — UZ" <Y{SII1,B YT COSﬂ) U
2 726
cly = D?<_YTW + YTCOSﬁ>D
"" ‘vz tave

eV H~

(i) h:

auh

N'vh :

dd'h :

elelh :

iv) H:

wuwH :
NivH :
d'd’'H :

elelH :

v) A:

auwA
NiviA
ddA :

elelA

—i(C;, )Py (Fo)
i[(CL)PL 4 (Cl) Pyl (F7)
i[(Ch,) PP 4 (C;) Py, (F8)
i[(Chg) P+ (Cli) Pl (F9)
i[(Ch)IP, + (Cly)IPy). (F10)
i[(CH)ipP, + (CH*)iPg], (F11)
i[(CN)7PL+ (CR:)'Pg],  (F12)
i[(CH)TPp + (CHY) Py, (F13)
i[(CL)IP, + (CEY)'Pg].  (F14)

(Co) TP — (Cu) Py, (F15)

(CX)TPL — (Cyy ) Py, (F16)

(Ca)"PL = (C3) Pr, (F17)

(C?e>ijPL - (C?e*)jiPR’ (FIS)

where the interaction matrices are given by

cosﬁ)D*
4 2\/§ (et}

3
c,, = N' <Y§ sinﬁ+Y:;‘[;°Sﬂ>Ez,
reosa 3sina
Na
- (-1
3sina
cr — ( Tcosa _yT >E,
4 2\/6
sin 3cosa
ch =NT(-yT=——=—y7 >N,
b= (-
r3cosa
ch —EZ< YTsma yT )
V2 2V6
sin 3cosp
cA :NZ.(YT +vI )N
Nv 1 \/— 2\/—
. :EZ< YTsmﬁ YT3cosﬂ>E
V2 2v6
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