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1 Motivation and Goals

During the Large Hadron Collider (LHC) Run 1 at CERN, with a c.m. energy of
V/s =7 and 8 TeV, a Higgs boson with a mass of about 125 GeV was discovered by
the LHC experiments ATLAS [1] and CMS [2]. Its measured properties are consistent
with those of a Standard Model (SM) Higgs boson [3-6]. Now, we are sure that
Electroweak Symmetry Breaking (EWSB) is triggered by the vacuum expectation
value of a scalar field, which in its turn triggers the Higgs mechanism that generates
masses for the W= and Z gauge bosons. Despite the discovered Higgs boson behaving
very SM-like, there is still room for beyond the SM (BSM) interpretations. The
question then is: Have we discovered the SM Higgs boson, or just the SM-like Higgs
boson of a BSM extension?

BSM theories often incorporate multiple Higgs fields or other scalars [7—19]. The
global symmetries in these theories determine the phenomenological behavior of the
models. There exist numerous phenomenological investigations in the framework of
the Two-Higgs Doublet Model (2HDM) [7, 11, 12]. The Three-Higgs Doublet Mod-
els (3HDMs) [15-19] with a richer charged, scalar and pseudo-scalar sectors present
greater possibilities and may entail interesting phenomenological consequences. Un-
til now, no extensive study has been carried out that would compare 2HDMs to
3HDMs, since the latter class of models has not been studied to as great detail as
the former. This thesis provides an investigation of the SHDM to gain first insights
into this model.

This brings us to the goals of the current thesis. These are as follows: The analytical
computation of the physical Higgs’ spectrum, i.e. of their masses and their couplings
to the SM particles; the investigation of the effects resulting from the respective
chosen potential on the symmetry of the Higgs masses and their couplings, and
on the possible existence of Dark Matter (DM) candidates; more generally, the
investigation of the symmetry-induced relations between the Higgs bosons.






2 The 3SHDM

One of the interesting properties of New Physics models that employ multiple Higgs
fields is that they induce discrete symmetry groups in the Higgs and flavour sectors.
At the global minimum of the Higgs potential, these discrete symmetry groups are
often broken completely, or partially down to a proper subgroup. This has a strong
impact on the phenomenology in the Higgs and flavour sectors, as well as interesting
astroparticle consequences.

In 3HDM, if we consider only unitary transformations, then there are only ten real-
izable finite symmetry groups [15]:

ZQ? ZS; Z47 ZQ X ZQ,
D3 = S,, Dy, T = A, 05, (2.1)
(Zg X Zg) X ZQ = A(54)/Zg, (Zg X Zg) X Z4 = 2(36),

where N x M is the semidirect product of a normal subgroup N and a subgroup M,
and G = H denotes that the group G is isomorphic (structurally identical) to the
group H.

If we try to impose any additional finite symmetry group of the Higgs-family trans-
formations different from the ten listed in (2.1), this results in a potential with a
continuous symmetry [15].

The current thesis deals with a 3HDM that is symmetric under the A(54) symmetry
group [15]. More details, specifically on the generators of this group, are given in
section 7.3 of [19]. Figure 2.1 visualizes the relations between the different symmetry
groups possible in a SHDM.
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Figure 2.1: Relations between finite realizable groups of the 3HDM Higgs-family

transformations. Groups that are underlined lead to automatic explicit
CP-conservation. A — B stands for A C B [15].

2.1 3HDM A(54) Potential

The scalar potential for the A(54) family of discrete symmetry groups is given
by [15]

V= —m? 0@ + ol + ofey| +

- 2
+ Ao |D]D) + BIDy + (I);q)s] +

P [(@10))2 + (@10s)? + (]ds)2— -
—(®]D1)(RID,) — (DL D,)(DLD5) — (‘I’ECI):&)(‘I)MH)} + *
o [J0]0 ] + 05y + [0 ?] +
+ {2 | (@[ @2)(@]@5) + (@f0s)(@]@1) + (@01)(@]@2) | + B}
with the parameters
m2, Mo, M\, A2 € R, and \3 € C . (2.3)

The ®; for ¢ € {1,2,3} are the three Higgs doublets. These are parametrized differ-
ently in each of the four cases of the global minimum (see section 2.2).

In the following, we will consider only the C'P-conserving model, i.e. A3 € R.



2.2 Four Cases of the Global Minimum

There can only be four different types of the global minimum in this model. All
other minima of the potential are equivalent to these by a symmetry of the model.
The corresponding vacuum expectation value (vev) alignments (vq, va, v3), with the
overall vev scale factored out in each case, are [15]:

A:(1,0,0) B:(1,1,1) C:(w,1,1) D:(w?1,1) (2.4)

where
w = exp(2mi/3) . (2.5)

In the following, these four cases will be studied. For each of them the scalar
potential will be diagonalized, and the Higgs masses and the Higgs couplings to
the gauge bosons will be presented. Possible DM candidates will be listed as well.
Additionally, for the scenario B: (1,1, 1), the A(54)/Zs finite symmetry group will be
reduced to a Z, symmetry group, the Higgs couplings to fermions will be calculated
and the decays of the Higgs bosons will then be analyzed in the form of the branching
ratios.






3 Case A: (1,0,0)

The ground state is realized when the doublets adopt their vevs:
0 .
(®;) = (0]9;]0) = EI B j€{1,2,3}. (3.1)
V2 Vi

Expanding around the minima, the 3 doublets can thus be parametrized as

_l’_

w-
P, = i , € {1,2,3} . 3.2
J (\/Li(’l]j + h]’ + ZCLj)) J { } ( )

with a complex field w;, and real fields h; and a;.

For this specific case that we will call (1,0, 0), the vevs of the corresponding doublets
are
v =0, ve =v3=0. (3.3)
Here, the vev v is
1
V= ——— ~ 246 GeV (3.4)
V2Gp

where G'r denotes the Fermi constant [20]

Gp=1.1663787-107° GeV 2. (3.5)

A more detailed description of this case, focusing on the implication of two inert
doublets on DM candidates, has been carried out in [21].

3.1 Minimum Conditions

The ground state is given by the minimum of the potential in eqn. (2.2). The
doublets in eqn. (3.2) are expressed through their corresponding vevs in the ground
state, and the following conditions hold:

ov

AT
0P Pj=(®;)

=0, i,je{1,2,3}. (3.6)

When differentiating with respect to @1 this yields

m? =v? (Ao + \1). (3.7)



When differentiating with respect to (IDE and <I>£T,,, the minimum conditions are trivially
satisfied because of vy = v3 = 0.

3.2 Mass Matrices

The mass matrix of the charged Higgs bosons M is given by
0*V

7wy owy

(Me); i,j€{1,2,3} . (3.8)

Choosing the (w;",wy , w5 ) ordering in the rows and (w; ,w, ,w; ) in the columns of
M, respectively, i.e.

+ ot ot

MC: w2_ e e , (39)

and using the minimum condition given in eqn. (3.7) one obtains:

0 0 0
Me= [0 =22 0 : (3.10)
0 0 =3

The mass matrices of the scalar Mg and of the pseudo-scalar Mpg Higgs bosons
can be obtained by similar calculations:

M), = 2V e {1,2,3) (3.11)
S 7 3h23hj ) 1,7 ) 4y .
and 2V
(MPS)Z‘,]' = 8aiaaj ) 1] € {17273} : (312)

Here, no mixing takes place between the scalar and the pseudo-scalar Higgs bosons.
This, however, will not be the case for the scenarios C' and D, investigated in chapters
5 and 6, respectively.

Choosing the ordering of the matrix elements in rows and columns as (hy, he, h3) and
(a1, ag, a3) for the scalar and for the pseudo-scalar Higgs mass matrices, respectively,
one obtains:

21)2()\0 + )\1) 0 0
Mg = 0 0% (=3X1 4+ A2) s0% )3 (3.13)
0 %’02)\3 %’02(—3)\1 + )\2)
and
0 0 0
MPS = 0 %1}2(—3)\1 + )\2) —%1]2)\3 . (314)
0 —%U2)\3 %UQ(—?))\l + )\2)



The zeros in the (0,0) entries in eqns. (3.10) and (3.14) correspond to the massless
charged and neutral Goldstone bosons.

3.3 Diagonalization of the Mass Matrices

The charged Higgs mass matrix is already in a diagonal form, hence we can easily
read off the mass squares:

2
2 a2 2
MH§E = MH; =—3v A1 (3.15)
Here, HF for i € {1,2,3} denote the physical mass eigenstates. Note, that H;°
is identified with the massless charged Goldstone boson, which gives mass to the
charged W¥ boson through the Higgs mechanism.

The general expression for the rotation matrix that diagonalizes the scalar mass

matrix is
1 0 0

Ry=|0 cos(ay) sin(ay) | . (3.16)
0 —sin(ay) cos(ag)
With this rotation matrix we change from the non-physical fields into the mass basis
given by the physical fields H;, i € {1,2,3}:

H1 hl
H; hs
Hence it holds:
My = RuMsR], = diag (M}, M7, M7,) - (3.18)

The large symmetry of the A(54) family of symmetry groups, however, allows for a
parameter independent diagonalization of the mass matrices.

Thus the following form of the rotation matrix,

1 0 0
Ru=10 1/V2 1/V2 (3.19)
0 —1/vV2 1/V2

diagonalizes the scalar mass matrix, and we obtain the diagonal mass matrix

2’02()\0 + )\1) 0 0
My = 0 $0(=3A1 4 Ao + Ag) 0 . (3.20)
0 0 %02(—3)\1 + /\2 - /\3)



Similarly for the pseudo-scalar Higgs bosons, the rotation matrix is

1 0 0
Ra= |0 1/v2 —1/vV2]| , (3.21)
0 1/vV2 1/V2

defined by
Al aq
A2 = RA ag s (322)
Ag as

where A;, i € {1,2,3}, represent the pseudo-scalar Higgs bosons in the mass basis.
‘R 4 diagonalizes the pseudo-scalar mass matrix, and we obtain

0 0 0
Ma= [0 302(=3X\ + A2+ A3) 0 : (3.23)
0 0 %UQ(—B)\l + )\2 - )\3)

We identify the (0, 0) entry of the M4 mass matrix with the one of the massless neu-
tral Goldstone boson. Hence, A; corresponds to the neutral Goldstone boson G that
is absorbed to give mass to the massive Z boson through the Higgs mechanism.

It is interesting to note, that the masses of the scalar Higgs boson Hy and the pseudo-
scalar A, are the same, as well as the masses of H3 and A3 are the same. The reason
for this is again the high symmetry of the A(54) family of symmetry groups.

3.4 Couplings to Gauge Bosons

In order to calculate the Higgs couplings to the gauge bosons, we first calculate the
kinetic part of the Higgs Lagrange density,

Liigs = »_ (D, @) (D"®;) . (3.24)

i=1

Here, D, is the covariant derivative:

DM == 8u -+ EEW'M + TBM 5 (325)
where ¢ is the Pauli vector defined by
01
g= | o9 (3.26)
03

with the Pauli matrices o; (i € {1,2,3}), and I/f/ﬂ is defined as

W, =w2] . (3.27)

10



Introducing the charged W* boson defined as

W* = %(Wl FiW?) , (3.28)

the covariant derivative can be simplified further to

7 3 ig’ 7
D, = (%W T 5B FUSEAE (3.29)
SW Op — IW. + 4B,

with the rotations into the photon A, and the neutral Z boson

A, = cos 0w B, + sin Oy W | (3.30)
Z, = —sinby B, + cos Oy W | (3.31)
or, rearranging,
B, = cosOw A, —sinbw 7, , (3.32)
W) = sinfw A, + cosOw Z,, | (3.33)

where 6y, is the Weinberg angle.

Considering the terms of Lyjges trilinear in the fields, assigning an additional factor i
to each term, carrying out the substitution 0*X — —ik X for the partial derivative
acting on the field X, where kf is the momentum of the corresponding particle X,
and multiplying with an extra symmetry factor of 2 for two identical particles, we
obtain the Feynman rules for the Higgs couplings to the gauge bosons [22].

These are listed in the appendix 8.1. The couplings are given with all momenta
taken as in-going.

H; is the SM-like Higgs here, so it possesses the entire coupling to the gauge bosons,
while the couplings of Hy and Hj to the gauge bosons vanish in order to satisfy
the sum rule for the gauge boson couplings, which arises from the requirement that
unitarity has to be fulfilled [7],

3
ZQJ%IZVV = iy (3.34)

i=1

where g1y denote the Higgs couplings to the massive gauge bosons V = Z, W=+
and ggyvy the SM coupling. This then forbids the Higgs bosons other than H; to
couple to the gauge bosons. Furthermore, the SM-like Higgs H; does not have any
non-SM-like couplings like, for example, Z Ay 3H; or WiH;f o H;.

Note, in particular, that there are also couplings between one gauge boson and two
different Higgs bosons (other than H;). This leads to interesting Higgs decays into
a pair consisting of a Higgs boson and a gauge boson, which is not possible in the
SM. Such decays can be exploited as alternative Higgs discovery channels, provided
the corresponding branching ratios are large enough.

Concerning the Higgs couplings to fermions, the following can be said: As only the
H; has a non-zero vev, in order to give masses to the fermions through the Higgs

11



mechanism, all fermions have to couple to H;. Additionally, we require them to
couple only to H; in order to avoid Flavor Changing Neutral Currents (FCNCs) at
tree level [12]. Therefore, the couplings of H; to fermions are exactly the couplings
of the SM-like Higgs to fermions, and there are no further Higgs to fermion couplings
in this specific case.

Here and in the following three chapters the trilinear and quartic Higgs self-couplings
were not calculated, as this goes beyond the scope of the current thesis. Such de-
cays are interesting, however, as they allow for the determination of the Higgs self-
couplings which can then be used to reconstruct the Higgs potential [23-25]. Fur-
thermore, Higgs-to-Higgs decays can be exploited as alternative discovery channels
for the heavier Higgs bosons. Such investigations are left for future work.

3.5 Dark Matter Candidates

The lightest neutral field from the second or third doublet, stabilized by the re-
maining Zs symmetry, is a possible DM candidate [18]. This could be a scalar or a
pseudo-scalar Higgs, since the corresponding masses are the same, i.e.

1
MIZ‘IQ = MiQ = 502(_3)\1 + )\2 + )\3) ) (335)
1
MIQTIB = Mfl?’ = 5’02(—3/\1 + )\2 - )\3) . (336)
Whether the DM candidate is from the second or the third doublet depends on the

actual mass value. It has to be the lighter of the two, as it then cannot decay into
a pair of lighter Higgs bosons.

12



4 Case B: (1,1,1)
The parametrization of the doublets is the same as in case A and is given by eqn.
(3.2). However, for the vevs it now holds

V] =Vy =03 =V = —v . (4.1)

They satisfy the sum rule

va =2, (4.2)

which is required by phenomenology.

4.1 Minimum Conditions

Similarly to case A, described in chapter 3, using eqn. (3.6), we obtain

1
m2 = §U2(3)\0 + )\2 + 2)\3) (43)

as the minimum condition, since differentiating with respect to CDJ{, (IDQ or @g yields
the same equation, because of v; = vy = v3.

4.2 Mass Matrices

The mass matrices M, Mg and Mpg, can again be derived by using eqns. (3.8),
(3.11) and (3.12). Thus one obtains for 4, j € {1,2,3}:

1 o
M), ; = —§v2(A2 +2\3), i=j, (4.4)
1 o
(Mc)i’j = 67}2()\2 + 2>\3) ) P F 7] (4.5)
1
(Ms), ;= §U2(2>\0 +2M\ = A3) 1=7, (4.6)
1
(Ms),,; = 6112(4)\0 — M + 20+ BXs), i # 7 (4.7)

13



(MPS)L]‘ = _UQ)‘ZS ) { :] ) (48)
1

(Mps), ; = 51}2/\3 ; i £ (4.9)

4.3 Diagonalization of the Mass Matrices

The rotation matrix for the charged Higgs sector is chosen as

Ci1C2 51C2 52
RH;t == —C15983 — S1C3 C1C3 — S51592S3 C2S3 y (410)
—C182C3 + 8183 —C183 — 5152C3 CaC3

with . .

s; = sinall | ¢i=cosal | (4.11)
where N S

al* ¢ [—5,5} . ie{1,2.3). (4.12)

Again, due to the large symmetry of the A(54) family of symmetry groups, a
parameter-free diagonalization is possible, and the rotation matrix for the charged
Higgs sector becomes

1/v/3 1/V3 1/V3
Rus = | -1/V6 /2/3 —1/v6] . (4.13)
~1/v/2 0 1/v2
Hence we obtain

1

MIQJéJE’S = —51}2()\2 —f- 2A3) . (414)

The scalar Higgs sector is diagonalized by the same rotation matrix as in the case
of the charged Higgs sector,

1/vV3 1/V3 1/V3
Ri=|-1/vV6 23 —1/VG| . (4.15)
~1/v/2 0 1/v2

We thus obtain

2

M12-11 = §U2(3>\0 + )\2 + 2)\3) R (416)
1

Mg, = 61)2(6)\1 —2X\y — TA3) . (4.17)

The pseudo-scalar Higgs sector is also diagonalized by the same rotation matrix,

1/vV/3 1/V3 1/V3
Ra=|-1/V6 273 —1/V6 (4.18)
-1/v/2 0 1/V/2

14



to obtain 3

M3, = —51}2)\3 : (4.19)
Note, that Hi" and A, are identified with the massless Goldstone bosons G* and G°,
which are absorbed to give masses to the massive W= and Z bosons, respectively,
through the Higgs mechanism.

4.4 Couplings to Gauge Bosons

We have derived the couplings to the gauge bosons in the same way as described in
section 3.4. They are given in the appendix 8.2. The couplings are given with all
momenta taken as in-going.

Just as in case A, chapter 3.4, H; is again the SM-like Higgs here, having the
entire coupling to the gauge bosons, while the couplings of Hy and Hs to the gauge
bosons must vanish. Again, the SM-like Higgs H; does not have any non-SM-like
couplings like, for example, Z Ay 3H; or WiH;f 5H;. Note, that, in contrast to the
Higgs couplings to the gauge bosons in case A, there are no couplings of the form
W*A, /3H§F/2 or W*H, /3[-[;/2, which leads to a fewer number of possible decays for
the corresponding Higgs bosons.

4.5 Couplings to Fermions

So far there have been no investigations on the Higgs couplings to fermions for the
A(54) symmetry group. This investigation is also beyond the scope of the current
thesis. Therefore, here we break the A(54) symmetry group down to a Z, symmetry
group (c.f. fig. 2.1), and investigate only the types I, 1, X and Y of the model.
These types are defined analogously to the 2HDM, to avoid FCNCs at tree level [12].
Here, types I and I1 are the corresponding types I and /1 in the 2HDM, respectively.
Types X and Y correspond to the Lepton Specific and Flipped types in the 2HDM,
respectively. The four independent types of Yukawa interactions are listed in table
4.1. Here, the doublets coupling to up-type quarks, down-type quarks and leptons
are given by ®,, ®; and ®;, respectively. Dependent on the type of the model these
become @, P, or $3. Note that here we consider a Z, symmetry and the types I,
II, X and Y, whereas in [16], from where table 4.1 is quoted, a Zs X Z, symmetry
and types I, II, X, Y and Z are investigated. The coupling of the third doublet ®3
to fermions appears in type Z in [16].

Doublets | &, ®; &,
Type I (I)Q CI)Q CI)Q
Type II (I)Q (1)1 (1)1
Type X (I)g @2 (I)l
TypeY | & &, Py

Table 4.1: Four independent types of Yukawa interactions [16].

15



We follow here [16], where the Higgs couplings to fermions in the 3HDM for this
symmetry group are given. To this end, we define the Higgs basis (®, ¥, U5) in the
3HDM, where one of the three doublets contains the vev v, and the charged and
pseudo-scalar Goldstone bosons. This can be done with an orthogonal 3 x 3 matrix
R:

b, ()
P =R | W1 |, (4.20)
O3 Wy
so that we have
Gt HF
= ~ C— N .
P = <\/L§<U+h—|—ZGO)) ) \I]J - (%(H] +ZAJ)) ) J € {2,3} , (421)

where G* and G° are the charged and neutral Goldstone bosons, respectively.

Here, the rotation matrix R is expressed in terms of the vevs vy, v, v3 in the following
way:

—2el 8 cos Bcosy —sinfcosy —siny

v
v V13V v13
— [ ws _ '
R=|*% " 0 = sin 3 cos 3 0 , (4.22)
T : o :
" roprrii cos (3 siny sin fsiny  cos~y
where

vig = /v + 03 (4.23)

and vy,vq,v3 are the vevs in eqn. (4.1).

Expressing the vevs v; (i € {1,2,3}) through v and the mixing angles § and ~,

V1 = vcos Fcosy , (4.24)
vy =vsin 3 , (4.25)
v3 = vcos Bsiny , (4.26)

we can calculate the rotation angles 5 and 7 using eqn. (4.1) and obtain

B = arccotV2 | (4.27)
v=7/4, (4.28)

if we restrict ourselves to 3, v € [—7/2,7/2]. Here, again, because of the high
symmetry group, the Higgs basis can be defined independently of the parameters,
and the rotation angles # and v adopt discrete values.

Hence R becomes: 1/\/5 —1/\/6 _1/\/§
R=|1/V3 2/3 0 : (4.29)
1/vV3 —1/v6  1/v2

As it turns out, the two charged, the three C'P-even and the two C'P-odd states,
calculated in the Higgs basis, are already the mass eigenstates. Hence we have the

16



following relations between our original mass basis and the Higgs basis:

G* Gt h H, GO GO
Hf | = | Hf | , H,| =[Hy| , Ay | = A4 . (4.30)

The Feynman rule for the coupling of the scalar Higgs bosons H; (i € {1,2,3}) to
fermions (f = u,d,[) is given by

m

L gmss (4.31)

Amfp = —i= =

where m; denotes the mass of the fermion. The Feynman rule for the coupling of
pseudo-scalar Higgs bosons A; (i € {2,3}) to fermions reads

m
Aa,ff = _ngAiff75 (4.32)
with the Dirac matrix v5 given by
S 0 o e (4.33)

The Feynman rule for the coupling of charged Higgs bosons H (i € {2,3}) to a
lepton and a neutrino is given by

1
AmEn, = ZEmlngll (Ls£7s) (4.34)

and the Feynman rule for the coupling of the charged Higgs bosons to a pair con-
sisting of an up- and a down-type fermion is given by

1
Afrtyg = 1= [(mdgHidd + mugH.iuu> + (mdgH.idd - mugHiuu> 75} . (4.35)
1 \/§U k3 3 3 1

The coupling factors gp,rr, ga,rr and Iu sy (1 € {2,3}) are given in table 4.2.

Note, that H;, respectively, h, corresponds to the SM Higgs boson with the coupling
factors g, sr = 1 for all fermions. The bosons Hi and A; are identified with the
charged and neutral Goldstone bosons.

Analogous to [16], the table of factors for the Yukawa interactions is the following.

17



Factors for X 3 H,y, Ay, Hf H;, As, H;E
Factors IXsuu  9Xodd 9xoll | 9Xsuu  Xsdd 9x31l
Type I +v2 V2 V2 0 0 0
Type I +v2 —1/vV/2 —1/vV2| 0
Type X +v2 V2 —1/V2| 0 0 —/3/2
Type Y +v/2 —1/V/2 V2 0

Table 4.2: The coupling factors for the different 3SHDM types. The “+” in gx,uu
applies to the neutral Higgs couplings, the “—" applies to the charged
Higgs couplings.

4.6 Partial Decay Widths

4.6.1 Scalar and Pseudo-Scalar Higgs Decays into Gauge
Bosons and Fermions

The following partial widths were derived from [7].

Since only the scalar Higgs boson H;, which corresponds to the SM-like Higgs boson,
couples to the W+ and Z gauge bosons (see appendix 8.2), the partial widths for
the decays of the scalar Higgs bosons into massive gauge bosons are given by

G pm? am2,\ Am?,  12m}
D(H, — W) = 2 (1— ”;W> (1— W TW) . (4.36)
87T\/§ mH1 mHl mHl
G pm’ am3\ 4m3  12m}
T(H, — 22) = "t (1—¥) (1_ W;LZJr#) : (4.37)
1672 My, mi, My,

Here Gp = 1.166 3787 - 107> GeV~2 denotes the Fermi constant [20], and my, and
my the gauge boson masses.

The partial widths for the decays of the charged Higgs boson into a pair consisting
of a W¥ gauge boson and a scalar or pseudo-scalar Higgs boson are given by

GF m2

U = W) = g g v i)
H;
4.38
2 2 2 <m?{i - m%{i)Q - ( |
X mW_Q(mH.i +mHj)+ jm2 ’ 7€ {2’3} ’
J w
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D(HE - WEA) = —=X(my=, mw, ma, ) —x

(] J) 87T\/§(H3i w A]) ?{i

J
(m2. —m3))? (4.39)

x [ mb —20mie +md )+ ———— |,  je{23},
J mW
where

Nz, y,2) = [(2* +y* — 2°)* — 42°y°] . (4.40)

The partial widths for the decays of the pseudo-scalar Higgs boson into a Higgs
boson and the Z boson are given by

2

G
T(A; — ZHj) = ﬁA(mAﬁmz,mHﬂ.)ﬁx
(3, — 3, ) (441
X <m22 —2(m%, +my) + T) . j€e{2,3}.
Z

Note that the pseudo-scalar Higgs bosons cannot decay into a pair of massive gauge
bosons.

For the partial decay widths of the scalar Higgs bosons H; (i € {1,2,3}) into a pair
of fermions, we have [7]

- 4 pole\2 3/2
[(H, — ff) = JIC—GFmH.me? (1 — M) , (4.42)
™

where for i € {2,3} we have

—0x,uu , Up-type quarks
Ki = 9x,dd down-type quarks , (4.43)

9x,iu leptons

with gx,uu, 9x,da and gx,; given in table 4.2. For the SM-like Higgs H;, as we have
normalized with respect to the SM coupling, we have instead

K, =1. (4.44)
N¢ is the colour factor, given by
3 ki
Ne =17 dmrs (4.45)
1, leptons

In the above and in the following decay formulae for the Higgs decays into fermions,
we distinguish between the pole masses of the fermions m?”, °l and the running masses
of the fermions m to account for the QCD corrections, but only for the quarks, since
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there are no QCD corrections for the leptons. The use of the running MS fermion
masses at the scale of 100 GeV in the Higgs couplings to the fermions allows to
take into account the bulk of the higher order QCD corrections, see e.g. [26]. The
running fermion masses at the scale of 100 GeV have been obtained with the help
of [27-30].

Analogously, the decays of the pseudo-scalar Higgs bosons A; into a pair of fermions
can be cast into the form

ole 1/2
=~ NcGp P 4(sz)€1 ) .
DA — ff) = ~CE o m2k? (1 —L ) c{2.3). (446
( ff) ey A ( m i€{2,3} (4.46)

Note that, as stated above, we neglect Higgs decays into a pair of lighter Higgs
bosons, which is beyond the scope of this thesis.

4.6.2 Charged Higgs Boson Decays into Leptons and Quarks

The partial decay widths of the charged Higgs bosons H Ji (7 € {2,3}) into a lepton
and a neutrino or a pair of quarks are [7, 16]

2

GF in
D(HE = () = —— 2 4> 1— —¢ 4.47
( J V) 47T\/§mHjiméingll mzi ) ( )
3G 1
T(HE = ud) = —= [Vyal* Mmgz, mb2, mb™¢) —— x
47t/2 J mpy+
j (4.48)

X [(nggfjdd + migg(Juu)(l - xju - xil) + dmymyg \/ xixéngdngjuu} )

where V,,4 denotes the corresponding CKM matrix element [31], and

pole 2 pole 2
: m ; m
R L R A L , (4.49)
M+ M+
J J

and gx;uu, 9x;dd> 9x,u are given in table 4.2.

Again, we distinguish between pole masses in the kinematics and the running fermion
masses in the Yukawa couplings to account for the bulk of the higher order QCD
corrections. The running masses are obtained from [27-30)].
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4.7 Branching Ratios

The branching ratios for the decays of a Higgs Boson H into two particles X and Y

are given by
['(H— XY)
BR(H — XY) = . 4.50
( ) Y oag'(H— AB) ( )

The sum ), extends over all possible Higgs decays into the final states A and
B. As we do not take into account the Higgs decays into a pair of lighter Higgs
bosons, we either have to choose in the following numerical analysis the scenarios
such that these decays are kinematically forbidden, or we assume, for simplicity,
that the involved trilinear Higgs self-couplings are very small, so that these decays
are suppressed.

4.8 Numerical Analysis

In the following we will present the branching ratios for our investigated SHDM
scenario. To this end a Python code has been written where all formulae for the decay
widths of sub-sections 4.6.1 and 4.6.2 and of section 4.7 have been implemented. The
code takes the masses of the charged, scalar and pseudo-scalar Higgs bosons, and the
type (I, I1, X, or Y) of the model as input. From the implemented decay widths it
then computes the various branching ratios. These are represented as plots for the
corresponding decays of the Higgs bosons, which we will discuss in the following.

The SM-like Higgs boson mass was set according to [32] as
my, = 125.09 GeV . (4.51)

For the Higgs masses in the plots below, the chosen input values are

mpg, = Mgy = 300.0 GeV s (452)
mps =myz =500.0GeV (4.53)
ma, = ma, = 350.0GeV . (4.54)

Following [20, 33], the SM parameters that we use, are

muw = 80.385 GeV (4.55)
my = 91.1876 GeV | (4.56)
me = 0.510998928 - 107% GeV , (4.57)
m,, = 0.105658 3715 GeV (4.58)
m, = 1.77682 GeV (4.59)
me = 1.51GeV | (4.60)
my = 4.92GeV | (4.61)
my = 172.5GeV . (4.62)
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The following running masses m were obtained with HDECAY [27-30] at the scale
which, for convenience, we choose for all Higgs decays to be 100 GeV [16]:

e = 0.6277 GeV | (4.63)
my = 2.846 GeV | (4.64)
me = 169.611 GeV . (4.65)

The CKM matrix elements that we need are [20]

V| = 41.1-107% (4.66)
Vip| = 1.021 . (4.67)

The Fermi constant is [20]
Gr=1.1663787-10"° GeV 2 (4.68)

with the relation to the SM vev given by

V= (4.69)

We will now investigate the dependence of the branching ratios on the chosen Higgs
boson and type of model. For this we will look at the branching ratios of the decays
as a function of the mass of the decaying Higgs boson, which is varied in the range
from 50 GeV to 1000 GeV, while all other masses are fixed.

4.8.1 Comparison Between Charged Higgs Bosons

Here we selected some representative plots for the comparison between the behavior
of the decays of the two charged Higgs bosons Hy and H3 in the same type of
the model (type I1). In figs. 4.1 and 4.2 we show the branching ratios of Hi and
H3i, respectively, in the model type I as a function of the respective charged Higgs
boson mass. All other parameters are kept fixed at the values given at the beginning
of section 4.8.
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BR as function of the Higgs Mass of H2pm
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Figure 4.1: Hf Type II plot.

BR as function of the Higgs Mass of H3pm
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Figure 4.2: Hf Type II plot.

A clear difference between the decays of Hy and Hi can be observed: Firstly, Hi
decays into W*H, /A, while Hf decays into W*H;/A3. This is because there are
no couplings of the form W*A, /3H§F/2 or Wng/gH;E/Z. Secondly, the decay into
the pair consisting of a top quark and a bottom quark grows much more rapidly
and diminishes much more slowly in the case of HQi, which is due to the particular
combination of the coupling factors ¢gx .., and ¢x,q, @ € {2,3}, for the chosen type

of the model (type I7) i.e.

IXzuu = —V2, 9Xodd = —1/\/5 ; (4.70)
9xsuu = 0, Gxsad = —\/3/2 . (4.71)
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These coupling factors appear in the partial decay width of the charged Higgs boson
in eqn. (4.48). Thirdly, once the charged Higgs decay into a W= and a scalar
or a pseudo-scalar Higgs becomes kinematically allowed, it strongly suppresses the
branching ratio of the decay into the top and bottom quarks in the case of the decay
of HF as it can achieve values close to one.

For the low mass range, i.e. below the threshold for the top-bottom channel, the
dominant decays are the decays into a tau lepton and a tau-neutrino. Once the
decay into a top and a bottom quark becomes kinematically allowed, this becomes
the prevalent decay. The H3 — ev decay is not visible in the figure as its branching
ratio lies far below the other branching ratios due to the very small masses of the
involved fermions and hence the very small Yukawa couplings. For the decays into
fermions, the Higgs mechanism is responsible for the fact that the couplings to
heavier particles are larger and thus the corresponding decay is more important.

Once the decays H — W*H; and HX — W*A;, i € {2,3}, become kinemati-
cally allowed, the branching ratios of these decays become larger, diminishing the
branching ratio of the decay into the top and a bottom quark. The decays with a
gauge boson and a Higgs boson in the final state can become large and so represent
interesting discovery channels.

Note, that the Higgs-to-Higgs decays are not possible here, since the decays of the
form Hf — H;H with i,k € {2,3}, i # k and j € {1,2,3} are kinematically
forbidden in this case of the model (case B), because the masses of Hy and Hi are
equal (see eqn. (4.14)).

4.8.2 Comparison Between Different 3HDM Types

In figs. 4.3 and 4.4 the differences of the 3HDM for type I and type II are in-
vestigated for the example of the ch decays. Shown are the branching ratios as a
function of the mass My for type I (fig. 4.3) and type II (fig. 4.4). All other
parameter values are kept fixed at the values given at the beginning of section 4.8.
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BR as function of the Higgs Mass of H3pm
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Figure 4.3: ch Type I plot.
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Figure 4.4: HF Type I1 plot.

The charged Higgs boson does not decay into quarks or leptons in the case of a type
I model, which is clear from the corresponding coupling factors represented in table
4.2. Here again, the HF — ev branching ratio in type I1 is strongly suppressed as
compared to the other branching ratios.

Again, the decays with a gauge boson and a Higgs boson in the final state are
interesting possible discovery channels. Furthermore, it is worthwhile noting that,
just as before, for the high mass range the decay of H into a top quark and a
bottom quark is not the dominant channel, but precisely the decays H;E — W*+H;
and HF — W*A; prevail. For the decays of Hj, the difference in the branching
ratios of the H3 — W*Hjz and Hy — W* Ay decays arises only from the difference
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in the masses of H3 and As, i.e., as set at the beginning of section 4.8,

mp, = 300 GeV | (4.72)
ma, = 350GeV | (4.73)

since the respective couplings are of the same absolute value (see appendix 8.2).

4.8.3 Comparison Between Scalar Higgs Bosons

Here we compare the branching ratios of the scalar Higgs bosons for the 3HDM type
I1. We show the branching ratios of H; (fig. 4.5), Hs (fig. 4.6) and Hj (fig. 4.7) as
a function of their respective mass, while all other parameters are kept fixed at the

values given above.

BR as function of the Higgs Mass of H1
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Figure 4.5: H, Type I1 plot.
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BR as function of the Higgs Mass of H2
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Figure 4.6: H, Type I1 plot.
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Figure 4.7: H3 Type I1 plot.

H, and Hjz do not decay into W* or Z bosons, since they do not couple to the
massive gauge bosons. This is obvious, as H; is the SM-like Higgs boson which
couples with the SM coupling to the massive gauge bosons. The sum rule [7], which
arises from the requirement that unitarity has to be fulfilled, then forbids the other
Higgs bosons to couple to the gauge bosons. The sum rule has been given in eqn.
(3.34) and we repeat it here for convenience,

3
ZQJ%IZVV = gl%IVV : (4.74)

=1
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Once the H; decay into the W¥ or the Z boson pair becomes kinematically allowed,
these also become the dominant branching ratios. Below the respective thresholds
the dominant branching ratio of the decay is the one into a pair of bottom quarks,
since due to the Higgs mechanism the couplings to heavier particles are larger. For
H, masses above the top quark threshold the H; — tt also becomes an important
channel and can reach up to approximately 20% of the total decay width. The
decay into a top quark pair is also the dominant one for the Hy decays above the
corresponding kinematic threshold. The Hj3 does not decay into up-type quarks for
the type I1 model (and, in fact, for all types), which can be read off from table
4.2.

For large H; masses, i.e. above approximately 350 GeV, the branching ratios of H;
are exactly those of the SM-like Higgs boson and should accord well with [34], not
taking into account higher order QCD and EW corrections, which are not included
here. Note, that we do not include off-shell decays.

For small H; masses, however, we find differences because, again, we do not include
off-shell decays into WW and ZZ, which can be important. Also for small H;
masses the higher order QQCD corrections have not been included. Note also that no
Hy — g9, H — v, Hi — Z~ or Hy — pup decays were considered.

Note, that there is no decay into a lighter Higgs boson and a gauge boson, since this is
kinematically forbidden for the chosen mass values of the Higgs bosons. The Higgs-
to-Higgs decays would in principle be possible in this C'P-conserving case of the
model (case B), i.e. H; — H;jHj, (withi,j, k € {1,2,3} and j, k # ¢ in this particular
decay), and H, — A;A; and H; — H]iH;F with ¢ € {1,2,3} and j,k € {2,3},
if kinematically allowed, and provided the couplings between the involved Higgs
bosons do not vanish because of the high symmetry of the potential. These decays
are, however, not taken into account here. Depending on the relative strength of
the decay, the branching ratios would change accordingly, as soon as the mass of the
decaying Higgs boson exceeds the respective kinematic threshold.

For low mass ranges, i.e. below the mass of W*, using eqns. (4.42) and (4.50), the
ratio of the two BRs for the decay of an H; into two pairs of fermions f; f; and fs fo
follows approximately the relation

R = —
ot Ki%me?cz NC,fz ’

K2%,. m2% N,
J1''0f C.f1 (475)

where my is the running mass for quarks, and simply the pole mass for the leptons,
since there are no QCD corrections for the leptons. Calculating, for example, R, ,
for H; yields approximately 8. Comparing this value with the ratio of these BRs es-
timated from fig. 4.5 supports the validity of the above relation. Similar calculations
can be done for the branching ratios involving other fermions.

4.8.4 Comparison Between Pseudo-Scalar Higgs Bosons

We now compare the decays of the pseudoscalar Higgs bosons exemplary for type 1.
The branching ratios of A, (fig. 4.8) and A; (fig. 4.9) are shown as a function of the
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respective pseudo-scalar mass, while all parameters are kept fixed at the previously
defined values.

BR as function of the Higgs Mass of A2
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Figure 4.8: A; Type I plot.
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Figure 4.9: A3 Type I1 plot.

As is again evident from table 4.2, the pseudo-scalar Higgs Boson As does not decay
into up-type quarks. It is interesting to note, that in the decay of A, the top pair
final state and the Z H, channel play the dominant roles for the higher mass region,
whereas in the case of Az the Z H3 channel makes up almost the entire branching
ratio, once the A3 mass is large enough for this decay. This is clear, as the A decay
into top quarks does not take place due to the vanishing couplings of A3 to up-type
quarks.
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Note that there are no decays into massive gauge bosons, as they are forbidden for
pseudo-scalar Higgs bosons.

The Higgs-to-Higgs decays, i.e. A; — A;Hy with i, 5 € {2,3},7# jand k € {1,2,3},
are kinematically not possible here since the masses of A, and Aj are equal (see eqn.
(4.19)).

4.9 Dark Matter Candidates

Since for the current numerical analysis Hs was chosen lighter than As, since it
cannot decay in massive gauge bosons because of the sum rule (see eqn. (4.74)), and
because it does not decay into quarks or fermions in the type I model (c.f. table
4.2), it is a Dark Matter candidate under the condition that the decays into other
Higgs bosons are kinematically forbidden or that its trilinear couplings with other
Higgs bosons are zero.

Note, that both Hs and A3 do not couple to fermions in the type I model. Further-
more, note that Az cannot decay into AsH; (i € {1,2,3}) because Ay and A3 have
equal masses, as mentioned above. So, in principle, if one does not restrict the mass
values as chosen for the current numerical analysis, the lighter Higgs boson among
Hj and Aj is then a Dark Matter candidate in a type I model, but again only under
the condition mentioned above.
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5 Case C: (w,1,1)

From here on, let #(z) and I(x) denote the real and complex parts of the variable
x, respectively.

The doublets are now parametrized in the following way, since one of the vevs is
now complex:

1 Xj + it ,
b, =— b 1,2,3} . 1
j \/5(3%(%)+hj+z[aj+<s(vj)]) AR LY (5.1)
The vevs of the corresponding doublets are now
. ) 1
v =wv vo=v3=10", with  w=exp(27i/3), V' = ﬁv . (5.2)
5.1 Minimum Conditions
Similarly as before, we obtain from the minimum conditions
= (3N + A2 — A3) (V). (5.3)

5.2 Mass Matrices

The charged and the neutral mass matrices M and My can be obtained by cal-
culations analogous to previous chapters. Both the M and M mass matrices are
symmetric in the (x1,..., X3, ¥1, ...,¥3) and (hy, ..., hg, a1, ...,a3) bases, respectively,
and are given by

(Mc)l,l = (MC)Z,Q (MC)33 (MC)
= (Mc)ss = Mc)gs = v* (=2 + A3)
C) ivz(—)\g —+ )\3) (55)

(MC)LQ = (MC)1,3 =M ) = (M 12
(Mc)y = Mc)ys = (Mc)ye = (Mc)zs = (Mc)ye (5.6)

(MC)1,5 = (MC)L6 =

1
3

ml} (—)\2 + )\3) (57)

(MC)z,s = (MC)S,G = ()‘2 A3) (5.8)

6"

(Mc)y, = Mc)y, = Ly (A2 = Xs) (5.9)
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and

1
(MN>1,1 = 6?]2()\0 + )\1 + 4)\3)

1
(MN)I,Q = (MN)L?, = _UZ(_Q)\O + A1 = Aa +2A3)

6
(M), —%M(AO )
(M5 = (M) = (M) = (Mg = 3=
(Mn)yy = (Mu)ys = %v2(4()\0 A+ A
(Mn),s = %v2(8)\0 — 4\ + 4N — 5X3)
(M)ys = (Mn)gs = 2—\1/5212(2)\0 A= A)
(M) = (M) = ==t

1
(Mn),, = 502()\0 + A1)
(MN>4,5 = (MN>4,6 =0

1
(Mn)s5 = (Mg = 50N

1
<MN>5,6 = _ZU2>\3 .

5.3 Diagonalization of the Mass Matrices

The neutral 6 x 6 rotation matrix Ry is parametrized as

where

and

with
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Ry = RiR2Rs3 ,
100 0 0 O
010 0 0 O
0 0 a —b —c —d
R = 00b a —d c
00 c d a -—b
0 0d —c b a
100 0 0 O
010 0 0 O
100 p —q —r —s
Ra = 00 ¢g p s -—r
0 0r —s p g
00 s »r —q p

(5.22)

(5.23)

(5.24)



A+ +E+d=1 (5.25)
P rrt4si=1 (5.26)
a,b,c,d,p,q,r,s €ER | (5.27)

and the matrix R3, which diagonalizes the upper-left 2 x 2 block of the neutral mass
matrix My, given by

1 1 1 1
e A R
__1 1 1 1 0 0
2v3 V3 V3 2
1 \/5 _1 g 0
26 V6 3 2v2

Rs=| 1 _3 g 1/ [2  [2 (5.28)
2v/26 V26 2 6 39 39

3 1 3 2 5

% 2V 0 0 25 —5m
1 1 1 3
z w00 0 3y2

Here, the neutral mass matrix cannot be diagonalized in a parameter-free way, in
contrast to cases A and B. Hence a,b,c,d,p,q,r, s are parameter-dependent.

The charged rotation matrix R¢ is parametrized in the following way:

_(Uc O
R (% 0). -
with
100 ¢« 0 O
010 0 ¢ O
I fo o1 0 0 4
”7’_% 100 — 0 0" (5.30)
010 0 — O
001 0 0 —i
which rotates the fields from the interaction basis into the mass basis, and
1 ~ 1 1
(=3 —\[\/5) B A
1+iv/3 1
Uc = Ve 0 % |, (5.31)
14+iv/3 2 _ 1
2/6 3 V6

where Us diagonalizes the upper left 3 x 3 block of the charged mass matrix Mg,
and U/, diagonalizes the lower right 3 x 3 block of M.

The charged Higgs masses are given by

1

Note, that the charged Higgs boson Hi is identified with the massless charged
Goldstone boson G*, which gives mass to the charged W* boson through the Higgs
mechanism.
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For the neutral Higgs boson masses we obtain,

2
M% = Mp, = §v2(3A0 + X — A3) (5.33)
1
Ml%lg = MI2-I4 = —1)2 (3)\1 - )\2 —+ 4)\3—
6 . (5.34)
— N X3 Ao + TAZ - 3 (20 + ) )
1
M7, = My, = —v* (3M\ — Ao 4+ 4Xs+
6 (5.35)

/0N X3 doda + TAZ — 3 (200 + Aa) )

Note, that the neutral Higgs boson H, is identified with the massless neutral Gold-
stone boson G, which is absorbed to give mass to the massive Z boson through the
Higgs mechanism. In the above expressions, H, is denoted with H to indicate the
fact that after rotating the neutral mass matrix My with R3, which is parameter
independent, Hy does not mix with the other Higgs bosons.

5.4 Couplings to Gauge Bosons

We have derived the couplings to the gauge bosons in the same way as described in
section 3.4. They are given in the appendix 8.3. The couplings are given with all
momenta taken as in-going. The Higgs couplings to the fermions were not calculated
for this specific case of the model, as this goes beyond the scope of this thesis.

Here, it is not obvious, which of the neutral Higgs bosons is the SM-like one, since
the couplings depend on the rotation matrix elements Ry and R¢e, and Ry is
parameter dependent. Thus a different neutral Higgs boson could happen to be
identified as the SM-like Higgs for different combinations of the parameters appearing
in the potential. Thus some couplings from the list in appendix 8.3 will vanish
accordingly.
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6 Case D: (w?,1,1)

The procedure in this case is identical to case C, described in chapter 5. Therefore,
only the results of the calculations are presented. The Higgs doublets are given by

1 ;i )
¢ = E (3?(2)]-) + h>§ +ila; + %(1@)]) ’ J€{1,2,3} (6.1)

with the vevs

1
v = W', vg=v3 =10, with  w =exp(2mi/3), V' = ﬁv . (6.2)
6.1 Minimum Conditions
The minimum conditions lead to
TTL2 = (3/\0 + )\2 — )\3)('(]/)2 . (63)

6.2 Mass Matrices

The matrix elements of the symmetric 6 x 6 charged and neutral Higgs mass matrices
can be cast into the form

(MC)M = (MC)Q,Q = (MC)3,3 = (MC)4,4 =

1, (6.4)

= (MC)5,5 = (MC)G,G = §U (A2 + A3)
(M) = (M) = (Mo)ys = (Mclyg = 502 (—he +h0) (63
(Mc),, = (MC)25 = (MC)26 = (MC)3,5 - (MC>3,6 =0 (6.6)
(Mc)15 = (Mo)y g = ﬁmz ) (6.7)
(M) = (Mc)se = é”2()\2 —A3) (6.8)
(Mc)ys = (Mc)y, = ﬁv%—& ) (6.9)

and
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1
<MN)1,1 = 6’02()\0 + )\1 + 4)\3)

1
(MN)LQ = (MN)1,3 = _UQ(_Q/\O + A1 — A2+ 2A3)

6
1
(Mn)14 ﬁ“Z()\o + A1)
1
(MN>1,5 = (MN)l,ﬁ = (MN>2,5 = (MN)B,G = _mv
1
(Mn)go = (Mn)33 = 602(40\0 + A1) + Az)
1
(MN)273 = EU2<8)\0 — 4)\1 -+ 4)\2 — 5)\3)
1
(Mn)gy = (Mn)sy = —ﬁzﬂmo — A+ A2 — Ag)
1
(Mn)ys = (Mn)s5 = mUQ/\a

1
(MN)4,4 = 5”2()‘0 + A1)
(MN)4,5 = (MN)4,6 =0

1
(Mn)s5 = Mn)gs = 50"

1
(MN)576 = _ZUQ)\?) .

2/\3

6.3 Diagonalization of the Mass Matrices

The neutral 6 x 6 rotation matrix Ry is parametrized as

where

and
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Ry = RiR2Rs3 ,
100 0 0 O
010 0 0 O
00 a —b —c —d
R = 00b a —d c |’
00 ¢c d a -—b
0 0d —c b a
100 0 0 O
010 0 0 O
100 p —q —r —s
Rz = 00¢qg p s —-r|’
0 0r —s p g
00 s r —q p

(6.22)

(6.23)

(6.24)



with

A+ +E+dr=1 (6.25)
P rrt4si=1 (6.26)
a,b,c,d,p,q,r,s € R, (6.27)
and 1 1 1 1
T T S
i V3 2 0 0
a1 \/2 1 0
2v/6 V6 3 2v2
Rs=|_1 3 g0 L/v J2 [2|. (6.28)
2v/26 V26 2 6 39 39
3 1 3 2 5
V% “2\x% O 0 2V —3u%
1 1 1 3
vz "aw V0 0 3y2

The charged rotation matrix R¢ is parametrized as

_ (U O
T -
with
100 2 0 0
010 0 2 O
I 1001 0 0 ¢
Up = V2100 —i 0 0 (6.30)
01 0 0 — O
001 0 0 —2
and 1 ~ 1 1
1+iv/3 1
Uc = 2v2 0 = (6.31)
14+iv/3 2 _ 1
26 3 NG
The charged Higgs masses are given by
1
MIQ{éJcs = 51)2(—)\2 + )\3) . (632)

Note, that, again, the charged Higgs boson H:* is identified with the massless charged
Goldstone boson G*, which gives mass to the charged W= boson through the Higgs
mechanism.

The neutral Higgs masses are given by

2

M?% =M} = gqﬂ(ng + X —A3) (6.33)
1

M?_Is = ]\4'1%41 = 61)2 (3)\1 — )\2 -+ 4)\3—

, (6.34)

— N X3 Ao+ TAZ - 3 (200 + a) )
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1
MI%I5 = MI2-I6 = 61)2 (3)\1 — )\2 —+ 4>\3+

(6.35)
0N X3 Aoda + TAZ — 3 (200 + Aa) )

Note, that, just as in case C' (see section 5.3 for the relevant part), the neutral
Higgs boson H; is identified with the massless neutral Goldstone boson G°, which
is absorbed to give mass to the massive Z boson through the Higgs mechanism. H,
is again denoted with H for the same reason as in section 5.3.

6.4 Couplings to Gauge Bosons

We have derived the couplings to the gauge bosons in the same way as described in
section 3.4. They are given in the appendix 8.4. The couplings are given with all
momenta taken as in-going. The Higgs couplings to the fermions were not calculated
for this specific case of the model, as this goes beyond the scope of this thesis.

Here, just as in the relevant section in case C' (see section 5.4), it is not obvious, which
of the neutral Higgs bosons is the SM-like one, since the couplings depend on the
rotation matrix elements Ry and R¢, and Ry is parameter dependent. Therefore,
again, a different neutral Higgs boson can happen to be identified as the SM-like
Higgs for different combinations of the parameters appearing in the potential, and
again some couplings from the list in appendix 8.4 will vanish accordingly.
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7 Conclusions and New Goals

In this thesis, the minimum conditions, the physical Higgs masses, the Higgs cou-
plings to gauge bosons and the effects induced on these by the symmetry of the
potential, i.e. parameter independent diagonalization of the mass matrices, equal
masses of different Higgs bosons (this also increases the chances of the considered
Higgs being a DM candidate) and the absence of certain couplings, were determined
for all four cases of global minima of the A(54) family of discrete symmetry groups
in the 3HDM. The possible Dark Matter candidates were found for two of these
cases. In one case (ch. 4), in addition to the above, the A(54)/Z3 symmetry was
reduced to a Zs, symmetry, and the couplings of the Higgs bosons to fermions were
calculated. A Python program was written, which computes the decays of the dif-
ferent Higgs bosons in the investigated special scenarios of case B of the SHDM that
is symmetric under the Z, symmetry. The decays of the Higgs bosons were then
analyzed by discussing and comparing their branching ratios.

Future possible goals are:
(1) the computation of the trilinear and quartic Higgs self-couplings

(2) the derivation of the Higgs couplings to fermions for the A(54) family of dis-
crete symmetry groups

(3) after performing items (1) and (2), calculating all possible branching ratios

(4) repeating the analysis for a C'P-violating potential
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8 Appendix

8.1 Case A: (1,0,0) - Couplings to Gauge Bosons

All momenta are taken as in-going.

AHLZ (s, — k) sec(B) (8.1)
AH W ﬁg(ki ) (3.2)
MH W - %g(k‘f& ) (8.3)
ApH W %g(% k) (8.4)
AHIWS - ﬁg(% k) (8.5)

N2 — %g(kgs kY see(Ow) (8.6)
AgHy W %g(kfzs k) (8.7)
AW (b, — k) (38)
AW gl — k) (39)
Ay HE W~ ﬁg(/@gg k) (8.10)

yH, H ig(k:;; - k%{j) sin(Oy) (8.11)
yH; Hy ig(k:l’flg - kl"{;) sin(fyw) (8.12)
HW- W %ig% (8.13)
H\Z7Z éigzv sec? (O ) (8.14)
mHWE 2;52'9(1@5;2 k) (8.15)
HoH W — QLﬁig(k;b k) (8.16)
HyH W ﬁig(k}‘b k) (8.17)
HyH W %ig(k% ) (8.18)
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H3H; W
HsH; W
H3HIW~
H3HF W~

Hy HyZ

HyHi Z

1.
S 75t9(Rpry — k)

22

- oW~ )
- il — k)
S, = k)

L.
ng(k:?{?_ — k;};) cos(26y ) sec(Byy)
L.
ézg(kzg - kﬁ;) cos (20w ) sec(Ow)

(8.19)
(8.20)
(8.21)
(8.22)

(8.23)

(8.24)

8.2 Case B: (1,1,1) - Couplings to Gauge Bosons

All momenta are taken as in-going.
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AyHyZ
AyHy W
Ay HF W™

AsHsZ
AsH; W+
AsHF W™

vHy Hy
vHy Hy
HW- W+
H\ZZ
HoyHy W
HyH W™
HsH; W+
HsHi W™
H,HSZ

HyHf Z

1
— S04, — Ky sec(Ow)

S0k, — k)
S0(ks, k)
— S0k, — Kl sec(éy)
S0l — k)
Sl — k)

ig(kf, - — ’fZ;) sin(6yy)

2

ig(kl, - — k?{;) sin(fy)

3

—_

—ig*v

[l V)

—ig®vsec’(Oy)

\)

— Siglkl, — k)

Sig(Khy, — k)

— Siglkl, — k)

Sig(Ky, — k)

%z’g(kﬁz - k;‘{;) cos(20y) sec(Byy )

L,
529(1{:’;{5 - k;‘{;) cos(26y ) sec(Byy)

(8.25)
(8.26)
(8.27)
(8.28)
(8.29)

(8.30)
(8.31)
(8.32)

(8.33)
(8.34)
(8.35)
(8.36)
(8.37)
(8.38)
(8.39)

(8.40)



8.3 Case C: (w,1,1) - Couplings to Gauge Bosons

All momenta are taken as in-going. The rotation matrices Ry and R were defined
in eqns. (5.22) and (5.29), respectively.

YHy Hy

YHy Hf

HsH,Z

HsH;Z

HsHgZ

HsH; W+

HsH; W+

HyHf W~

HyHi W~

H,HZ

HsW-W+

HsZZ

g

(W~ )
g

(W, — )

2/2

g
(W, — Ky

- z'g(kﬁ,2+ - kzg) sin(Oyy) (8.41)
- z'g(kﬁ,;r - ’fZ;> sin(Oy) (8.42)

- %9(%3 — Kl ) sec(Ow) Y [(RR)ja(RY)jxss — (RY);3(RY)j4s.4]

J=1

(8.43)

1
— 59Ky, — K, ) sec(w)

5 [(RY)is(RA)j+33 — (RN);3(RY)j+3.5]

(8.44)

-

1

J

3
1
— 59K, — Ky, ) sec(bw) )D IRY)is(RY) i — (RR)js(RY)j+as)
7j=1

(8.45)

]

22

3
Il
—_

(iR s + (REnsss) (REns — i(REDnsss )
)

NE

22 (_Z(Rg)ns + (RN )n+3,3) ((RTC)TLG — ’i(RTc)n+3,6>_

3
Il
—

]

Tty = k) D7 [((RE s + (RE)nras) (REnz +i(RE)nss2)

(8.48)

3
Il
—

WE

[(((RE)ns + (RE)nsss) (REdns + i(REDnsss

(8.49)

2v2

3
Il
—

— S0y — Kl sec(Ow) 3 [(RE )R )45z — (RE);a(RE )]
- (8.50)

— 1—1219 v [\/3(72%)1,3 — 2V3(RY )25 — 2V3(RY )35 — 3(7371\})473]

(8.51)
- 1—1229 vsec?(Oy) [\/g('R%)m — 2V3(RY)23 — 2V3(RY )33 — 3(R%)4,3}
(8.52)
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H,H7

HyHgZ

HH; W+

H,H; W+

HHf W™

HHiW™

H,HZ

HW-W+

HZZ

H;HgZ

HsH, W+

HsH; W+

HsHF W~
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-

1
- 59(%4 — Ky )sec(Bw) Y [(RN)i5(RN)j434 — (RY)ja(RY)j43,5]

(8.53)

1

J

3
1
— 50k, — ki) see(®w) Y [(RR);6(RY) 434 — (RR)ja(RY) 3]
7j=1

(8.54)
;ﬁ%?ﬂ - kz;>g [(_Z’(R%%A + (R%)n+3,4) ((Ré)qw — Z(Rc)n+3,5>}

(8.55)
2%5%;‘14 — k) i [( (RE)ma + (RN)nisa) ((RC)M Z(Rg)w,ﬁ)}

(8.56)

NE

g
(W, — Ky

21/2 [(Z(R%%m + (R%)mu) ((RTc>n2 + z’(RTC)nH,Q)

(8.57)

3
Il
—

WE

(i, — k)

e [(i(RJTv)nA + (R )n+3,4) ((RTc)nv3 - i(RTC)””’B)

(8.58)

3
Il
—

1 3
= 59k — k) sec(0w) D IRR)a(RY)je32 — (RR)j2(RY)j34]
j=1

(8.59)
— 1—1219 v [\/3(73%)1,4 — 2V3(RY)24 — 2V3(RY )34 — 3(7371;)4,4]

(8.60)
- 1—122'921) sec?(Oy) [\/g('R%)M — 2V3(RY )24 — 2V3(RY )34 — 3(R%)4,4}

(8.61)

3
1
= 59Ky, — ki, ) sec(bw) D (RR)i6(RY)j435 — (RR);5(RY)j43.6]

. (8.62)

2%(%}5 — kg;)g [( i(RN)ns + (RN)ntas) <(Rc) (RC)M&SH
(8.63)

2%;50#15 N ki[;) g [( (R )ns + (RN)n+35) ((Rc) (RTC)MM)}
(8.64)

i
I

(8.65)



HsHIW~

H-HZ

HsW-W+

H;ZZ

H¢Hy; W+

HeH; W+

HeHF W~

HgHi W~

HsHZ

HeW-W+

HezZZ

Hy HY Z

Hy HWV

Hy H} Z

2/2

g
(K, — H)

575t = i) 2 | ((RE s + (RE i) (REdns + i(REDnvss) |

n=1

(8.66)

— 00K — K secl0u) D [(RE);5(R); 452 — (RA);a(RE); 0]
" (8.67)

_ 1_1219 v [\/5(73%)1,5 = 2V3(RY)25 — 2V3(RY)ss — 3(737’;)4’5]

(8.68)

— 59 sec(0w) [VERE )15 — 2VB(RE a5 — 2V3(RE )5 — 3(RE)ss]
(8.69)

55 i = ) 0 | (iR + (RE i) (REns = i(REnsas )|
= (8.70)

55 i = ) 0 | (iR + (REnsss) (REns = i(REnsa )
= (8.71)

WE

Tty = k) D [((RE s + (RE)nsas) (REnz +i(RE)nss2)

(8.72)

3
Il
—

WE

(R s + (REnsss) (REDns +i(REnsas

(8.73)

2v2

3
Il
—

— S0y — Kl sec(w) 3 [(RE);o(RE)ss2 — (R);a(RE) ]
- (8.74)

- 1—1219 v [\/3(72%)1,6 — 2V3(RY)26 — 2V3(RR )36 — 3(7371\})4,6]

(8.75)
— 1—1229 vsec?(Oy) [\/g(RIJ\})l,G — 2V3(RY)26 — 2V3(RY )36 — 3(R%)4,6}

(8.76)
- i%g COS(Qew)(kJZI; - k:ff{;) sec(fw) (8.77)
55 = P i (Si(RY )z + (RE)assz) (RE)ns = i(RE)asss) |

(8.78)
- i%gcos(?@w)(k:[; k) sec(Ow) (8.79)
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Hy HWV

HfHW~

Hf HW -

HW-W+

HZZ

(1 1) Y [(CiRE s + (RE)ssa) (R — iR )]

(8.80)
55 = i) 2 [ (R + (Rnss) (REna + i(REnsas )
" (8.81)
23 M = M) 2 [ ((RE )z + (REnssa) (REDns +i(REJnsss)
" (8.82)
- 1—12@9 v [\/3(73%)1,2 — 2v3(RY)22 — 2V3(RY )32 — 3(73%)472]
(8.83)
— 1—122'9211 secQ(HW) [\/g(RTJ\})LQ - 2\/§(R7]\})272 - 2\/3(7?,7]\})372 - 3(72%)472}
(8.84)

8.4 Case D: (w?,1,1) - Couplings to Gauge Bosons

All momenta are taken as in-going. The rotation matrices Ry and R were defined
in eqns. (6.22) and (6.29), respectively.

YHy HY

YHy Hf

HsH,Z

HsH;Z

HyHsZ

HyH; W+

HsH; W+
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— ig(/fl‘;2+ — /{;ZZ_) sin(Oy ) (8.85)
— ig(kZ; — /{;23_) sin(Oy ) (8.86)

[(RR)ja(RA)j+33 — (RN);3(RY)j+3.4]

(8.87)

-

1
—ég(kr%d k'y,) sec(Ow)
1

J

3
1
= 59Ky, — ki) sec(bw) D (RR)is(RY) 435 — (RR);3(RY)j43.5)

j=1

(8.88)

w

1
= 59k, — ki, ) sec(bw) )D [(RR)i6(RR)j+85 — (RY);8(RY)j+36]
j=1

(8.89)
S50~ K D[R+ (R ) (REdas — 1REs)

(8.90)
e, - kg%)i [(—i(RE ) + (R)saa) (RE)ns = i(RE)saa)]

(8.91)



3
HaHE W™ Tkl =K ) D | ((RR)us + (RE)usaa) (RE)na +i(RE)usaz) |
n=1
(8.92)
3
HHEW™ 0 (W, = k) 3 [ (R s + (Rnsss) (REDns +i(RE)usss)
n=1
(8.93)
. 1 3
HsHZ — 59(7@";; — ki, ) sec(Ow) Z [(RA)i3(RN)j432 — (RY)j2(RY ) j+3.3]
j=1
(8.94)
1
H3W_W+ - Elg (Y [\/g(R%)Lg - 2\/§<R%)273 - 2\/§<RYJ\})3,3 + 3(7?,1]\})473]
(8.95)
1
H3Z7Z - Elg vsec (Ow) [\/g(R%)m — 2v/3(RY )23 — 2V3(RY )33 + 3(73%)4,3}
(8.96)
3
1
HiHsZ  — 5g(ky, — kyy,) sec(0w) > IRR)is(RY)jesa — (RR)ja(RY)j43.5)
j=1
(8.97)
1 3
HyHeZ  — 59(kp, — Kig,) sec(bw) D (RR)i6(RY) 434 — (RR)ja(RY)j43.6]
j=1
(8.98)
3
_ g . .
HHy W Oy, = K ) D [(CHRR D+ (RR)wiss) (RE)ns = i(REJnsss )|
n=1
(8.99)
3
_ g . .
HH W b = k) 3 [(iRE)ns + (RE)nssa) (Rb)ns = i(REnsss )|
(8.100)
3
HHEW™ 0 W, = k) 3 [ (R + (REnssa) (REDna +i(RE)nssz)
n=1
(8.101)
3
HHEW™ Tk, =) D | (RN )wa + (RE)usas) (RE)ns +i(REDusas) |
n=1
(8.102)
3
. 1
HHZ  — 29 g(ky — Ky, ) sec(Ow) Z RT )ja(RN)j+32 — (R%)j72(7€%)j+3,4}
7j=1
(8.103)
1
HW W = igh [VB(RE)11 = 2V3(RY)aa — 2VB(RA a4 + 3(RE )14

(8.104)
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H,ZZ

H;HgZ

HsH; W+

HsH; W+

HsHi W~

HsHy W~

H-HZ

HsW- W+

H;Z27

H¢Hy; W+

HeH; W+

HeHi W~

HgHi W~
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— izg vsec?(Oy) [\/5(72%)174 —

. (R s — 2VB(RE )y + B(RE )]

(8.105)

1 3
- 59(%5 — Kl ) sec(Ow) Y [(RR)j6(RY)jxs5 — (RY)j5(RY)j+ss]
j=1

(8.106)
AL TDY (~i(RE)ns + (REnsss) (RE)ns = i(REnsss )|

(8.107)
575 My = ) > (—i(RE)ns + (REnsas) (RE)ns — i(RE)ess)|

(8.108)

55 = ) 2 | ((RE s + (RE)nsss) (REJna + i(REDnss2)

(8.109)

%&50{#{5 - kll;;) i [(Z(R%)HE + (R%)n+3,5) ((RTC'>7L,3 + Z'(RTC)HJF&ES)}

3
Il
—_

(8.110)

— S0l — Kl sec(Ow) 3 [(RE);o(RE )45z — (R);a(RE) 4]
- (8.111)

- %zg v [\/5(73%)1,5 = 2V3(RY)25 — 2V3(RY)ss + 3(R]TV)4’5]

(8.112)

— Sigtsec(Ow) [VBRE) 15 — 2V3(RE s — 2VB(RE Jos + 3(RE )
(8.113)

27 i = i) [ (CRR ) + (RE)nse) (REdns = iREsas)
" (8.114)

575 Py = i) > [(iRE)ns + (RE)nsas) (REns = i(REDnsss )|
(8.115)
55 = ) 2 | ((RE s + (RE)niso) (REDna +i(REnss2)

3
Il
—

(8.116)

WE

g
(K, — Ky

m (Z(Rjjsf)n,6 + (R%)n+3,6) ((RTC'>TL,3 + Z'('RTC)HJF&ZS)_

(8.117)

3
Il
—



HeHZ

HeW W+

HezZZ

Hy Hi Z

Hy HWV

Hy H} Z

Hy HW*

Hf HW~

Hy AW~

HW-Wt

HZZ

— Skl — k) sec(Bu) 3 [(RE)6(RE) 00 — (RE),2(RE)40)

Jj=1

(8.118)

— %igzv [\/g(R%)l,a — 2V3(RE)26 — 2V3(RY)a6 + S(RJTV)&G]

(8.119)
- %igzv sec?(Oy) [\/5(7—\)/7];[)1,6 — 2V3(RY )26 — 2V3(RN )z + 3(73%)4,6}
(8.120)

Nl
—i59 COS(QQW)(k:Z2+ - k?[,;) sec(fw) (8.121)

3

55 = Fi) > (<R )z + (RE)ussz) (Rb)ns — i(RE)ness )|
(8.122)
— i%g COS(29w>(]€Z;_ — kzg_) sec(fw) (8.123)

S5k = k) (=R )z + (RE)nssz) (RE)ns = i(RE)nsss )|
(8.124)
775 = ki) > [(((RE)nz + (RE)nssz) (REna + i(REDnsss )|
(8.125)
N T > [((RE)nz + (RE)nssz) (RE)ns + i(REDnsss )|
(8.126)
— igo [VB(RE s — 2VB(RE )2 — 2VB(RE)sz + B(RE)us)
(8.127)
— cigosec(Bw) [VB(RE )i — 2VB(RE )2 — 2VB(RE)sz + B(RE) )
(8.128)

49






9 Acknowledgements

Firstly, I would like to thank my supervisor, Prof. Dr. M. Miihlleitner, for a very
professional and attentive guidance and help throughout the course of the work.

Secondly, I would like to thank P.D. Dr. S. Gieseke for willing and taking the time
to grade the current thesis as a second reviewer.

Thirdly, I would like to thank Jonas Wittbrodt for proof-reading the thesis and for
the help in general questions during the course of the work.

Last, but not least, I would like to thank the members of the Institute for Theoretical
Physics at KIT for such a warm and friendly atmosphere, and for the readiness to
help with any difficulty in the calculations no matter how petty or large it was,
making it a very pleasant experience throughout the entire course of the work.

51






List of Figures

2.1

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

Relations between finite realizable groups of the 3HDM Higgs-family
transformations. Groups that are underlined lead to automatic ex-

plicit C'P-conservation. A — B stands for A C B [15]. . . ... ... 4
HE Type ITplot. . . . . . . . . 23
H3i Type I plot. . . . . . . . . 23
H3i Type I plot. . . . . . . . 25
Hi Type ITplot. . . . . . ... 25
Hy Type Il plot. . . . . . . 26
Hy Type I plot. . . . . . . . . . 27
H; Type I plot. . . . . . . . . . . 27
Ao Type I plot. . . . . . . . . . 29
Az Type I plot. . . . . . . . . . 29

93






List of Tables

4.1 Four independent types of Yukawa interactions [16]. . . . . . . . . ..

4.2 The coupling factors for the different 3HDM types. The “+” in gx,uy
applies to the neutral Higgs couplings, the “—" applies to the charged
Higgs couplings. . . . . . . . . . . . . ...

95






Bibliography

1]

[10]

Georges Aad et al. “Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC”. In: Phys. Lett. B716
(2012), pp. 1-29. DOI: 10.1016/j . physletb.2012.08.020. arXiv: 1207.7214
[hep-ex].

Serguei Chatrchyan et al. “Observation of a new boson at a mass of 125 GeV
with the CMS experiment at the LHC”. In: Phys. Lett. B716 (2012), pp. 30-61.

DOI: 10.1016/j.physletb.2012.08.021. arXiv: 1207.7235 [hep-ex].

Vardan Khachatryan et al. “Constraints on the spin-parity and anomalous
HVV couplings of the Higgs boson in proton collisions at 7 and 8 TeV”. In:
Phys. Rev. D92.1 (2015), p. 012004. DOI: 10.1103/PhysRevD . 92.012004.
arXiv: 1411.3441 [hep-ex].

Georges Aad et al. “Study of the spin and parity of the Higgs boson in diboson
decays with the ATLAS detector”. In: Fur. Phys. J. C75.10 (2015). [Erratum:
Eur. Phys. J.C76,n0.3,152(2016)], p. 476. DOI: 10.1140/epjc/s10052-015-
3685-1,10.1140/epjc/s10052-016-3934-y. arXiv: 1506.05669 [hep-ex].

Vardan Khachatryan et al. “Precise determination of the mass of the Higgs
boson and tests of compatibility of its couplings with the standard model
predictions using proton collisions at 7 and 8 TeV”. In: Eur. Phys. J. C75.5
(2015), p. 212. pOI: 10.1140/epjc/s10052-015-3351-7. arXiv: 1412.8662
[hep-ex].

Georges Aad et al. “Measurements of the Higgs boson production and decay
rates and coupling strengths using pp collision data at /s = 7 and 8 TeV in
the ATLAS experiment”. In: Fur. Phys. J. C76.1 (2016), p. 6. DOI: 10.1140/
epjc/s10052-015-3769-y. arXiv: 1507.04548 [hep-ex].

John F. Gunion et al. “The Higgs Hunter’s Guide”. In: Front. Phys. 80 (2000),
pp. 1-404.

Stephen P. Martin. “A Supersymmetry primer”. In: (1997). [Adv. Ser. Direct.
High Energy Phys.18,1(1998)]. por: 10 . 1142/ 9789812839657 _0001 , 10 .
1142/9789814307505_0001. arXiv: hep-ph/9709356 [hep-phl.

S. Dawson. “The MSSM and why it works”. In: Supersymmetry, supergrav-
ity and supercolliders. Proceedings, Theoretical Advanced Study Institute in
elementary particle physics, TASI’97, Boulder, USA, June 2-27, 1997. 1997,
pp. 261-339. arXiv: hep-ph/9712464 [hep-ph].

Abdelhak Djouadi. “The Anatomy of electro-weak symmetry breaking. II. The
Higgs bosons in the minimal supersymmetric model”. In: Phys. Rept. 459
(2008), pp. 1-241. por: 10.1016/ j . physrep.2007 . 10 . 005. arXiv: hep-
ph/0503173 [hep-ph].

o7


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1103/PhysRevD.92.012004
http://arxiv.org/abs/1411.3441
http://dx.doi.org/10.1140/epjc/s10052-015-3685-1, 10.1140/epjc/s10052-016-3934-y
http://dx.doi.org/10.1140/epjc/s10052-015-3685-1, 10.1140/epjc/s10052-016-3934-y
http://arxiv.org/abs/1506.05669
http://dx.doi.org/10.1140/epjc/s10052-015-3351-7
http://arxiv.org/abs/1412.8662
http://arxiv.org/abs/1412.8662
http://dx.doi.org/10.1140/epjc/s10052-015-3769-y
http://dx.doi.org/10.1140/epjc/s10052-015-3769-y
http://arxiv.org/abs/1507.04548
http://dx.doi.org/10.1142/9789812839657_0001, 10.1142/9789814307505_0001
http://dx.doi.org/10.1142/9789812839657_0001, 10.1142/9789814307505_0001
http://arxiv.org/abs/hep-ph/9709356
http://arxiv.org/abs/hep-ph/9712464
http://dx.doi.org/10.1016/j.physrep.2007.10.005
http://arxiv.org/abs/hep-ph/0503173
http://arxiv.org/abs/hep-ph/0503173

[11]

[12]

[13]

[20]

[21]

[22]

23]

[24]

o8

T. D. Lee. “A Theory of Spontaneous T Violation”. In: Phys. Rev. D8 (1973).
[,516(1973)], pp. 1226-1239. DOT: 10.1103/PhysRevD.8.1226.

G. C. Branco et al. “Theory and phenomenology of two-Higgs-doublet models”.
In: Phys. Rept. 516 (2012), pp. 1-102. DOI: 10.1016/j .physrep.2012.02.002.
arXiv: 1106.0034 [hep-ph].

M. Maniatis. “The Next-to-Minimal Supersymmetric extension of the Standard
Model reviewed”. In: Int. J. Mod. Phys. A25 (2010), pp. 3505-3602. DOT: 10.
1142/50217751X10049827. arXiv: 0906.0777 [hep-ph].

Ulrich Ellwanger, Cyril Hugonie, and Ana M. Teixeira. “The Next-to-Minimal
Supersymmetric Standard Model”. In: Phys. Rept. 496 (2010), pp. 1-77. DO
10.1016/j .physrep.2010.07.001. arXiv: 0910.1785 [hep-ph].

[. P. Ivanov and C. C. Nishi. “Symmetry breaking patterns in 3SHDM”. In:
JHEP 01 (2015), p. 021. por: 10.1007/JHEP01(2015)021. arXiv: 1410.6139
[hep-ph].

A. G. Akeroyd et al. “Light charged Higgs boson scenario in 3-Higgs doublet
models”. In: (2016). arXiv: 1605.05881 [hep-phl].

A. Aranda et al. “Flavor Physics constrains on a Zz;-3HDM”. In: (2014). arXiv:
1404.7829 [hep-phl.

Venus Keus, Stephen F. King, and Stefano Moretti. “Three-Higgs-doublet mod-
els: symmetries, potentials and Higgs boson masses”. In: JHEP 01 (2014),
p. 052. DOT: 10.1007/JHEP01(2014)052. arXiv: 1310.8253 [hep-ph].

I[. P. Ivanov and E. Vdovin. “Classification of finite reparametrization symme-
try groups in the three-Higgs-doublet model”. In: Fur. Phys. J. C73.2 (2013),
p. 2309. DOI: 10.1140/epjc/s10052-013-2309-x. arXiv: 1210.6553 [hep-
ph].

K.A. Olive and Particle Data Group. “Review of Particle Physics”. In: Chinese
Physics C' 38.9 (2014), p. 090001. URL: http://stacks . iop.org/ 1674~
1137/38/1=9/a=090001.

Venus Keus et al. “Dark Matter with Two Inert Doublets plus One Higgs
Doublet”. In: JHEP 11 (2014), p. 016. por: 10 . 1007 / JHEP11(2014) 016.
arXiv: 1407.7859 [hep-ph].

M.E. Peskin and D.V. Schroeder. An Introduction to Quantum Field Theory.
The Advanced Book Program. Westview Press, 1995. 1SBN: 9780201503975,
0201503972.

Milada Margarete Muhlleitner. “Higgs particles in the standard model and
supersymmetric theories”. PhD thesis. Hamburg U., 2000. arXiv: hep-ph/
0008127 [hep-ph]. URL: http://www-1library.desy.de/cgi-bin/showprep.
pl?desy-thesis00-033.

A. Djouadi et al. “The Reconstruction of trilinear Higgs couplings”. In: 5th
Workshop of the 2nd ECFA - DESY Study on Physics and Detectors for a
Linear Electron - Positron Collider Obernai, France, October 16-19, 1999.
[,791(1999)]. 1999, pp. 791-811. arXiv: hep-ph/ 0001169 [hep-ph]. URL:
http://www-library.desy.de/cgi-bin/showprep.pl?LC-TH-2000-027.


http://dx.doi.org/10.1103/PhysRevD.8.1226
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://arxiv.org/abs/1106.0034
http://dx.doi.org/10.1142/S0217751X10049827
http://dx.doi.org/10.1142/S0217751X10049827
http://arxiv.org/abs/0906.0777
http://dx.doi.org/10.1016/j.physrep.2010.07.001
http://arxiv.org/abs/0910.1785
http://dx.doi.org/10.1007/JHEP01(2015)021
http://arxiv.org/abs/1410.6139
http://arxiv.org/abs/1410.6139
http://arxiv.org/abs/1605.05881
http://arxiv.org/abs/1404.7829
http://dx.doi.org/10.1007/JHEP01(2014)052
http://arxiv.org/abs/1310.8253
http://dx.doi.org/10.1140/epjc/s10052-013-2309-x
http://arxiv.org/abs/1210.6553
http://arxiv.org/abs/1210.6553
http://stacks.iop.org/1674-1137/38/i=9/a=090001
http://stacks.iop.org/1674-1137/38/i=9/a=090001
http://dx.doi.org/10.1007/JHEP11(2014)016
http://arxiv.org/abs/1407.7859
http://arxiv.org/abs/hep-ph/0008127
http://arxiv.org/abs/hep-ph/0008127
http://www-library.desy.de/cgi-bin/showprep.pl?desy-thesis00-033
http://www-library.desy.de/cgi-bin/showprep.pl?desy-thesis00-033
http://arxiv.org/abs/hep-ph/0001169
http://www-library.desy.de/cgi-bin/showprep.pl?LC-TH-2000-027

[25]

[26]

[27]

[28]

[29]

[31]

[32]

[33]

[34]

A. Djouadi et al. “Testing Higgs selfcouplings at e+ e- linear colliders”. In:
FEur. Phys. J. C10 (1999), pp. 27-43. DoOIL: 10.1007/s100529900082. arXiv:
hep-ph/9903229 [hep-ph].

Michael Spira. “QCD effects in Higgs physics”. In: Fortsch. Phys. 46 (1998),
pp. 203-284. pOI: 10.1002/ (SICI) 1521 -3978(199804) 46 : 3<203 : : AID-
PROP203>3.0.C0; 2-4. arXiv: hep-ph/9705337 [hep-ph].

A. Djouadi, J. Kalinowski, and M. Spira. “HDECAY: A Program for Higgs
boson decays in the standard model and its supersymmetric extension”. In:
vol. 108. 1998, pp. 56-74. URL: http://tiger.web.psi.ch/proglist.html.

J.M. Butterworth et al. “THE TOOLS AND MONTE CARLO WORKING
GROUP Summary Report from the Les Houches 2009 Workshop on TeV Col-
liders”. In: Physics at TeV colliders. Proceedings, 6th Workshop, dedicated to
Thomas Binoth, Les Houches, France, June 8-26, 2009. 2010.

A. Djouadi, J. Kalinowski, and M. Spira. “HDECAY: A Program for Higgs bo-
son decays in the standard model and its supersymmetric extension”. In: Com-
put. Phys. Commun. 108 (1998), pp. 56-74. DOI: 10.1016/S0010-4655(97)
00123-9. arXiv: hep-ph/9704448 [hep-ph].

A. Djouadi et al. “THE TOOLS AND MONTE CARLO WORKING GROUP
Summary Report from the Les Houches 2009 Workshop on TeV Colliders”.
In: Physics at TeV colliders. Proceedings, 6th Workshop, dedicated to Thomas
Binoth, Les Houches, France, June 8-26, 2009. 2010. arXiv: 1003.1643 [hep-
ph]. URL: https://inspirehep.net/record/848006/files/arXiv:1003.
1643 . pdf.

Makoto Kobayashi and Toshihide Maskawa. “CP Violation in the Renormaliz-
able Theory of Weak Interaction”. In: Prog. Theor. Phys. 49 (1973), pp. 652—
657. DOI: 10.1143/PTP.49.652.

Georges Aad et al. “Combined Measurement of the Higgs Boson Mass in pp
Collisions at /s = 7 and 8 TeV with the ATLAS and CMS Experiments”.
In: Phys. Rev. Lett. 114 (2015), p. 191803. pDOI: 10.1103/PhysRevLett.114.
191803. arXiv: 1503.07589 [hep-ex].

Ansgar Denner et al. “Standard Model input parameters for Higgs physics”.
In: (Aug. 2015). URL: https://cds.cern.ch/record/2047636.

LHC Higgs Cross Section Working Group. Recommended values on SM Higgs
BR (CERN Report /). URL: https://twiki.cern.ch/twiki/bin/view/
LHCPhysics/CERNYellowReportPageBR.

29


http://dx.doi.org/10.1007/s100529900082
http://arxiv.org/abs/hep-ph/9903229
http://dx.doi.org/10.1002/(SICI)1521-3978(199804)46:3<203::AID-PROP203>3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1521-3978(199804)46:3<203::AID-PROP203>3.0.CO;2-4
http://arxiv.org/abs/hep-ph/9705337
http://tiger.web.psi.ch/proglist.html
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://arxiv.org/abs/hep-ph/9704448
http://arxiv.org/abs/1003.1643
http://arxiv.org/abs/1003.1643
https://inspirehep.net/record/848006/files/arXiv:1003.1643.pdf
https://inspirehep.net/record/848006/files/arXiv:1003.1643.pdf
http://dx.doi.org/10.1143/PTP.49.652
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://arxiv.org/abs/1503.07589
https://cds.cern.ch/record/2047636
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR

	Motivation and Goals
	The 3HDM
	3HDM (54) Potential
	Four Cases of the Global Minimum

	Case A: (1,0,0)
	Minimum Conditions
	Mass Matrices
	Diagonalization of the Mass Matrices
	Couplings to Gauge Bosons
	Dark Matter Candidates

	Case B: (1,1,1)
	Minimum Conditions
	Mass Matrices
	Diagonalization of the Mass Matrices
	Couplings to Gauge Bosons
	Couplings to Fermions
	Partial Decay Widths
	Branching Ratios
	Numerical Analysis
	Dark Matter Candidates

	Case C: (,1,1)
	Minimum Conditions
	Mass Matrices
	Diagonalization of the Mass Matrices
	Couplings to Gauge Bosons

	Case D: (2,1,1)
	Minimum Conditions
	Mass Matrices
	Diagonalization of the Mass Matrices
	Couplings to Gauge Bosons

	Conclusions and New Goals
	Appendix
	Case A: (1,0,0) - Couplings to Gauge Bosons
	Case B: (1,1,1) - Couplings to Gauge Bosons
	Case C: (,1,1) - Couplings to Gauge Bosons
	Case D: (2,1,1) - Couplings to Gauge Bosons

	Acknowledgements
	Bibliography

