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Abstract

A scalar field ¢ charged under a non-SM U(1) symmetry is intro-
duced to the Higgs sector of the Lagrangian with a term mixing ¢
with the Higgs field. Both fields develop a vacuum expectation value,
leading to mass mixing between the two states which is diagonalised
into mass eigenstates A’ (identified with the SM Higgs) and ¢’. The
Feynman rules and decay width for h' to the new particle is calcu-
lated. Fermionic fields ¥; and Wy, also charged under this hidden
U(1), are added via a Yakawa interaction with the ¢, and their an-
nihilation cross section to several species of SM particle calculated.
Measured constraints allow the fixing of some parameters, and it is
seen that with judicious choice of the remaining, the fermion’s relic
abundance may satisfy the requirements for Dark Matter abundance.
A more granular study with fewer approximations would allow further

parameterisation of the model.
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Introduction

The purpose of this BSc project has been to investigate some of the mathematics
and techniques of quantum field theory, including the nature of symmetry trans-
formations, gauge theories and Spontaneous Symmetry Breaking (SSB), first by
recreating the Standard Model (SM) Higgs SSB, and then by examining the effect
of adding non-SM symmetries and fields, with a view to proposing a Dark Matter
candidate.

This investigation focused first on the theoretical basis of SSB (Chapter 1),
beginning with the use of a Lagrangian density to model the nature and behaviour
of quantum fields, and the restrictions placed upon its form by the requirements of
symmetry. This led naturally to gauge theories, and then to the Higgs mechanism
and SSB. The effects of SSB on the relevant sectors of the SM Lagrangian were
calculated and the manner in which the gauge bosons gain mass through the
Higgs mechanism observed first-hand.

The second part of the project (Chapter 2) involved introducing a complex
scalar field ¢ which was charged only under a non-SM symmetry, mixed with the
Higgs field, and which also developed a vacuum expectation value. It was seen
that this creates mass mixing between the two fields, and by diagonalising the
system into mass eigenstates A’ and ¢, the coupling of SM particles to this new
field was observed.

The next task (Chapter 3) was to suppose fermionic fields ¥y and W, (also
charged under the non-SM symmetry) which enter the Lagrangian via a Yakawa
interaction with ¢. After the substitution of the mass eigenstates, the Us couple
to the Higgs; thus, our ¢ exists as a ‘portal’ between non-SM and SM particles.
This serves as a demonstration in miniature of the manner in which such portals

have been proposed as routes to Dark Matter candidates.



Chapter 1

Theoretical background

1.1 Gauge theories

In quantum field theory, a system of fields can be described by its Lagrangian
density £ (henceforth referred to as the Lagrangian). The form of the Lagrangian
depends on three qualities: renormalisability, particle content, and symmetry.
The first of these was beyond the scope of this project, but pertinently it restricts
the allowed dimensionality of individual terms. Particle content self-evidently
depends on the phenomena one wishes to study, and governs which fields one
chooses to include.

It is the final requirement of symmetry that has given rise to the need for
gauge theories. When we include a particle’s field in the Lagrangian, we must
specify the symmetry groups under which it is ‘charged’ - in other words, which
transformations will affect the field terms and in what way.

For example, some field Pr may be charged under an U(1) symmetry trans-

formation, meaning that it transforms (in a manner parameterised by w) as

PT—>P1/w:€7inT. (11)

In contrast, a field Py uncharged under that symmetry would transform triv-

ially:



However, while the fields within the Lagrangian may transform under various
groups, the Lagrangian as a whole should not change. This is straightforward
to guarantee when the transformations are global (independent of spacetime po-
sition). For instance, for the operation described in equation 1.1, one could
compensate for the transformation by only including terms (such as |Pr|?) where
the complex conjugate cancels out the exponential after transformation.

On the other hand, local transformations (those where w = w(x)), cannot
be accounted for in this way. For example, consider the presence of a spacetime

derivative 0,

L =1d,. (1.3)

Suppose ¢ transforms under a local U(1) transformation as

=Y = e @@y, (1.4)

The transformed Lagrangian is

o = o
_ eiw(z)ﬁgﬂ (efiw(m)z/})
= DY (W9 — ieT D (9 (x))p) (1.5)
= )b — i (Juw())d
=L — i (Ouw (@)
The Lagrangian as it is is not invariant under this local transformation, con-

juring an extra term due to the spacetime derivative. We can, however, substitute

the covariant derivative

Dy = 0, +1iqAy, (1.6)
where A, is a gauge field term which transforms as

1
Ay — A=A, — p LW (T). (1.7)

and ¢ is the ‘coupling constant’, quantifying the strength of interaction between



Y and A,,.
A, is specified in just such a way as to cancel out the extraneous terms arising

from the initial particle transformations, leaving the Lagrangian invariant:

Ll — ¢/DM¢/
=" (Ou +iqA) ¥
= 00" + ¢lig ALY

= GO0+ ige DA, — Oo(a))e (1.8)
= Y0, — i (0w (@)Y + iqP A — i) (Guw(z))

= @E (au + iun) (0

= &D,ﬂﬂ

After gauging the field, we also observe terms that indicate the existence of
new particles: the gauge bosons. There will be different forms of gauge fields to
compensate for different types of transformations under which the fields trans-
form. The Standard Model Lagrangian is gauge invariant under SU(2), xU(1)y X
SU(3)., which requires the appearance of the the W= and Z bosons and the pho-
ton (see section 1.2) from SU(2);, x U(1)y as well as 8 gluons from SU(3)..

We must add in for each boson A, a kinetic term,

F, = 0,A, — 0,A,. (1.9)

This term is gauge invariant, but not Lorentz invariant. Thus the final addi-

tion must be a Lorentz scalar of the form F),, F*.

1.2 Spontaneous symmetry breaking

The gauging of the SM to compensate for transformations under the group
SU(2) x U(1)y initially predicted massless gauge bosons. However, experiments
measured large masses for both - 80.4 GeV for W# and 91.2 GeV for Z. To add
a mass term by hand would explicitly break the symmetry of the Lagrangian.
The solution, proposed by several groups in the 1960s, involves the existence of

a field which transforms under the same symmetry and has a non-zero minimum



potential value - a vacuum expectation value (vev) - upon which the masses of
the bosons depend. The existence of a vev which does not respect a symmetry
is known as spontaneous symmetry breaking, to contrast with explicit symmetry
breaking.

The relevant part of the SM Lagrangian is

1 a auv 1 v
Lew = _ZFWF " ZG#vGu + D, H*~V(H), (1.10)

where the kinetic terms for the gauge fields B, and W, are
F, = 0,W) —0,W5 — gf "W Wy (1.11)
and
G, = 0,B, —0,B,, (1.12)

the covariant derivative of the ‘Higgs’ field H is

ig' g
D#Iau—F?BM‘i‘?T

with 7 representing the Pauli matrices, and the potential is given by

Wi, (i=1,2,3) (1.13)

V(H) = —p’H/H' + \(H/H")*. (1.14)

B,, and W, are the gauge fields associated with local U(1)y and SU(2),, sym-
metries respectively and the Higgs is a complex doublet with coupling constants
g and ¢’ with the gauge fields.

The negative sign before i creates the famous ‘Mexican hat’ potential, with

a non-zero minimum value. Solving for the minimum with respect to H, we find

(H) = ¢" ( 8 ) : (1.15)
2

There are thus an infinite number of degenerate vacuua distinguished by their
phase. Visually, these lie along the valley of the potential in Figure 1.1. The

choice of phase breaks the symmetry spontaneously. We choose § = 0 to obtain



V(H)

Figure 1.1: The ‘Mexican hat’ potential of the Higgs field.

the vev

v = \/? (1.16)

And expand the Higgs doublet around this value:

_ 9
B (\%(v—kh—kz’go)) ' (L17)

In the unitary gauge, the gy and g; terms (the Goldstone bosons) can be

gauged away to zero. We insert this doublet into 1.10, and substitute:

" V2o (1.18)
WO _ W3
1 e

so that



2

DHP = Lo+ C W+ L w0 — B,
|u‘—(u)+ ”+8(g“ 9#)

1
2 4

1.19)
2 1 (
+ %W*#Wg(zvh + %)+ (WS — g/ B,)*(20h + 1?).

We find mass terms for W+, W° and B, and also a mass term in WSBM. This
is an example of mass mixing. The W° and B fields are linear combinations of
the ‘mass eigenstate’ fields A, and Z, (identified with the photon and Z boson

respectively):
Z _ C?S Ow —sinby \ (WO | (1.20)
A sinfy  cosOy B

were Oy is the Weinberg angle.
By inserting the correct linear combinations, the system is diagonalised i.e.
it is expressed in terms of A, and Z,,, which have no mass mixing: they are the

observable mass eigenstates. The Lagrangian becomes:

Sow = +5 (Oh)° — p2h?))

1 1
— Z(@,J/Vj — QW) (O"WH — "W ) + gg%QW+2

1 1
— 1O = QW)@ W = 9 W) 4 gt (1.21)

1 1
- Z(auzy —0,Z,)(0"Z" — 0" Z") + g(92 + ¢'?)20? 72
1
- Z(aMAV —D,A,)(O"AY — 9" AM).

The boson masses are:

v
Mwi = %
v
Mz = (g" +4%)"" (1.22)
1 .
M, = 3 (g% +g§) sinfy =0



from which it is quite clear the weak boson masses arise from the non-zero value
of the Higgs vev and that the photon is massless due to the choice of the unitary
gauge. The degrees of freedom belonging to the Higgs (the Goldstone bosons) are
eaten by the electroweak bosons’ longitudinal components, giving them a mass

degree of freedom.

1.3 Yukawa interactions

SM fermions also lack masses before the Higgs develops a vev. They gain the
mass during SSB due to their involvement in a Yakawa interaction; a term of
the Lagrangian that mixes left-handed doublet and right-handed singlet fermions
with the Higgs field.

Ly akawa = — A f1 Hifr + h.c. (1.23)

such that the entire term has zero net charge under all symmetries. For example,
for the case of hypercharge Y in the Yakawa interaction between leptons and the

Higgs scalar:

Y<ZL ) = 57
Y(er) = —1, (1.24)
1
Y(H) = -
( ) 27
and therefore
1 1
not:_1+§+§:0 (125)

When the Higgs is expanded about its vev, the fermion picks up a mass term

dependent on that vev.
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Figure 1.2: Decays of the SM Higgs to SM particles (taken from [12]).

1.4 Higgs decay and invisible states

The Higgs decays into other SM particles either directly or via loops, with decay
rates predicted by the theory dependent on the Higgs mass my, (see Figure 1.2).
Higgs searches at the LHC measured a signal at 125 GeV in 2012, now positively
identified as the Higgs [5].

The decay rate of a particle to its products is usually calculated by construct-
ing a Feynman diagram of the decay; the factor associated with the vertex is the
coefficient of the relevant term in the Lagrangian. The Higgs couples to all mas-
sive SM particles and interacts with any particle with which it shares a suitable
Lagrangian term.

In this report, we will discuss the possibility of Higgs interaction with non-SM
‘hidden’ states. It has been calculated in [1] that the branching ratio to ‘invisible’
states of the Higgs with SM couplings but additional decay modes is:

Binvis < 0.23. (1.26)



1.4.1 Higgs portals

Along with the fields charged under the SM symmetry SU(2), x U(1)y x SU(3).,
there is no reason not to suppose the existence of fields charged under non-SM
symmetries, which may be added to the SM Lagrangian as a ‘hidden sector’. If,
in addition, a term is added to the Higgs sector potential (1.14) which mixes a
new scalar field ¢ with H, one can couple SM particles to further hidden fields
through the mass mixing between the boson of the H field and that of the hidden
scalar field (see [10] for a brief overview).

One procedure (explored in [13] and [3]) is to suppose the existence of a
complex scalar field ¢ which is charged under a non-SM U (1) symmetry, U(1)p
but is a singlet under the SM gauge symmetries. We have employed this approach
in this project, introducing mixing between ¢ and the Higgs field and showing
how this leads to the coupling of the diagonalised mass state ¢’ and the SM
particles. We then propose two fermionic fields ¥, and W,, which interact with
¢ via a Yakawa term, and observe that this leads to coupling of the ¥Us to A’ and
¢', and, through that ‘portal’, to the SM particles.

Other approaches include using different forms of the hidden fields and their
couplings in the potential (e.g. [7]), or requiring symmetry under different trans-

formations such as Z, [6].

1.4.2 Calculating cross sections and decays

It will at some stage of the report be necessary for us to derive the decay widths
I' and interaction cross sections o for various processes in order to compare our
model with observations. This involves first calculating the matriz element M
for each interaction, and then integrating over the phase space of the final states.

For the interaction 142 — 3+4, the interaction cross section is given by [11]:

do =

1 1 1 d3 1 & 1
—IMP(27) 6D (py + py — p3 — pa) =22 b

I — S— 1.27
o 20 240 el a2

where v,.; is the relative velocity between 1 and 2.

For a particle A decaying to final states f with momenta py, the decay width



is given by [11]:

1 d3 1 9 4c(4
ar = 1;[<<2;§3@> Mma = p)P@0) D pa— Y ). (1.28)

For a two-particle final state, this simplifies to

r

1 /d3p 1 &Pk 1 ‘M(p,k)‘25(4)(q—(p+k))' (1.29)

" 2ma ) (2m)3 2 (27)3 2k0

The phase-space integrals in both cases are carried out over all possible final
states of those particles. This means, in the case of identical final particles, that
the integral overestimates the cross section by a factor of 2, by double counting
identical arrangements. This is accounted for by dividing such cross sections by
a symmetry factor S = 2, as will be seen in Chapter 3 in the derivations of the
phase space of identical final states (those of ¢’¢’, h'h’ and Z7).

1.5 Dark Matter

In Chapter 3 we will propose that our hidden fermionic field may serve as a
candidate for Dark Matter. It must therefore fulfil several broad criteria on first
inspection: it must be non-luminous, uncharged under electromagnetism, and
be stable or extremely long-lived; the interaction between DM and SM particles

must be very weak [9].

1.5.1 DM freeze-out

One can suppose that at early times, dark matter was in thermal equilibrium
with the rest of the universe, and the rate of production was equal to that of an-
nihilation. At some point, the expansion of the universe overtakes the interaction
rate and the Dark Matter is decoupled from the cosmic plasma. After this, the
number density per comoving volume is frozen out at a relic density, no longer

suppressed by the equilibrium exponential factor [9], [8] - see Figure 1.3.
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Figure 1.3: Abundance of a massive particle at thermal equilibrium (solid line)
and after freeze-out (dashed lines) (taken from [8]).

We will assume in our calculations that the freeze-out temperature is below
the mass of the DM - i.e., freeze-out occurs after the DM particles have become
non-relativistic.

Following the argument in [8], we can expect the thermal average of the annihi-
lation cross section multiplied by the relative velocity (ov) to go as T™, depending
on the angular momentum quantum number of the interaction. We can therefore

expand in terms of (v?) oc T' [2]:

(ov) = a + b(v?) 4+ O(v?)
6b (1.30)
~a+ —,
x
where x = (v?)~! =m/T.
If @ # 0, the annihilation is dominated by s-wave (I = 0) interactions. Oth-
erwise, the second term on the RHS, representing p-wave (I = 1) interactions,
dominates. The physical significance of this relates to the conservation of to-

tal angular momentum in the interaction. We anticipate that for our fermionic

11



species (each spin 1/2) going to other states via a scalar (spin 0), all interactions
will necessarily be p-wave.

We can express the dominant term as:

(ov) ~ opx ™", (1.31)

where n =0ifa #0,and n=1if a = 0,0 # 0.
The relic abundance Y, of DM can be found by solving the Boltzmann equa-
tion, arriving at [8]:
v 3.97(n+ 1)z; ~397(n+ 1)aft (1.32)
* (ges//G)mumpi(ov)  (gus//Ge)mumpiog’ '

and an expression for the mass density:

Quh® = 2.82 x 10®mgY, GeV ! (1.33)

g is the effective number of relativistic degrees of freedom and g,g the effective

number of relativistic degrees of freedom for entropy:

T\, 7 T\
9« = E gi (T) + 3 E 9j (7) ;
j:

i=bosons fermions

8
T\ 7 T\’
gx8 = Z i (T) +§ Z gj (T) 5

i=Dbosons j=fermions

(1.34)

where T' is the temperature of the thermal bath, and 7; that of the individual
species. These temperatures would naturally be equal when the species is in
thermal equilibrium.

By comparing this with the observed value of Qgh* = 0.11 [8], we can evaluate
the validity of our model for DM.

12



Chapter 2

The complex scalar field ¢

2.1 Extending the potential

Our new particle ¢ is a complex scalar, charged under a non-SM U (1) p symmetry.
Mixing between ¢ and the Higgs is introduced into our modified potential:
V(H,¢) = —pu H*+ A | H|" =g |8+ Mo 0] +Xs | H [*| 0. (2.1)

Due to the negative signs before ugy and 4, both H and ¢ develop vacuum

expectation values. Differentiating to find the minimum gives us:

\/2)\3,&2 — 4)\(15,[@{
Vp =

A2 —4p)\
R (2.2)
N TR SN,
We expand both of our fields about their vevs:
H=1, 9 , and
ﬁ(vh + h+igo) (2.3)

1 .
¢ = ﬁ(% + ¢ + i¢h;).

where h will be identified with the SM Higgs and gqg and g; represent the Goldstone

13



bosons.

Substituting these back into the potential, we find that gy, ¢g; and ¢; are
massless, as expected, and that there has emerged a mass term which mixes h
and ¢,

A3UE VRO, (2.4)

Here we will choose the unitary gauge, in which gy, g; and ¢; are set to zero,

rendering the full potential

1 1 3 1 1
Vi (h, ¢) = [ZUHA?, — Q/ﬁ, + 511?{)\1{]}12 - [QUHU;AS +vi Ay — vguyh + Z)\Hh‘*

1 1 1
+vgAgh® + §v¢)\3h2¢r + Vv Ashe, + ZAgh%,‘% + §UHA3h¢3

1 1 3 1
+ [51}?{%/\3 + Ui Aphi — Vpp3) by + [ZU%/\?) + 51}2&, — é,ui]gzﬁf + Vg Ay 2
1 1 1 1 1 1
+ Z)\cﬁgﬁf + Zv%v;)\g + ZU?{)\H + Z—Lvé)\(ﬁ — 51}?{@{ — Evzui.
(2.5)

2.2 Diagonalising the mass matrix

Such mass mixing as occurs between h and ¢, means that these fields do not
represent the observable mass eigenstates. The system must be diagonalised, as
was the case for the B, and WS bosons in section (1.2). We must derive the

mixing angle between h and ¢, and our mass eigenstates, which we shall call A’

( h > (cos § —sin 9) (h’)
- [ 2.6)
o sinf  cos# ¢

We obtain the mixing matrix elements from the coefficients of the h?, ¢? and

and ¢'.

ho, terms, i.e.:

Lhpmiz = marh® + moad? + (maz + mar) h,

(e (1 (1) o

14



where

1
my = 1 (’U;)\?, + 61},21)\;1 — 2/12)

1
Mo = 7 (vikg + 61)3))\4) — 2;13)) (2.8)
mig = Ma1 = —Uh%)\s

2

We therefore require:
<h ¢T> miy Mo h _ (h’ gb') co§9 sin 6 miy Mg C?S@ —sinf h:
Mo1  Mas Oy —sinf cos6 Mo Moo sinff cos6 )
2 O h/
= (n ) (mh 2> ( )
0 my 10}

=mih'? + miqﬁ'z,
(2.9)
where my, and my are clearly identified with the masses of A’ and ¢'.
We can calculate # by multiplying out the matrices, equating one of the off-

diagonal elements to zero, and using the fact that mis = mo;:

0 = —myy sinf cos @ — mys sin® @ + mo; cos® 0 + mas sin 6 cos 6
= myp(cos® 6 — sin® ) + (may — mqy) sin cos

(2.10)

2 — M1

= M9 cOs 20 + 2 sin 260

2mo
= tan?26 =
miyp — Ma2

The full expression of € in terms of Ay, Ay, A3, pt5 and pig is given in Appendix
A.

If we express h and ¢, as linear combinations of A’ and ¢':

h = h'cosf — ¢'sin6

(2.11)
¢r = h'sinf + ¢ cos

and substitute these into (2.5) we find that there is no coupling between the mass

15



eigenstates, as expected.

1
V(R ¢') = 1 A3 (cos O + vy, — sin 0¢')? (sin O + cos 08’ + vy)?
+ A (cos O + vy — sin0¢')* — 242 (cos Oh' + vy, — sinb¢')*  (2.12)

+ A (sin OB + cos 08 + vy)* — 2413 (sin OB’ + cos 0¢' + o).

The expanded expression of V (I, ¢') is given in Appendix B.

2.3 The electroweak sector

We turn next to the electroweak kinetic sector of the SM Lagrangian, (1.10),
reproduced here:
1 a apv 1 uv 2
Lew = _ZF’WF — ZLGWG + D, H|" (2.13)
where the terms are defined as in section 1.2.
Following the same procedure as before, we diagonalise the B,-Z, system
and substitute of the Higgs expanded around its new vev. The Lagrangian now

contains the usual mass terms for the electroweak bosons.

L gw 1 (2.14)
2779 cosOy

We also naturally find couplings C between ¢’ or h' and the massive gauge
bosons, but not the photon, which are simply the SM couplings (1.21) modulated
by sinf or cos 6.

+ g*vp
C(WW*WT) = cos
2 (2.15)
+ g*up
C(PW*WT) = 5 sin 6

16



2.4 The hidden U(1)p sector

Finally, we include the sector involving our proposed non-SM U(1)p group, and
we require that ¢ transforms under local U(1)p transformations, so that our

gauged U(1)p sector reads

1
Lp= -7 w K" + Dol (2.16)

where K, is the kinetic term for the U(1)p boson Z, and ¢ has the covariant

derivative with coupling constant gp:

D, =0, +igpZ,. (2.17)

After SSB arising from the form of the potential in 2.1, we replace ¢ with the

expansion around its vev (2.3):

1 1 1, ., .,
Lp = 3 (Outhr)” + 3 (Outhi)” + 59/23Zyz "2+ ¢7)
- gDZ/M (gbzaugbr - ¢rau¢z) + gDU¢Z/Ma/L¢i + QQquﬁZ/MZLQST (218)

1
+ égf)ng;LZ’“.

The final term gives a mass to Z:

Mz = gpUs. (219)

After substituting in the value of the vev (2.2) and choosing the unitary gauge
(¢; = 0), we find:

17



A IMQ — 2)\]1# . 2)\3#% — 4)\h/i2
Cr— g2 72 3Kh ¢ 2 07"2p ¢
S T WY N,

spij, — gty 1,
- : 0Zl2h/2
N da, | gdpsh (2.20)

+ g% cos QZ’2¢’\/

1
+ —ghsin20Z0' ¢/ + §g,23 cos® 7" ¢

+

N~ DN~

1 1
sin? 0 (9,1')° + 5 SIn200,1'9"¢' + - cos” 0 (0,0')° .

7}, couples to h' and ¢ in the expected way in terms dependent on gp. How-
ever, we have chosen to assume here that the gp < 1, neglecting discussion of Z /;

hereafter:

Lp~ %sinz 0 (9,h') + %sin 200,00 ¢’ + %cos2 0(9,0)° . (2.21)

2.5 Decay width I'(h' — ¢'¢’)
Our Lagrangian so far is the combination of 2.13, 2.21 and 2.12:
L=Lpw+Lp—V(, ). (2.22)

From this we can derive the Feynman rules for the theory. There are many
diagrams in our full Lagrangian; we focus in particular on matrix element for the
interaction of A’ with ¢’¢’ - this represents the Feynman diagram (2.1).

We can extract the matrix element (which is comprised purely of the vertex

factor) in terms of 6:

1
MW — ¢'¢) =7 Cos v, [(3cos20 — 1)z + 12sin® G\ |
L B (2.23)
— zsin vy [(3cos20 + 1)A; — 12sin” GAy]

The remaining vertex factors between h' and ¢’ are given in Appendix C.

In the case of the decay of h' to identical ¢’ states, M is independent of
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v A

Figure 2.1: Decay of h' to ¢'¢’

momenta, consisting as it does purely of the vertex factor, and we can simplify
as follows [11]:
1 o 1 p|

'=—\M
2my, 81 Eop,

(2.24)

where |p| is the momentum of the final particles in the centre-of-mass frame (i.e.
the Higgs’ rest frame), E., = m; and we have divided by the symmetry factor
S =2.

In the rest frame of the Higgs (where the momenta are as shown in Figure
2.1),

q =mp
=0
= -k
p" =K"= /mi+|p|?
2 2
my, — 2mg
k=
b 2
and
2
m
pl= /7~ m2 (225)
Thus:
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1 1

[cos Buy, ((3cos 20 — 1)A3 + 12sin” 6)y,)

= 4my, 1287

1 g (2.26)
— —sin v, ((3 cos20 + 1)A\3 — 12 sin® 9)\¢)]2 - 2¢

4 my,

We now have the decay width in terms of our 5 parameters pg, g, A, Ay and
Az, and also of mg. Our next task must be to fix some of these parameters to

give a meaningful decay width as a function of those remaining.

2.5.1 Fixing the parameters

We identify A’ with the SM Higgs and so:

my, = 125 GeV

(2.27)
v = 246 GeV

We consider the case where A’ decays to two ¢'s. For this decay to be kine-
matically permitted, we must require that mg < %, For the sake of argument,

we choose:

mg = 20 GeV. (2.28)

This allows us to solve for 3 parameters in terms of A3 and A4s. We further
require that our A’ couples to the W boson (see 2.15) with a magnitude that is
within error of the measured value for SM Higgs-W coupling. Considering the
uncertainties set out in [4], we will require the coupling to be within 10% of the

observed value.

2 2
g Yh cosf > 0.992Uh

(2.29)
s.cosf >0.9

In Figure 2.2, values of A3 and A4 which fulfil the requirement in (2.29) are
filled in.
Both A3 and A4, must be appreciably smaller than 47 to allow for perturba-

tive expansions. This can be schematically justified by examining the series of
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Figure 2.2: Values of cos > 0.9 as a function of A3 and Ay.

diagrams in Figure 2.3. The first diagram will produce a matrix element pro-
portional to A; the second (loop) diagram contains a logarithmic divergence in
a phase space integral inside the matrix element. This can be accommodated,

producing a factor of A\3/(4m)2. The ratio between successive diagrams is then
A2/ (4m)%:

A (1 + (2;)2 + > (2.30)

For the series to be perturbative then, A < 4.

We also might require that the branching ratio B(h' — ¢'¢’) be less than or
equal to the experimental limit, 0.23 (see section 1.4). This requirement generates
the graph in Figure 2.4. We can see that the allowed values coincide at very low

values of A3. We therefore choose:

(2.31)
A =05

which gives us a value of 0.999997 for cos#, 0.139032 for the branching ratio, and
['(W — ¢'¢’) = 0.00053128.
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Figure 2.3: Expansion of I'(s — ff).
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Figure 2.4: Values of A3 and A4 for which B(h' — ¢/¢’) < 0.9
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Chapter 3

The fermion V¥

We suppose that two non-SM fermionic fields ¥; and W, exist and are charged
under U(1)p. We add a Yakawa term to our Lagrangian between the two fields

and our scalar field ¢, such that the term has zero net U(1)p charge:

Ly ukawa = —Mwd¥1Ws + h.c. (3.1)

After substituting from (2.11), we have the Lagrangian:

A _ _ _
'C’Yukawa = —%[sin 0\1’1\1/2]1/ 4+ cos H\Ijl\IIng, + U¢\I/1\I’2] + h.c.

There is coupling to both A" and ¢’ dependent on the magnitude of 6, as

expected. For small 6, the fermions will interact predominantly via ¢'.

3.1 F(h/ — @1\112)

This represents the Feynman diagram in Figure 3.1, in which the mass eigenstate
h' decays into two hidden sector fermions.
Using the spinors 7% (p) and u*2(k) for the outgoing ¥, and ¥, and averaging

over their initial spins, the matrix element is
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us?( p)
/8

Figure 3.1: Decay of A’ to ¥; and W,.

F— A% sin” 6
(VR = Ty Bo)[? = ey (@0 ) (0™

51,52

A2 sin? @
_ \I!SSIH Z(usz*,}paﬁ 31) (usz*,yo;w sl)

S1,82

2
)\\II Sln 9 E usg,yOaB S1% sg*,yOp,l/ 51)

51,82
A2 sin? 6 — .
)\2 sin? 6
———(ptma),, (k—m),,
A2 sin% 4
- WTTT (94 m2) (= )]
A2 sin? 6
= ‘I’TTT [Pk — map + mak — myms) .
In the rest frame of the Higgs:
mi, = (p+ k),
=p? + k2 + 2p.k,
1
Sopk = §(m,2l —m? —m3).

Thus we have
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2 2
_ Agsin© 6

|M(h, — El\y2)|2 = T(4pk — 4m1m2)
A% sin 6
= %(mi —m] —m3 — 2myms) (3.5)
2 sin?0,

1 (mj — (my +my)?).

Our procedure for the phase space integral is similar to that in section 2.5,
except that now p’ and kY are no longer identical. We again take (2.24) as a

starting point.

In the Higgs’ rest frame,

VImi — (my +my)?][m3 — (my —my)?]

th

Ip|= , (3.6)

giving us:

_ 12
D — Tyy) = 2= 2Pl
8 my

)\12/} sin? 0 ) ) ) 5 — :
= S — (k) Ik — (a2 — (i — ma)?]
h
A2 sin? @ , 1
= S i — (i 4+ ) E ] — (my — o)),
h

(3.7)
Note: the symmetry factor here is equal to unity since the final states are
distinguishable.

This derivation would be useful when considering the case of light hidden
sector fermions. For the remainder of this report, however, we will be examining

the case of heavy Dark Matter, to which the Higgs does not decay.

3.2 VU annihilation cross sections

3.2.1 o(¥¥y — s5)

We first examine the cross section of two hidden sector fermions to the scalar
states ¢’ and h'.

25



2 ¢ h
v(p’) kLo
h)" (pJ //
————————— <
q b .
usz‘(p) k:\\\
g]‘e (p!: h’

Figure 3.2: Annihilation of ¥y and W, to scalar states.

Figure 3.2 represents three possible final states, each with two possible inter-

mediate particles (i.e. six diagrams):

MU,y — ¢'¢)
M(‘Ifl\ljg — h/h/)
M(‘Ifl‘lb — ¢/h/)

MWWy = ¢ = ¢'¢)) + M(U1 Wy — B — ¢'¢)
M(\le\pg — ¢, — h/h,) -+ M(\le\pg —h = h/h/) (38)
M(\Ifl\pg — (b/ — (b/hl) + M(‘I’l\pg — h/ — Qb/h/)

so that, for instance, contribution to the cross section for annihilation to h'h’ is
(T — W) P= V() M) PN M) + MM (3.9)

Each diagram produces a matrix element of the general form:

A4,

@ (p )2 (p) — 20 3.10
u* (p')v <p)q2—m§+ie (3.10)

where i refers to the final states, j to the intermediate.

We can perform the same operations for the W spinors as in (3.5), save that
my, is replaced with the centre-of-mass energy FE.,, and we are now averaging over
spins (i.e. we divide by 4). The propagator for the intermediate state j is also
included and the vertex factors A depend on which version of diagram is under
consideration. For simplicity, we assume the scattering is sufficiently off-shell to

neglect the third term in the propagator.
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Therefore our matrix elements (suppressing the sum and average symbols and

dividing by the appropriate symmetry factors) are:

IM(U1 05 — s;50)|* = (B, — (M, +mu,)?)

A%I’nl/hAinii A?T/\I@Aiii A\T!\I/hAhiiA\T/\I!quqﬁii
(3.11)

and

MUy — W¢)* = (Eq, — (mw, +mu,)*)

A?if\I/hA%thﬁ + A?IJMA%M A\i'\IIhAhh¢A\II\II¢Ah¢¢
2(EZ, —mp)?  2(EZ, —m3)? (B2, —mi)(EZ, —m3)

(3.12)
where the vertex factors A are given in Figures 9 and 8.

The cross section 1.27 is:

|V |2 @) , A3k dBK
— (b + k) —
o= by anp’ (P =R+ M)op op,
M2 1 a3k
= 0((Ey + Ey) — (B3 + E
40,0 Fy By (27)2 ((By+ Ba) = (B + 4)>4E3E4
_ M K K| V(EZ, = (mg +ma)?)(E2, — (mg —my)?) | d|k|dQ
4vrelE1E2 (27?)2 2Ecm 4(E3 + E4)
(3.13)
We can use:
4'UrelE1E2 = 2\/(E§m — (m1 + mg)z)(Egm — (m1 — m2)2) (314)
giving us:
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o(U Wy — W'h) = VEZ, — dmp [E2, — (my, +my,)? A\II\I/hAihh
327TEcm ECQm (m‘lfl - m\I/Q)z 2<E3m - mh)
4 A\InwAihh A\T/‘l/hAhhhA‘I/\II¢A¢hh
2(E2, — m¢) (B2, — mh)(E2 - m¢)
(3.15)
[2 2
U(\Tfﬂpz — ¢’gb’) = Ecm 4m¢ Eczm — (m‘lll + mllfz)2 A\I/\l/hA%bd)d)
327TEC7TL Ec2m - (m‘lfl - m\I’2>2 2(E02m - qu)
4 A?IzwAgﬁhh A\I/\I/hAh¢¢A\TJ\I/¢>A¢hh
2(E2, —m3)? (B2, —mj)(E2, —m3)
(3.16)

o(U1 s — h'¢') = V(B = (o + 1)) (B, — (my — ma)?) \/Ezm — (mg, +my,)?

167E?2, E2 — (my, —muy,)?
AgmhA%Iub A?I/MA%W A\IJ\IIhAh¢¢A\I/\I/¢Ah¢¢
2(E2, —mj)*  2(EZ, —m3)?  (EZ, —mj)(EZ, —m3)

(3.17)
where we have divided by the appropriate symmetry factor depending on whether

the final states are identical.

3.2.2 o(VU, Uy — ff)

Figure 3.3 represents two diagrams, one for each intermediate state, so that

(MW Ty — f )= M) P+HM(S)PHMR)M() + M(¢)M(R)  (3.18)

Summing over the spins of the final states and averaging over the initial (with
q? set to E? ):
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u*(p)

v,

Figure 3.3: Annihilation of ¥; and ¥, to fermion states.

A% A%

Wi —S1, 89\ [, —83 .54 \% (=51, 82\*/ —S3 .S
IM(s,)]? = ﬁ > (@) (@) (00 u) (@)
i) 51,80,53,54
A?I"I’ Asz
T YD () a0 g )
v/ 51,52,83,84
Az A%
_ gl\llz sz2 - Z (U;LUSI*'YOQB)(UEQ/YOdeuSQ*)(w“ wsg*,yOnL)(I54,yOuu 54*)
4(E - Z) $1,82,583,54
AQ
s sz $1 —81 S0 —8 sa —s5 S4 =54
52 53 S4
AQ A2
Wi Sif f
= _4(E2 _ 22)2 (ﬁ, — ml)&ﬁ (p + m2)56 (%/ o m3)m (k + m4)m
A?I"P Asz
4(E2 ey ) Ir [(]?/ my) (,VH— mz)] Tr [(%’ — m3) (k+ m4)}
AQ
\I/\I/z 7
~ WEZ, —mP2 ff) Tr [fp — mup + may — myma] Tr [} — mak + mal’ — mgmy)
Az A%
= %(4}9 P = dmymy)(4k.K — dmamy)
A2 Z
= (EQ\IJ\IIZ fo) (Ec2m - m% - mg - 2m1m2)(E02m - m% - mi - 2m3m4>
— m
A2
\VAUZS sz 2 2 2 2
— v g2 B2 _
(B2 —m2)? 5 (B — (ma +ma)”)(Eg, — (m3 + my)”)

(3.19)
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where Agy; is given in Figure 8, m3 = my = my and A, is the usual SM coupling
of the Higgs to the fermions (my/v), multiplied by cos 6 if the i = A’ and sin 6 if
i = ¢, so that

)\\pmf .
AguoAsir = Agondyir = —=—sin 20 3.20
TG f GUhARSf o (3.20)
As mg = m4 = my, the entire matrix element simplifies slightly to:

/\?I,mfc sin? 26
8v?
1 n 1 n 2
(3.21)

The integral over phase space proceeds as before, giving us the decay cross

(M1 T2 — f)]* = (Eon — (mu, +mu,)*)(Eg, — 4m})

section:

- o Aim3sin®20 (B2 — (mg, + muy,)?
U, U, — — f cm 1 2 EQ —4 2\3/2
(Vs = /) 128702 By \| E2,, — (Mmy, — mq,2)2( om — 4m)

1 1 2
(B2, (B2, — 2 (BR, — mi) (B, — )

cm

3.2.3 o(U, ¥y = VV)

Again, Figure 3.4 represents two sets of two diagrams:

(MW — VV) = [M(R) P+ M(@) P +M(R)M(S) + M(¢)M(R)  (3.23)

where V =W, Z.
Summing over boson polarisation states €, averaging over fermion spins and

using the identity
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3 (@) AP) = g + - ]\“ﬁ”, (3.24)

we have the general expression

A2

|M(Sl>’2 — \I/‘llz_VV’L Z Z ,Usl EP) )\1* )\2(k/)g”ygaﬁ )\1 (k)622*<k )(U81u52)
Z 51,52 A\1=0,£
A= O:I:
A?II\IMA%/VI( B (ml + m2)2)

2(E§’m —m;)?

Gurg™” ( > (621(k))*631(k)> ( > (@ (k) e ))

A1=0,% A2=0,%
A?I’\IJ’LA%/Vl( T (ml + m2)2>
k k k/ k/
ap [ pha i v''B
guug ( guoz + m%/ ) ( gl//B + m%/ )
A?I/\I’ZA%/V’L( _ (ml + m2)2)
2(E§’m —mZ)?
k!, k:’ k k k, k. kK.
af wva praty g
99" | Guagvs = Gua — 9up + >
g ( g " my, my, my
A?I/‘I/zA%/VZ(EQ (ml + m2)2) _4 _ k_/2 _ k_2 + k_k',
R N T T
A?II\MA%/VZ( — (my +mg)?) —2 EY +4mi, — 4E? m3,
2(E3, — m?)? I 4m3,
Ay Ay, (BB — mtm) [ L, B2,

(3.25)
where the vertex factor Ay, is the usual SM 2m?, /v, multiplied by a trig func-

tion, and in analogy to (3.20), the product of vertex factors is given by

AvwpAvve = AvunAvyi = \/——UV sin 20 (3.26)
h

so that our final matrix element contribution is
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v,

Figure 3.4: Annihilation of Uy and ¥, to weak bosons.

_ _ )\2 4 220 E2 o 2 E4 EQ
|M(\I/1\I’2 N VV)|2 _ g 11y, S ( cm (ml +m2) ) 3+ CTZ _ c;n

2
4vj

1 1 9
(Egm - m%)Z + (Egm — mi)Q (EQ _ mh>(E2 — mé)] (327)

Finally, we have as before

- _ o Almisin? 20 E2 — (my, +my,)?
U0, > VV)="2 VY T\ /E2 — 4m? cm ! 2
o (V1 ) 64702 Eep, em — My E2 — (my, —muy,)?
F4 E?
4my, B mé,

1 1

(B2, —mi)2 | (B2, —ml)?

3+ (3.28)

2
+ ;

divided by a symmetry factor S = 2 for the annihilation to ZZ.

3.3 Cross section ratios

For the sake of convenience, we approximate m; = mo = my, so that our cross

sections are given by:
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VE2 —4m? A2 A2
\I/ \Ij h/h/ cm h E2 _ 4 2 UUhH* “hhh
(Ve = W) = =0 o " 9(E2, —m2)?
9 5 (3.29)
+ A\IJ\P¢A¢hh A\Tl‘l/hAhhhA\T/\I/gi)Ad)hh
2(EZ, —m3)?* (B2, —mp)(EZ, —m3)
E2 —4m? 2
— cm ¢ A Ah
U0y — ¢¢) = 4 [ B2 — dm} | YR
o= 00) = om = (B2, —m2)?
) ) (3.30)
4 Axprdﬂzh A\P\I/hAh¢¢A\T/\I/¢A¢hh

2EZ, —mg)? (%, —mp)(EZ, —m3)

U(\Ifl\IIQ — h’qb’) = \/(ECQm — (mtb + mh)2>(EC2m _ (m¢ — mh)z) \/ Egm - 4m?1/

167E3,,
A\I'\Ithf%hcb A?I/\I/¢A%L¢¢ A‘I/\PhAh¢¢A\T/qJ¢Ah¢¢
2B, —m)e 2B, —mP (B2, — mi)(E2, —md)
(3.31)
_ _ Nm2sin?20 | B2, — 4m?
o(U Wy — ff) =21 / (3.32)

12872 E2, \| E2, —4m?,

- A2mi sin?20 [E2 — dm?
Ty 0y — WVs) = 22 [ Hem = My 3.33
ot = Tearrmz \ B2 —am2 (3:33)

Mmi sin?20 [E2 — 4m?,
1287v2E2, \| B2, —4m?

U(\Ill\lfg — ZZ) =

(3.34)

We then have two free parameters - Ay and the mass of W, which however do
not affect the cross section ratios, which are plotted in Figure 3.5.

As can be easily seen from Figure 3.5, the dominant annihilation channel of
the UV interaction is that to h'¢’, followed closely by ¢'¢’ (seen more closely in
Figure 3.6) and lagged by a long way by h'h’. We notice that in limits of small 6:
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Figure 3.5: Cross section ratios of the annihilation of two Ws to SM particles and
scalars as a function of centre-of-mass energy (mg = 100 GeV).
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Figure 3.6: Cross section ratios of the annihilation of two Us to scalars ¢'¢’ and
W@ (mg =100 GeV).
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Anhh R 205\
Aggp = 205)g
Anng = (vpA3)/2
Angg = (0nA3)/2

Due to the negligible coupling of ¥ to A’ in this limit, one can approximate

(3.35)

the cross sections to include only those due to an intermediate ¢. In this case:

o(—= W'R') o AGuiA;
o(— ¢'¢') ox AGUiA; (3.36)
o(—= h'¢) x Navi )i

It can be seen that while decays to both A’h’ and h'¢’ are suppressed by our

choice of a small A3, the decay to h'¢’ is promoted by its dependence on the large

Higgs vev.

3.4 The relic abundance of ¥

3.4.1 Expanding (0v,¢)

Assuming that freeze-out occurs after ¥ has become non-relativistic (see section
1.5.1), we can expand the (ov,¢) by substituting E.,, with an expression in terms

of Uy

Eem = 2Egy = 2vgmy
qu;

1 —wvg (3.37)
qu,

2
1 _ Urel
4

where we have made the non-relativistic substitution v, = 2vy.
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3.4.2 Choosing parameters

In order to calculate the current DM mass density, we choose the mass of our
fermion such that

my = 100 GeV,
my
Ty = — =4 GeV,
T~ % (3.38)
and
LL’f = 25.

With these values, the DM would have been frozen out long before any other

particle species. Therefore,

s = gus = T5.75. (3.39)

Where we have included the degrees of freedom listed in table 3.1 - omitting

¢', t and A/, which would not be relativistic at this temperature.

Particle Mass gi
photon 0 2
gluon 0 16
U, U 3 MeV 12
d,d 6 MeV 12
5,8 100 MeV 12
c,C 1.2 GeV 12
et e” 0.511 MeV 4

e

top~ | 105.7 MeV
Tt ™ 1.777 GeV
Ve, U 3 eV
Vi, Uy 0.19 MeV
vy, Uy 18.2 MeV
TOTAL | 75.75

DN DO DN = >

Table 3.1: Relativistic degrees of freedom in the early universe at T' ~ 4 GeV.

Expanding each cross section in turn, we find that all of the annihilations take
place via p-wave interactions. Therefore we have no hesitation in adding together

all the kinematically-allowed cross sections (i.e. excluding those to h’'h’ and tt),
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Figure 3.7: Comparison between calculated Qh? and the observed value.

and expanding similarly. Substituting our fixed parameters, we obtain

(ov) = 1.37026 x 107 °A%02, + O(v). (3.40)

rel

Substituting all these values into equations 1.32 and 1.33, we obtain:

~12
Y. = 6.81642 2>< 10
Ay
0.192223
Qn® = ——
Ay
We find (see Figure 3.7) that Qh? = 0.11 when Ay = 1.32192. This latter value

satisfies the condition of being small enough in comparison to 47 to suppress loop

(3.41)

diagrams and allow for perturbative expansions of the interactions.
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Conclusion

The aim of this project was to gain familiarity with a few of the basic techniques
and concepts of theoretical particle physics, and then to apply them to a toy model
and see them in practice. While reading of the standard texts and recent papers
was helpful in outlining the theory, the best demonstration of the physics involved
was the working out, by hand and on computer, the effects of introducing vacuum
expectation values and extra fields and couplings. In addition, the investigation
was driven forward by the existence of a definite goal - that of proposing a new
Dark Matter candidate.

We supposed a non-SM symmetry U(1)p under which a complex scalar field
¢ transformed, and gauging it with coupling constant gp. The first task was to
introduce a potential dependent on the Higgs field H and ¢, with a term mixing
the two. This potential contained 5 free parameters (to add to the parameter gp),
two of mass dimension and three dimensionless. Both fields developed vacuum
expectation values which produced mass terms for the electroweak bosons and
the boson of U(1)p, Z'. For the sake of argument, we dismissed gp as extremely
small (see discussion below). After choosing the unitary gauge, we diagonalised
the h — ¢, system and observed coupling between the mass eigenstate ¢’ and the
particles of the SM.

We identified A’ with the SM Higgs (giving us the SM values for v, and my,),
and chose a value for ¢' of 20 GeV, allowing us to solve for three parameters.
We then calculated the decay rate of b’ — ¢'¢' in terms of the remaining two,
and imposed two further conditions: that the branching ratio not exceed that
calculated by others for Higgs decays to invisible states, and that the mixing
angle between h and ¢, be extremely small, to be in accord with measurements.

By taking into account the requirement of perturbativity, we were able to make
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a reasonable choice for the last two parameters.

We proposed further fermionic fields W; and Wy, also charged under U(1)p,
which coupled to ¢ in a Yakawa interaction, and thus to ¢’ and h’. The ¥ fermions
could therefore interact with the particles of the SM in decay and annihilation
processes through the scalar states - the ‘Higgs portal’ approach. After calculating
the decay width of A’ — U, ¥, as a function of the ¥ fermion masses, we selected
a mass of 100 GeV (forbidding the aforementioned decay) and calculated the
annihilation cross sections to h’, ¢, fermions and electroweak bosons, as a function
of the Yakawa coupling parameter \y.

We used these values to show that all the annihilations were p-wave inter-
actions, and calculated the relic abundance of the ¥ fermions, with a freeze-out
temperature of 4 GeV. Using this result, we calculated the mass density as a
function of A\g and compared it with the observed value for Dark Matter. We
found that we could fit our model to observations with a reasonable value of \y.

Any student, when learning of the Standard Model and its symmetry groups,
must wonder if there are any further symmetries and fields out there, and what
effect the existence of such would have on the universe. We have shown here that
it is extremely fruitful to model these effects, constraining the parameters of our
model by reference to observations, as a method of approach to explore one of

the biggest areas of modern research - the search for Dark Matter.

Avenues of further investigation

It would be interesting to experiment with differing the masses of ¢’ and ¥ to
look at more extreme cases for the parameters. If we made my > 2my,, however,
we would lose the constraint provided by requiring the B(h' — ¢'¢’) < 0.23 (see
section 2.5.1).

One of the grander assumptions we made was that the charge gp of ¢ under
U(1)p was very small. This allowed us to neglect all discussion of the U(1)p
gauge boson, Z/. Indeed, gp would need to be extremely small to make this
approximation, as the mass of ZL is equal to gpvy, where v, = 28 GeV in this

parameterisation. Raising the value of gp would enable access to a new range of

39



interactions via a coupling of ¥ to 7/, including direct production of Z}, at the
LHC, providing very strict further constraints on our parameters. The dynamics
of DM freeze-out would also be affected.

Another phenomenon worthy of investigation is that of kinematic mixing. As
described in section 1.1, gauge bosons have a kinetic term of the form F,,, which
is gauge invariant in itself, but that the Lagrangian must have terms of the form
F,, F*" in order to be Lorentz invariant. Thus a term mixing the kinetic terms
of two different gauge bosons would be both gauge and Lorentz invariant. For
example we could introduce a term between an electroweak F),, term and that of
our hidden gauge boson K ,,:

1
Ly = _ZF’“’KW (3.42)

When expanded (see equation 1.9), this would give mixing between the two
bosons. After diagonalising this system, we could make corrections to the mass
of the SM boson. By requiring that the mass remain within current precision of
the measured value, we can place a further restriction on the parameters.

It may also be fruitful to propose additional hidden symmetries of SU(2) and

SU(3) under which more interesting forms of hidden fields might transform.
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Appendix A: 6

4

0 = tan"!
3UnV¢

1 1
(— (—2,ui + 6Apv; + )\31);) + 1 (—)\31),% + 2/@, — 6)\¢v§))

1 1 2
+ \/Z (=207 4+ 6M0f + Asv2) + 2 (=Asv} 4 202 — 6A403)" + Auiv3

1
= tan~! [ ()\h(2/\¢ + )\3)/135 — (2>\h + )\3)#2/\(;5
A3 \/)\3/135 - 2Mi)\¢\/)\3lﬁi — 2\npt,

M0k = 248N Mot — 20i2) + (20 + Aa)iR s — (25 + A:a)ui)Q))]
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Appendix B: V(I ¢')

Vi, ¢) = i)\h (WY cos™ 6 + %fd’ (&) cos™ 6 + ixg (W2 ()7 cost 0

+ uphn (B)? cos® 0 + vy (¢)* cos® 0 — % sin A3k (¢)° cos® 6

+ sinOAH (¢')* cos® 6 + %Uh)\gh/ (¢')? cos® 0 + % sin s (1')* ¢' cos® 0
—sinf\, (W) ¢ cos® 0 + %%)\3 (W) ¢ cos® 0 + i sin? Oz (h')* cos® 0

+ i sin® O\ (¢')" cos® 6 + % sin QugAs (B')° cos? 0 — % sin By \s (¢')* cos? 0

_ %/ﬁl (h')? cos? 0 + i?}i)\g (W)? cos® 0 + ;v}%)\h (h')? cos? 0 — %ui (¢) cos® 0
— sin® X3 (B)° (¢')° cos® 0 + ; sin O\, (1')? (¢')° cos® 0

+ ; sin® O\, (h')? (¢')° cos? 0 + i?)]%/\g (¢) cos® 0 + ;7)35)% (¢')* cos®

— sin Qughsh’ (¢')° cos? 6 + 3sin ughgh' (¢)° cos® O + sin Bup A3 (B') ¢ cos? O
— 3sinuphy (W) ¢ cos® 0 + vpugAsh' @' cos? 0 + % sin? Bup s (0)° cos 6

+ % sin® QugAs (¢)* cos 0 + % sin® OAsh’ (¢')” cos O — sin® O\, b/ (¢)* cos 0

+ sin Qupvgs (B)° cos O — sin uaughs (') cos O — sin? Gup Ash’ (¢')? cos 0

+ 3sin? Qup b (¢)% cos 0 — vpp b/ cos 0 + %vhv§¢A3h' cos 0 + v A,h cos 6
— % sin® Oz (h)” @' cos O + sin® 0N, (h')* ¢ cos 6 — Vo pigd cos b

— sin? Qughg (1')? ¢ cos O + 3sin? Bughg (B')° ¢ cos O + %UEU¢A3¢’ cos

1
+ U5 Mg cos O + sin Oy h' ¢’ cos 6 — sin O h' ¢’ cos 0 + 5 sin v Ash'¢' cosf + ...
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1
-5 sin 9@3)\3h'¢’ cos 0 — 3sin Ov; A\, h'¢' cos O + 3sin GUzA¢h’¢' cos 0
1 1
+7 sin? O, (B')* + 1 sin? O\, (¢)" + sin® Qughge (1')® — sin® Gup )y, (¢)°

1 1 1 1 3
— UL, — UGG — 3 sin® Oy, (W) + 1 sin? 0v? s (h')° + 2 sin? vi Ay (W)*

2 2
1 1 1 3
b sin? 02 (¢)” + 1 sin® Os ()2 (¢)* + 1 sin® 0v; A3 (&) + 3 sin? 0u? A, (¢)°
1 1 1 1 1
+3 sin® Qughsh’ (¢)° + Zviv;)\g + Zvﬁ)‘h - Zv?‘)\d, — sin Qugpih’ + 3 sin Qv;vgAzh'

1 1
+ sin 9U2A¢h' + sin Qup i’ — 5 sin® Qv A3 (h')2 ¢ — 3 sin thvi)\ggb' — sin Qv A\’

— sin? QupvgAsh'¢’
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Appendix C: Feynman rules

v,

h)

V2

I/
7,

v Ay cosf

V2
v,

Figure 8: Vertex factors between ¥, and ¥, and the scalars ' and ¢'.
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b . 7 Appn = Uy, cos [sin2 By + 2 cos? 9/\;,]

—————— s + v, sin f [(.'052 HAs + 2sin? BAQ]

‘P" s Apos = vy cos [Hillz Bs + 2 cos’ 8)\(_-.]

> + vy, sin f [(:0:-;2 B3 + 2sin’ 9/\;1]

1 .
h’ ‘ Appey = 11'0 cos fl [{—1 + 3cos20)A; + 12sin” 9/‘\01

1 .
~ - Er';l sin f [{l + 3cos 20) Ay — 12sin” Bx\h]

1 .
Apdy =  —Up COS —1+3cos 3+ 12sm”™ 6A,
¢ ‘ Anoo 1 0[(—1+ 3cos20) Ay + 12sin? O\

1 .
> - 11}, sin £ [{l + 3cos20) Ay — 12 sin? 9)\0]

Figure 9: Vertex factors between the scalars A’ and ¢'.
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