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Abstract

In the Fermion Portal Vector Dark Matter (FPVDM) framework, we study how to connect
the standard model with dark matter through neutrinos. In this framework the standard model
is expanded with a SU(2)p x U(1){p dark sector, where the SU(2)p gauge bosons are the dark
matter candidates (specifically the V* components), this symmetry is broken by a dark scalar ®p,
giving mass to the gauge bosons and leaving a remanent Z, symmetry that ensures the stability of
the candidate. The interaction with the standard model is done through VL-fermions that couple
to neutrinos through a Yukawa-like term. We consider two models, with one and two families of
VL-fermions, for which we analyze the phenomenology using restrictions, relic density, and direct
and indirect detection of dark matter.
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Conventions

We are using the mostly minus Minkowky metric:
guu = dlag(ly _17 _17 _1)
So, for an on-shell particle we have p? = m?.

Natural Units h = ¢ = kg = 1 are used in this work, since that means that these fundamental
constants can be transferred to units, then all is measure in powers of energy or GeV. A fairly

complete list of conversions is provided by the appendix of [13].
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Chapter 1
Introduction

The Standard Model of elementary particles (SM) is the most successful theory that describes
the elementary block of the universe, quantum particles, and their interactions. However this
Quantum Field Theory is incomplete, there are numerous aspects that we don’t understand yet
and the SM does not provide a satisfactory explanation, some of these questions are; stability of
the vacuum, disparity in fermion masses, why three fermion generations?, why are more particles
than antiparticles in the universe, can we unify the interactions as we did with the electroweak
theory?, how can we include gravity as a renormalizable theory?, what are the masses of neutrino?,
are neutrinos a Dirac or Majorana fermions?, what dark matter is made of?, and the list goes on.
These questions motivate a whole area in fundamental research known as the physics beyond the
standard model, and inspired most of the time by symmetries, as Weinberg [14] and Higgs [15],[16]
did for building the SM and explain the weak bosons masses, respectively. Thus usually SM is

expanded incorporating new symmetries and particles to answer these questions.

For answering the question of what dark matter is, there have been proposed many models and
candidates. If we focus our attention on Wimp models we will notice that spin-1 candidates have
been avoided in some compilations studies [I7]. To bring back the stolen honor of vector candidates
some models have been studied [18],[19],[20]. This time we focus our attention on a model in which
gauge spin-1 particle is the dark matter candidate. We work within the FPVDM [21] framework
in which the connection between the dark and standard sectors, is carried out through fermions,
which separates processes such as the direct detection of the relic density, avoiding the tension
caused by the classic Higgs-portal (Figure , a product of the experimental restrictions in which

the coupling constant for DM must be large enough to achieve the relic density observed today.
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Figure 1.1: Standard Higgs-portal generic diagrams for relic density and Direct detection Processes.

We organized this Theses in the following way. Chapter 2 gives a very short review of the standard
model of particle physics, which is the base for incorporate the dark matter as a fundamental
particle, Chapter 3 covers the main aspects of a wimp dark matter that are used in this work, in
Chapter 4 we develop the models and provides the phenomenology results, finally we summarize

our the early conclusions and the future work in Chapter 5.



Chapter 2

Standard Model in a Nutshell

The most successful theory of physics, " The Standard Model of Particle Physics”, is a quantum
field theory, so the objects that appear in the equations are mathematical abstract objects that
fill all the space which excitations are that we call particlesﬂ But these fields are Quantum fields,
in the framework of second quantization, i.e., the states are in a Fock Space, such that they act
on the particle states creating and annihilating particles and antiparticles. These quantum fields
obey a commutation or anticonmutation relation that tells us if they have a bosonic or fermionic
statistic respectively, due to the spin-statistic theorem that relates to the spin of the particles. In
particular for the standard model we have: spin-0, the Higgs boson; spin-1/2; all the fermions; and

spin-1 all the gauge bosons which mediates the fundamental interactions.

Standard model is constructed as a gauge theory SU(3)c x SU(2)r x U(1)y. These are tensor
products of group symmetries, they are important, because are the pillar on which field theories
are built. They are symmetries in the sense that fields transform under them (when they do not
transform we say that the field is a singlet of the symmetry group), for example, right-handed
electrons transform as ep — e 79 %@ep under U(1)y, and when all the transformed fields are put
back into the Lagrangian this remains invariant. Let’s take a moment to talk a little about each
symmetry; SU(3)¢ is the color group symmetry that acts only on quarks and is responsible for the
strong interaction, the gluon G, is the mediator. SU(2)y, is the weak, isospin or flavor symmetry
that acts in all fermions but only on the left-handed part, therefore the standard model is a chiral
theory, which distinguishes between the right and left part of fermion fields, this interaction is
responsible for change the flavor of fermions allowing phenomena such as £ decay, Wj and Z,,.
Finally, U(1)y is the hypercharge group symmetry and their mediator is B,,. Unlike the other two

symmetries, the last one is Abelian, so B,, does not have a self-interaction, this gauge symmetry is

'In the most rigorous and mathematical sense they are an irreducible, unitary representation of the Poincaré
Group.



something like that ”precursor” of electromagnetism U (1) gy, that will appear when the electroweak
SU(2), x U(1) symmetry is broken by the Higgs boson, in fact, photon A, and Z, boson are
linear combinations of B, and Wﬁ’ Although the B, boson is not a physical field, hypercharge is

necessary for writing the lagrangian with the gauge symmetry unbroken.

We can enounce now the standard model lagrangian, which will be the first ingredient of any

Dark Matter particle model:

1 a apv 1 v 1 a auv
ACSM - _ZWNVW e ZB/WBM — ZGHVG H
3

+ Z W(LDLy + LpIPlg) + Z QiDQi + Z arPqr

l=e,v,T i=1 g=all quarks (21)
+ |D H* + p*H H — \(HTH)?

3
— Z ylElHlR_ZQi (yfiiaquiR—i— Z yfquéR) + h.c.

l=e,v,T i=1 7=12,3

Where W5, = 0,W¢ — 9,W§ + ge?™ W, W is the strength tensor of the isospin bosons W =
{W+, w3, W-}. Similarly B, = 9,B, — 9,B, and G%, = 9,G% — 0,G%, + g, gfgf(g)GgGg are the

strength tensor for hypercharge boson B, and gluons G, (a =1,2,...,8 are color indices). L; =

v,
( ll> is the left lepton doublet, where [ = e, u, 7 are the electron, muon, and tau, respectively. The
L

Qg
is the left quark doublet, where ¢ = 1,2, 3 is the generation, every generation or family is heavier

i
last two charger leptons are "heavier electrons”, only differ in mass, and are unstable. ); = (qq,‘)
L

than the previous one, explicitly ¢! =u, ¢2 = ¢, ¢¢ =t, ¢} = d, ¢ = s and ¢ = b are up, charm,
top, down, strange and bottom quarks, respectively. Due to weak interactions right and left-handed

fermions are not equal they have different quantum numbers because right fields are singlets of
+
SU(2)p. Finally H = zo> is the scalar Higgs field. The particles and their symmetries are

summarized in table 2.
The full covariant derivative is the following:
. A a . Ti + 31173 - !
D,=9,— zgngu —ig EWH +T°W; ) —ig'Y B, (2.2)

Where g5, g and ¢’ is the strong, SU(2);, and U(1)y coupling constant respectively. A* are the



0 2\0 -1
the SU(2), generators. Finally Y is the hyper charge, the generator of U(1)y.

0 1 00 1 0
Gell-Mann matrices, generators of SU(3)¢; TF = (0 >’T - (1 0) and T = 5 (O ) e

Field SUB)e | SUR). | UMy | U e
W 1
W, =W} 1 3 0 0
W, -1
B, 1 1 0 0
G, 8 1 0 0
L = (”’) d=e, u,7T 1 2 —1/2 0
1), -1
ZR = €R, UR, TR 1 1 -1 -1
WS 2/3
Qi = (qé),z_1,2,3 3 2 1/6 Iy
UR,CR,tR 2/3 2/3
9r = dR,SR,bR 3 1 —1//3 —1//3
H= (¢+) 1 2 1/2 L
= ¢0 0

Table 2.1: Standard model fields and their symmetries, The bold numbers indicate if the field
is an n-plet of the symmetry (1 means that the field is a singlet and does not transform under
such symmetry). For U(1)y and U(1)gy we indicate the hypercharge and the electric charge,
respectively.

As we mention before, the Higgs boson breaks the SU(2), x U(1)y symmetry acquiring a
non-zero vacuum expectation value, (H)

B 0
= o/

acquire mass, via Yukawa interactions fermion-Higgs-fermion and Higgs kinetic terms, respectively.

) , this allows fermions and gauge weak bosons to

Let’s take a moment to develop this form of acquired mass via Symmetry breaking.

2.1 The Higgs Mechanisims

At some point in the, the SU(2); symmetry was broken, since the expectation value of the Higgs

field "moved” from the zero value, Figure 2.1} In the unitary gauge, we can write:

0
(0 ) v



Figure 2.1: Phase transition of the Higgs potential.

in this way, massive terms for the gauge bosons in the Higgs kinetic term:

/

/
(D, H) D"H = (9,H — igT*W? — i%BH)T(a“ — igT W — z’%B")H
g2'U2 92'[)2 - gl2U2 ) gg/ 5 (24)
IV pypwy—n 4 90 B?-%p
> S W W S (W) 4 S () - S

we see that all bosons have a massive term, but W? B have a mixed massive term because they are

not physical fields, we come back to this fact in the next section.

Now fermions acquire mas from the Yukawa term, let’s do an example with the electron:

yeL.Hep = %eLeR + %eLheR (2.5)
We can identify the first term as a massive term. This is analogous for all SM fermions, with the
exception of neutrinos, in the standard model they do not have mass, due to neutrino oscillations
we know that they must have a tiny mass, however, we are not sure how is this massive term, this
can be a Dirac term as all the standard model fermions, but the Yukawa coupling would be too
small,y, < 107! in comparison with the others fermions. The neutrino is the only SM particle
that can be a Majorana fermion, i.e., neutrino can be its own antiparticle under charge conjugation,
this allows processes such as the Neutrinoless double beta decay, which has not been observed yet.
Thus in principle neutrinos can have a Majorana mass term, for example %M vervr, where because
the mass of Majorana is very large as a consequence the neutrinos will have a very small mass, like
a kind of seesaw, and hence the name. In this work, we have a seesaw mechanism for neutrinos in

the second model, but they still remain Dirac fermions (see section [£.3).

2.2 Non-Diagonal Fields

There are three interesting phenomena that are important to mention. First, there is an unbroken

symmetry U(1)gys the electromagnetism and the conserved quantum number is the electric charge



Q = T2 +Y. Second, when the symmetry breaks WE and B, mix, so when we diagonalize we find

the mass eigenstates, they are:

Z, = Wj cos Oy — B, sin Oy

(2.6)
A, = Wi sin Oy, + B, cos Oy

Where 6y, is the Weinberg angle. And third, quarks interact between families as we can observe
from de K~ — p v, where the kaon is a bound state of % and s quarks, this interaction can be
understood as a non-diagonal quark mass matrix. If we work in the base where u-like quarks are
diagonal, then we must diagonalize the d-like quark mass matrix, the eigenstates are:
qu :Vi;(JéL

. ‘ (2.7)
qu :Ajqum

Where V and A diagonalize the product MMT and MTM respectively. V is also known as the
Cabibbo-Kobayashi-Maskawa matrix, since this matrix is unitary, this only change the charged
currents \%(%LW+W§; + cf’ilLVi}W_qiL), neutral currents remains unchanged, because ¢4, q4; =
¢4 ¢ (the same is true for right-handed quarks). This mathematical structure is similar in
neutrino oscillation, although this is beyond SM physics, we will use this for the two generations
NPVDM model. Neutrinos exhibit a similar behavior, interaction (or flavors) estates are not mass

eigenstates, therefore we use the Pontecorvo-Maki—Nakagawa—Sakat matrix to relate the states:

C12C13 $12€13 S1ze” 0P
. .. is 20,
Upmns = | —512¢93 — €1250J23513€"°CF  C12Ca3 — S12823513€"°CF S23C13 (2.8)
i i
$12523 — C12C23513€"°CF —C12523 — S12C23513€"°°F C23C13

Where ¢;; = cos0;; and s;; = sin0;; with 6,; mixing angles between v; and v; states and dcp is the

CP violation phase.



Chapter 3

Dark Matter

Dark Matter is the name of a gravitational phenomena that is observed in the universe. In 1930
Fritz Zwicky [22] was studying the coma cluster, he observed that the orbital speed of these galaxies
moves faster than expected to keep the cluster gravitationally bound. To not contradict Newton’s
law of universal gravitation, Zwicky proposed that there should be some kind of substance or object
that does not emit light to hold the cluster together gravitationally, he called it " Dunkle Materie”
or Dark Matter in English. Unfortunately, no one took this idea seriously, but about 40 years later
Vera Rubin and Kent Ford [23] observed the motion of stars in the Andromeda galaxy and found
that the orbital speed remains almost constant when we move away from the galactic center, in
contrast of what we expected from Newtonian gravity, where the speed of stars would decrease as
we move away from the galaxy center. Without additional mass, these stars should have escaped
the gravitational pull of the galaxy a long time ago. Again an additional invisible matter can
explain the phenomena, Figure |3.1| shows the 21 Sc rotation curves measured by Rubin, Ford, and

Thonnard [24].
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Figure 3.1: Rotation curves of spiral galaxies. Most galaxies show a flattening of the circular
velocity at large radial distances.

This is only the beginning of history, today we know that we need this additional matter to
explain many aspects of the universe, for making a short compilation, we can mention the Bullet
cluster, two galaxy clusters that collided in the past, and the gas mix giving zones where the visible
matter accumulates, but we can observe gravitational lenses in zones were we can see the visible
matter, other evidence is the large-scale simulations of the universe where we need additional
matter to explain why the universe is not so diluted and we can also observe evidence in the CMB

from the baryon acoustic oscillations (BAO).

To explain what dark matter is, there are numerous kinds of candidates, and not all of them
assume that dark matter is a fundamental particle, as the modified gravity, for name some of them:
Fuzzy dark matter, Axions, Sterile Neutrino, Primordial Black Holes, Extra Dimensions, SIMPS,
M.A.C.H.O.s, WIMPs, etc.

Today we know by simulations that DM (if is a particle) must be cold, i.e., a nonrelativistic
particle, or at least warm, so what are we looking for is Cold Dark Matter (CDM), obviously Hot
dark matter, as neutrinos, can contribute to the total amount of DM, but cold dark matter must

be the dominant.

The rest of this Chapter is dedicated to some properties of WIMP (weakly interacting massive
particles), the most popular DM candidate and declining in popularity in recent years. This kind
of candidate assumes that DM is heavy, then nonrelativistic, and interacts very little with ordinary
matter. WIMPs are of our interest because the models studied in this thesis are WIMPS models.



3.1 Relic Density

WIMPs candidates come with a proposal for the origin of dark matter, The following is the
thermal assumption: In the early universe most of the particles were in thermal equilibrium. That
means that creates and annihilates all kinds of particles and the temperature and energy were
so high that there was no room for bound states such as atoms to exist. Then is reasonable to
assume that WIMPs particles also were in equilibrium with this primordial soup, so unlike today
reactions of creation and annihilation of DM were the daily bread at that time, but nothing is
forever, the expansion of the universe separated the particles from the primordial soup, lowering
the temperature and decreasing the energy available for interactions, therefore departures from
the thermal equilibrium begin to occur. The first to decouple are heavy particles then increasingly
lighter particles follow until neutrino decoupling, then Bing Bang Nucleosynthesis takes place
creating the first lighter atoms and finally, photons decouple being the last to decouple, those that
form what we know today as the Cosmic Microwave Background (CMB] Fig shows a brief

resume of the early history of our universe.

LA further discussion of the early universe can be found in [I} [13]

10



Event time t  redshift z temperature T

Singularity 0 oo oo
Quantum gravity ~ 10 g ~ 10'8 GeV
Inflation > 10"y

Baryogenesis < 20ps > 1018 > 100 GeV
EW phase transition 20 ps 10 100 GeV
QQCD phase transition 20 ps 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling 1s 6 x 107 1 MeV
Electron-positron annihilation 6s 2 % 107 500 keV
Big Bang nucleosynthesis 3 min 4% 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75eV
Recombination 260-380kyr  1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr 1100 0.26 eV
Reionization 100400 Myr 10-30 2.6-T.0meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

Figure 3.2: Brief timetable of the thermal history of the universe, taken from Chapter 3 of [I]

WIMPs also have to decouple from the thermal bath, since they have a weak coupling (not
necessary the weak coupling of SU(2).) as the universe cools there is a lower probability of
interacting with dark matter, causing that the annihilations freeze out, and the number of DM in
a commoving volume freezes in giving a constant "relic” density of dark matter that is observed
today.

We can calculate when the decouple occurs and how much dark matter we going to observe

today using the Boltzmann equation:

Lif = i) (3.1)

Where L is the Liuville operator, C' is the collision operator, and f is the phase space density of a

p (3( ]: pr ; — é ; (3-2)
vp. aplt

11



Where I is the affine connection that contains all the effects of gravity. For the FRW model,
the universe is homogeneous and isotropic, so there is no preferred direction, which implies that
f = f(E,t), therefore:

(E@— 0 0y 8)f o] (33)

Recall that non-zero terms of the affine connection are:

i g7
I =3 (Okgij + Ojqu — Oigji.)

R
F?j =- Egij (3.4)
7 R 1
FO] _Eéj
Using that g;;p'p’ = —|p|* and R/R = H, the Boltzmann equation is:
e 1]
<8t H = 5E f= = (3.5)

Now we going to use that number density is:

) =g [ %f(ﬂ 0 (3.6)

With g the internal (or spin) degrees of freedom. Adding the integral:

dQdp |p|* 0 dQdp C|f]
— Hyg = —_— .
/ ¥ E OF g/ @2r)p E (3:7)
Using 2+ af — T{I% and integrating by parts we obtain for the second term in lhs:
dQdp |p|* /dep ﬁ
—H H =3H :
g/(%)gEaE =3Hyg ok *f = 3Hn (3.8)
Therefore we have: .
. dQdp C|f]
Hn = —_— )
n+3Hn =g / o)} E (3.9)

Because we are interested in the relic of Dark Matter we want n, being x a generic DM candidate.

For collision operator we going to make some assumptions:

- Consider a 2 to 2 processes for DM annihilation ¥y — Y X, with XY generic non-DM

particles and ¢ can be DM (annihilation) or another particle (co-annihilation).

12



- Consider T or CP invariance, so |M;_ ;|*=|M;_;|?
- Consider a Boltzmann statistics for all species in equilibrium f;(E;) = e~ (Fimr)/

Then our Boltzmann equation takes the following form:
hyﬁHW:—/JMMMMMM%ﬂWW+m~mmeMW&m—&h) (3.10)

Where dII; = (29;‘)1553. Now we going to use that cross-section in the CM for the 15 — kl process is:

IMJ?(2m) 6 (px + py — Py — Py) (3.11)

Uz’j

_ 1 / ad’pr  gid’p
QEZQEJ"UZ‘J' (27T)32Ek (27T)32El

Therefore:

_ d3p d*py Ppy  dPpx
My 4 3Hny = — /gx (%)ngw(zT)gfxwaxwvw + /gngxmfxfyﬂxyvxy (3.12)

These terms are very similar to an ensemble average, so we can write:
iy + 3Hny, = —({ov), Ny — (0V) xy nxTY) (3.13)

This is a generic differential equation for the DM density in the universe. Let us perform a particular
case for a better understanding. Suppose that the process is yy — XX Since the final particles
are in equilibrium with the thermal bath they will have the same phase-space distribution function
when DM was in equilibrium, so fx fg = f?f¢". If there is no DM particle-antiparticle asymmetry
then:

(ov)xxnxng = (ov), n2, (3.14)

So the Boltzmann equation takes the form
ity 4+ 3Hn, = — (ov) (n} —n2,) (3.15)

Now the DM number density decreases naturally with the universe expansion so to understand the
effect of the decreasing due to the decoupling is useful to rescale the DM number density using the

entropy per commoving volume s:

Yy =X (3.16)

2This becomes exact for for a non-relativistic species in the limit (m; — p;)T > 1.
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Using that the total entropy S = R3s = constant, we have

~.
I

(3.17)

w |3 <n||3 w |3
|
03[\_}'3
Sl
TN
@
~—

So:
Y = —s{ov) (Y2 —Y2) (3.18)

We usually rescale the time variable with = %*. During the radiation-dominated epoch, the

relation between variables was:

t = 0.301g, /220 2 (3.19)
mX

Where g« = 3 _posons Gi(Ti/ TV HT/8 37 termions 9i(Ti/T)* is the total number of effectively massless
degrees of freedom (spin degrees) for m; < T and m, = 1.2211 x 10'?[GeV] is the Planck mass,

for further details see [13]. So with these considerations our equation finally becomes:

vy .
Yyt 0.301™ 0 () (V2 — V)
dx dx My q
oy . " (3.20)
% = H(m) <UU> (Y - Y:eq>

This equation describes the Freeze Out DM production Mechanisms, at some point z; the
annihilation freeze out and the dark matter density departure from the equilibrium leaving a
constant relic density that is observed today by satellites as PLANCK [25]. Fig [3.3| shows the

behavior of dark matter density.
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Figure 3.3: illustration of the DM number density Y as a function of x. xy is the point where DM
decouples. Image taken from [2].

Solving numerically the Boltzmann equation we can obtain Yioq4ay = Yo, with this quantity we
can calculate the number density n,o = s¢Yy, the mass density py = m, Yy, and the quantity of
interest for this work, the dimensionless density €2, = p/p., where p, = % is the critical density of
the universe with Hy and G the Hubble constant and gravitational constant respectively. Due to the
lack of precise knowledge of Hy usually we hide our ignorance using Hy = 100h[kms~'Mpc~1] so the
quantity that we really calculate is Qh2, and the value measure by PLANCK is QA2 = 0.12 £ 0.001,

therefore our dark matter model should reproduce this number.

3.2 Direct Detection

If Dark Matter is a WIMP particle, means that interacts with the standard model with an interaction
additional to the gravitational one. If this is the case, can we measure the scattering between dark

matter and some standard-model particles?

The physics community has built numerous experiments to hunt down dark matter and measure
the energy transmitted from dark matter to an atomic nucleus, some of them are XENON, LUX,
Panda, PICO, etc. We can estimate the total DM number N that can we detect as the product of

DM flux, the effective area of the target, and the exposure time of the experiment:

15



N = JtewpAess (3.21)

We can use that flux is J = nw, i.e., the dark matter number density n times the DM velocity v in
the lab frame and the effective area A, = Npo as the product of the number of target particles
N7 in the experiment and the interaction cross section o between DM and the target, this last one
depend of the specific model. So

N = nytem,y Nrvo (3.22)

To determine the DM spectrum recoil we can simply take de derivative to N:

dN do

—— =N tewy NpU—— 3.23

dEn e T 0B, (3.23)
Obviously, not all DM particles have the same velocity, so we will have to take an average considering

a speed distribution function f(v):

dN Vese do
E = nxteprT/ dgvf(U>Um (324)

Umin
Is useful to rewrite some parameters, n, = fr’L—i with p the local (in our region of the Milky Way)
mass density of DM (this depend of the astrophysics distribution profile), Ny = %—; where M7 is
the total target mass of the experiment and my the nucleus mass, finally we note that N increase
if we increase t.,, because there is more time for DM interact with a nucleus and something similar
occur if we increase Mr, due to there are more targets to interact, we going to join this phenomenon

in a single parameter called the exposure € = t.,, M, with these considerations we obtain:

dN £o vese o do
= d 2
TP emNmX / vf(v)v TP (3.25)

Umin
Now the number of observable events per unit target mass per unit time or the event rate is

defined as N/e, so the differential event rate is:

dR 00 /“”C 3 do
— d 3.26
dEr  mym, vf(v)y ( )

Considering the scattering with the nucleus is coherently, thus the nucleus moves as a whole, and

the differential cross section can be written as:

do mpy
1B~ 5o (06 Fsr + 05" Fép) (3.27)
My MN

Where my is the nucleus mass, yu = is the reduced mass between the nucleus and DM,

my+mpy
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SI1,SD .. . .
o are the spin-independent and spin-dependent cross sections at zero momentum transfer and

Fgsr sp are the respective form factors, which encode the dependence on the momentum transfer
g = vV2mnyER and the nuclear structure. In the rest of this section we will care about 069 I’SD,
although factors like f(v) or F' are important for the calculation of the event rate, the part of the
equation that is model dependent is oy, here is the particle physics input. Now let’s talk about

some important things about the cross-section.

Spin-Independent contribution arises from scalar gg and vector gy*q coupling in the effective
lagrangian with DM and quarks, while Spin-Dependent arises from Axial-Vector coupling gv*q.

The effective lagrangian for vector DM can be written asﬂ:
— * — * 7 — v vpo *<—> —
LY = XX + oy X 0y X0y q + 0 €77 X 00 X 1o 54 (3.28)

For Spin-Independent the cross section takes the form:

ST _ 4‘/“L2 D n\2
00,scalar — (Zf + (A - Z)f ) (329)

7r

fP and f" are the effective coupling to dark matter to protons and neutrons (see [2]), since
usually they are similar (f? ~ f") it is said that o5 oc A% For Vector contribution only valence
quarks contribute [27]:

12
Toector = 5~ (200 + ) Z + (207 +a})(A = 2))’ (3.30)

With a} ; the coupling of DM-u, d in the effective lagrangian.

For Spin-Dependent contribution, the cross-section can be written as [2§]

2

3212
o3P = 3—::J(J+ 1)

Doy

q

(3.31)

Where )\f]V is the constant that relates spin matrix elements to the angular momentum of nucleus
(N1 @59 |N) = 2AY (N| Jy [N) and J is the total nuclear spin. Following [27] A} can be written
as: .

o BRIS) + A (S0)
¢ J

Where (S,.,) are the expectation values of the proton and neutron spins within the nucleus, and

(3.32)

(1] @vu5q 1) = 25, A% [26], @ = p, n, with s, the nucleon spin. Using a,, = af AP we can

q:u7d’s

3An operator of the form (x,x; — X};X»)Go""q is also considered in [26].
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write:
55D _ 32 ,(J+1)

= — > —(a, (Sp) + an (Sn))? 3.33
5P = i ({5, + an (50) (3.33)
Since the direct detection experiments use different targets, a more ”"universal” quantity is more
useful to impose constraints on DM models. So we will use 0, ,, the WIMP-nucleon cross-section.

Following [29] and the notation of [3(], they are defined as:

142 Cp
p C

Here, p,, are the reduced mass of DM-proton and DM-neutron, respectively. C' is the

(3.34)

Opn =0

enhancement factor. For spin-independent, this is:

2aY +a))Z + ((2a) +a))(A - Z))?

Csr = (f[oZ + fn(A—2))* + 556 (3.35)
And for spin dependentﬁ:
Coo =T 0,08) + a5 (3.36)

And C,,,, are the enhancement factor for a single proton or neutron, e.g., for proton spin-dependent
cross section this would be C5P = 3a2/2, where (S,,,) = 5 and J = 1/2 for the proton.

As we mentioned before o, n are the important quantities for particle physics models, due to
the restrictions imposed by the experiments in terms of these nucleon cross sections. Figure 3.4

shows some results of the direct detection experiments taken from [3] 4, [5]

4There is a well motivated alternative extracting method presented in [30].

18



[0 1 o sensitivity 2 o sensitivity

o~ —43
g 10
" — T —— e =
10 I ab
—44
3 g 107 F
T E o E
a o—
z : 3 10745
© Lol @ i
g i 102 [} |
S 10% WIMP mass [GeV/c?] I
B 3 © 10746 | 5
T o " B
E i \,U’“lo\_h 3 b
= 46 | - 3
= 107F 5 10747 F
: 7 i
= D-' -
109, Ll . EIO_48 i L il
10" 102 103 = 10 102
WIMP mass [GeV/c?]
(a)
10736 =
—37 &
o~ 10 E
g 9,
. 107 8%
8% ©
[} =]
g 10—39 g
IS 3
& &
0
o, 1o~ a9
E §

1074

10—42|||| n ool L oo vl
10! 107 10°

WIMP mass [GeV/c?] WIMP mass [GeV/c?]

() (d)

Figure 3.4: Direct Detection Limits for spin-dependent (¢ and d) and independent (a and b)
WIMP-nucleon cross-section from XENONIT[3, 4], XENONnT[5], XENON100[6] LUX[7, §],
PandaX-11[9, [10] and PICO-60[L1].

3.3 Indirect Detection

If dark matter is a WIMP particle implies that it can be annihilated, however, as we already
mentioned in section to keep constant the relic abundance dark matter can not be annihilated
due to the freeze out. This is almost true for a WIMP candidate, but in sufficiently dense regions,
dark matter has enough energy to annihilate into photons, regions like the galactic center. For this
annihilation, a direct process DM to gamma rays is not necessary, because many particles could

emit photons as sub-products. If we consider all these channels, then the annihilation rate per
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particle is

Z Ny (030) (3.37)

Now we can obtain the total rate in a volume dV = [*dldw by a multiplication of the number

density in the volume:
1
3 > ny (o) ny PdldS) (3.38)

A factor of two is put in the equation to avoid double counting of annihilation events. We can
calculate the number of photons observed, per unit of time, per area, and energy that comes from

the volume V| in the following way:

~,0bs dN 9
21241dS) .
dE dAdt /AQ /l . 47rl2 2 < v) dE, X (3:39)

Where dN;/dE, is the spectrum of gamma rays produced per annihilation, the number of photons
at a given energy E, produced in the ith annihilation channel, note that this is the photon flux
observed, so if we assume that gamma rays produce in all directions, then the number of photons
we observe is a fraction of the total diluted by the area of a sphere of radius /, hence the 4mi? factor.

We can reorganize this equation by rewriting the number density n = p, /m,:

dd 1

- = 2dldQ 4
dr, ST Z, m2 dE (3.40)

JAQ los

particle physws input astrophysms input

separating the part that depends on particle physics, the one of our interest, from astrophysics,
also called the J-factor. Just to provide context the astrophysics part contains uncertainties due to
we do not know for certain how the dark matter profile near the galactic center, Figure shows

some famous density profiles.
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Figure 3.5: DM density profiles, image taken form [12], more details about the profiles also in this
article.

As we mentioned before, we are interested in testing our specific model, and for that reason we

(o5v) dN;
m2 dE.’

model particles which produce photons after DM annihilates to these particles. This part is well
studied and we can find codes for the specific spectrum in [12] (and also J-factors), Figure

shows some spectrum as a function of the energy taken from the same study.

are interested in the particle physics input, but the photon spectrum depends on standard

Y primary spectra 7y primary spectra DM annihilation channel
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Figure 3.6: Spectra of photons for various DM annihilation channels.

Then the quantity of our interest, which depends exclusively on our model is (ov), we already

have upper limits to the sensibility of experiments, we will use the CTA projected limits [31] and
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H.E.S.S. limits [32], depicted in Figure
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Figure 3.7: DM annihilation signal for channels W*+W~, 7%,7~ and bb. (a) Shows Expected
sensitivity of CTA. (b),(c) and (d) show the upper Limits of HESS.

22



Chapter 4

Neutrino Portal for Vector Dark Matter
Model

4.1 FPVDM Framework

The Fermion Portal Vector Dark MatterE] (FPVDM) model is built in the following way. First, we
consider that our dark matter particle has spin-1, which corresponds to a gauge field. So we going
to add a new local gauge symmetry for which our field is the gauge boson, this means, there is a
group of transformations under our field transform and the Lagrangian is invariant, thus we choose
a group for these transformations, let’s choose the minimal non-Abelian common group for that,
SU(2)p group. We are adding a new Symmetry to the standard model in which all the Standard
model fields are singlets under SU(2)p and this new field is a singlet of all the standard model

symmetries. This vector field is now a triplet of the new group and can be represented as:
V,=1V0 (4.1)

This particle needs to be massive for being a dark matter candidate but is a gauge field and a
massive term is not allowed because violates the gauge symmetries, so we need to break with the

help of a new scalar field that is going to be a doublet of SU(2)p and will acquire a v.e.v:

[ P12 B 0
o) - <¢_1/2> (@) = (UD / ﬁ) (12)

Tn this section we construct only the general parts that we need of the model, other aspects like gauge U(1)p
field, vector, and scalar mix can be found in detail in the original article [21].
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Now if we couple through the covariant derivative D, = 0, — igp <\/L§ V;ETE)E + VMOTE’)> where

0 1 00 1{1 0
Th = T = TR == .

When the symmetry breaks, all fields in V,, will have a mass of My = B2,

The particle needs to interact in some way with the standard model and in this kind of model
the connection is made by an SM fermion which we call £ (can be any quark or lepton of SM),

but for connecting the sectors we going to need the key ingredient, a new fermion:

[
U= <w2> (4.3)

This is a vector-like fermion, so the left and right-handed parts transform in the same way.
These additional fields also form a doublet of SU(2)p and thus can interact with V,, through
covariant derivatives and to connect with the SM sector the doublet of VL-fermions couples to a
SM field f5M through a Yukawa term —y'U®p fa™ + h.c.

With all of these things in mind, we can construct the dark lagrangian density, which at the
moment has the following form:

Lp=—=(V&L)?+T(ip — My)¥ +|D,Pp|* + 12000 — Ap(®L,0p)2 — UL Bp faM + hoc. (4.4)

1
4

Where Vi, = 0,V = 9,V + gDe“bCVMbVVC.

4.1.1 Z, Symmetry, Stability and Dark Charge

If we pay attention to the interaction between VL-fermions and bosons and then expand the term:

iU (—igpy"V,) U = %D(@Elv% — Vs + V2V s + V2V ) (4.5)

We'll notice that the vector is unstable, it can decay to 1 and 1, and this is not too good for a
dark matter candidate. But we can make the fermion heavier and kinematically V,, can’t decay.
Ok, this is not bad, because V, is a WIMP and must have a mass greater than 1GeV and if we
put a VL-fermion mass of My > 5GeV the decay can’t occur. However vy interact with fM,
which can have a mass of a few GeV and is possible that ¥, — f°™. This makes V' irremediably

unstable so this particle can not be dark matter, but we can place our hopes in V* because it
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couples only to one v, and if we take My, > My there would be no problem. This is fine, but we
need to be consistent in our Lagrangian, usually, the Lagrangian is constructed by proposing a
symmetry and then adding all terms that are invariant under that symmetry and are renormalizable
(if we don’t want an effective theory) or just the terms that make the theory minimal, but in our
case, there are no reason for not include another Yukawa term that takes the top particle of the
VL-fermion doublet 4"V ico®p fa*, This term will cause that 1, — £ making all the vector
particles unstable. To fix that problem we can impose an additional symmetry, Z,, in which the

fields transform in the following way:
Yy = =1y Yo = bay @1 = —P12 P12 = Po12; Vui — —Vf; VHO — V,?- (4.6)

In summary, the top components of the doublet acquire a minus sing, so we call them "odd” and the
bottom component does not change, we call them ”even”, for the triplet only the middle component
remains unchanged and the other two acquire a minus sing. The rest of the SM particles don’t
change under this transformation. In this way the 3" W ioce®p foM is forbidden and Z, give stability
to the model.

The problem is that the multiples do not transform in the same way, i.e., there is another broken
symmetry, which once broken causes this strange parity of these fields. So we going to expand
our symmetry to SU(2)p x U(1)y,,, this is analogous to the electroweak model with the difference
that the g in U (1)% make explicit that the transformation is global preventing another massless
gauge dark particle. So when ®p breaks SU(2)p x U(1)y, there will be a conserved symmetry
U(1), : €9p% where Qp = T3 + Yp is the dark charge, in analogy with electromagnetism this
charge must be conserved in every process and this makes more explicit the notation of V), the
super indices refer tho their dark charge. Now the Z, : (—1)9? and is a subgroup of U(1)%, where
6 = 7, so all even fields have Qp = 0 and odd fields QQp # 0. Table summarizes the fields and

their symmetries.

4.1.2 Scalar Sector

In the scalar potential a scalar mixing renormalizable term is allowed by the symmetry A,,;. (<I>TD<I> p)(H'H),
but we want to study the phenomenology of the fermion portal, so we going to choose A,,;, = 0,
this election will allow us to eliminate a free parameter in the space parameter of the model and
the scalar will not mix at tree leve]ﬂ (A general scalar mixing between the Higgs field and the new

scalar is developed in [21]).

2the fermions that couples to both scalars will make appear the scalar mixing at one-loop level but this interaction
will be suppressed in comparison with a tree-level one.
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Fields SU(2)L U(l)y SU(Q)D U(l)%D ZQ
_f P12 -
dp = 1 0 2 1/2

N (%0—1/2) / +
V/j —
Vi=1 V) 1 0 3 0 +
VM_ —

sM _ Qurs VIR 2/3, 0
= 1 1 0 +

R ddR, lr —1/3> —1
_ (" —
\I/D = (ZZJQ 1 YflgM 2 1/2 +

Table 4.1: Fields in the dark lagrangian and their symmetries.

Without scalar-mixing the dark scalar potential and the Higgs potential acquire an independent

v.e.v. when the symmetry breaks. For the dark Scalar, this is:

15 Ap

V(®p) = =005 + Ap(D5,85)? = V(®p)min = —71@7 + Tv;g (4.7)
Minimizing the potential:
% = —usvp + Apvh =0 (4.8)
Since v # 0:
M2
ph = Apvp = % (4.9)
2 2
Using from the vector mass that vp = % we can rewrite A\p = %.

4.2 Neutrino Portal Vector Dark Matter With One WV

Generation

In the minimal scenario for the Neutrino Portal Vector Dark Matter model we connect the
VL-fermions to only one generation and don’t care about neutrino oscillations, however, we need to

consider that neutrino has a tiny mass. The lagrangian is as follows

L= Loy — (VL) + TP — My)¥ + |D,Pp|? + 13 — Ap (0L 0p)?

. - - (4.10)
—|—’ZI7R(3VR - yVLZO'QHI/R — y/\I/L(I)DVR -+ h.c.
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We are forced to include the right neutrino to connect both sectors giving mass to a left neutrinoﬁ.
We choose that is the electronic neutrino, which acquires said mas. Table |4.2] summarizes the fields

for this extension model.

[ ¥1/2 -
dp = 1 0 2 1/2
N <<P1/2> / +
Vj —
Vo=1| W 1 0 3 0 +
Vi, —
v
L= ) 2 ~1/2 1 0 |+
€ L
VR 1 O 1 O +
_ ("D o

Table 4.2: Fields in the dark lagrangian and their symmetries.

4.2.1 Fermion Sector

In the fermion sector when the scalars acquire their v.e.v.s, massive terms will arise for fermions, but
due to the new Yukawa interaction 1o = N will mix with v, for that reason we need to diagonalize

the mass matrix to find the mass eigenstates N’ and v/':

/
_[,mf :M\l/(ﬁDTLD‘{‘NN)—F%DLl/R—F%NLVR—F}Z.C. (411)

Notice that np do not mix, and we can rewrite the fields that mix in matrix form:

(EL NL) (i ]\Z) (;Z) = <77L NL) My <;};> (4.12)

2

_ N VR - N a (VR
v Np) ViV M VRV = (v, N'p)M (4.13)
< L L) L R Ng < L L> f N,

cosf; sinb;

—sinfd; cosb;

Where V; = ( > , with ¢ = R, L are rotation matrices that diagonalize the matrices

3Remember that in the standard model neutrinos are Weyl fermions, they do not have mass, but we know from
neutrino oscillations that they must be massive, however, we have neglected the oscillations to study dark matter
phenomenology.
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M f./\/ljc and M}M 7, Vr and V7, respectively. Then

VIM Vi = M4 = (m 0 ) (4.14)

0 my

Solving the eigensystem we find the mass eigenvalues:

1
MmN =] [?ﬁvQ +y'vp +2My F \/ (yov? +y'vp + 2M3)* — 8y2v2M£} (4.15)

And the fields in terms of mass eigenstates (] and N}) and vice-versa are:

,/Z{ B VT vi\ _ [cos O;v; — sin0; N; (4 16)
NZ/ % Nz sin ei]/i + cos H’LN’L .

vi\ _y vi\ [ cosO+sint;N; (4.17)
N; ) AN\ =sinbi] + cos 6;N! '

4.2.2 Parameter Space

If we use the masses as free parameters we can rewrite the other coupling constants as:

” 2_M2 M2_ 2 2 2_M2 2_M2
”y = \/im mN’ v = gp \/(mN o) (Mg mu)’ sin?f, = m; m];f \1/7 sin? 0 — m12v v
Mgv \/ﬁM\pMV M\II my — mg my — m12/
(4.18)

Due to the mass hierarchy My < My < my and the fact that the neutrino mass is very small

m, ~ 1070GeV, sin?#6; less than one. We also note if My = my, we are in the completely

decoupled case where there is no connection between the standard model and the dark sector.
Using the optical theorem, coupling constants can not be much larger than 47, such we have a

restriction for r = %:
Y 4

m TV

y, =V2—r <4r = 1<r<

v V2m,

A similar applies to ¢, neglecting the mass of the neutrino:

(4.19)

Y~ %EN ViZ— 1< dr (4.20)
\%4
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This leads to the in-equation

A7\/2 My,
gp

2
my —ma Mg — M, <0 (4.21)

And give us a more restrictive constrain] for the maximum value of the my, as we can see from

figure The restriction for my is as follows:

1 11 My \ 2
my < Myr| = + /> + — (47v2=—2L (4.22)
2 4 gp

M

We can also invert this relationship for a minimum value of My, calling C' = 47v/2 % we can write:

My > \/ ~UO* i) 4 (O 4 )P+ oy (4.23)

F T T T T T T T T T T T T T T T T T T T ]
1016 f — mNmax from y, il
— mpy™ from y', 2V - 102 Gev |
9D
> I max My 3
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£ 9D
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Figure 4.1: Maximum values for my from unitarity constrains of Yukawa couplings.

Finally, the unitarity of massive gauge bosons imposes a restriction on the mass of the dark

scalar, My, . In analogy with the standard model, where the Higgs boson propagator contributes

4Due to the dependence of the ratio % in the equation, it would be possible to make it more restrictive

than , but we would require a ratio % ~ 103°GeV, this would be outside the mass range of the wimps in the
case where My is very large, and if gp is too small the relic density would be higher than observed.
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to the process W, W, — W} W, fixing the unitarity problem due to the longitudinal polarization
of W boson, in our case dark Higgs have the same mathematical structure interaction Lagrangian
Ly, v than standard model has in Ly, then we have this restriction for the mass of the scalar

from partial wave decomposition:

(4.24)

Then, to have a scalar that can reach 1000 GeV (considering gp ~ 0.5@ we are going to set
My > 100 GeV in the phenomenology simulations.

In summary, we have a 5-dimensional parameter-space {gp, My, My, my, My, } with the

following constraints:

—4m <gp < 4w

—4(C? + m? 4(CZ+m2))? + 16m?
MVA\/ (€t mi) 4 VAT T,

1 My \ 2
+ — (4#\/5—‘/)
dp

1 1
My < < M — —
v <my s My 2+\/4 M\%

32 M2
V243,

My, <

(4.25)

4.2.3 Loop Induced interactions

In this model, Dark Matter does not couple either quarks or photons in the lagrangian, so we can not
calculate direct and indirect cross sections at tree level. These interactions appear due to quantum
corrections, we are considering the first corrections in perturbation theory, the one-loop corrections.
Fortunately, the corrections are already calculated in [21] for the quark top FPVDM model, then
we use those results and carefully modify them for this model. The next sub-sub-sections explain

the loop implementation.

5This value is motivated by relic density, see Figure
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V'V Z Induced Vertex

We implemented a effective interaction between VV+ and Z bosons into the LanHEP [33] code through

the following effective lagrangian:

Lopp =Fpi(0,V, V2" — 9,V V' Zr)
Fys . . R
+ M—Zgz(auvgvﬁ — 9,V V) (1070 z")

+ Fr3i(0aZs — 05 Zo)V TV

— FZ5i6°‘B“p(i8pVa+Vﬁf — iapvﬁ’VaJr)Z#

_ Z—Zgi(eﬂam (iﬁpVaJrVﬁ* — iapvgivj)iﬁﬁiagZu _ MBpo (z'aijV[; _ Z'apVB*Vj)i@ai@UZu)
(4.26)

Where Fy; are form factors (further details in Appendix , which are calculated from loop
diagrams in Figure

v+ v+
I// N/
+ np Z + np Z
N’ V!
V- V-
V+
N/
+ np A
N/
V-

Figure 4.2: Triangle diagrams contribution to VVZ vertex.

Once implemented the effective lagrangian we obtain the effective vertex V% (p, py, q), with

p1, p2 and ¢ the 4-momentum of V", Vi and Zs respectively:
aﬁd_F o 6 _af FQZ . 6, a B F a o8 B da
VP =Fig(pr = p2)’9™ + 35 (01 = p2)°a" 0" + Faz(q9™ = d°9™)
1%

) F;
- ZF5Z€aﬂ“p(p1 - p2)p - @M—%(Gdawqﬂ - Gwpaqa)%(pl - pz)p
Vv

(4.27)
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Kinetic Mixing

At one loop level, Z boson and V° can mix their kinetic terms, thinking of the correction as an

effective theory we can write:

1 2 1 2 72 1
LKM = —Z—LZMV—i-ngZ _Z

1 1
(Vfu)2+§m%,(‘/0)2—EZTVVf,,Z””+§AmQZVZMV“+ngH+j“jOVl? (4.28)

Here A,, = 0,A, — 0, A, for A= Z, VY ezv and Am?%,, are the mixing parameter calculated from
the loops (the values are provided in the Appendix [B|) in Figure , such that, it would be small,

and finally j/ are the fermionic currents connected to the bosons.
N N
VUWV\/\/\QNV\/W A VUM/V\/\AQ\M/VV\/ Z
N v
v v
VU’\/V\A/\/Q\/\/WW Z V”wwv\Qwvw» Z
N v

Figure 4.3: Feynman diagrams that contribute to the kinetic Mixing between V° and Z boson.

Then we can get rid of the mixing term weighted by €7y rotating the states by the following

matrix:
1 ——fzv
V= Visdy (4.29)
therefore:

Z e [ 2
(2) v (2) -

Now is easy to check that this election, which is not unique, eliminates the mixing term between

fields Z and V°, However, the currents are affected for this rotation, such that:

o .
];ZL"— ( ij Jz€zv > V}:O (431)

V1_622V+V1_622V

Besides that there is no kinetic mix between fields, they aren’t eigenstates since they are still

coupled by a non-diagonal mass term, therefore, we must diagonalize the mass matrix:
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2 lA 2
M§V:< Mz 3 mZV) (4.32)

1
§Amzzv mi,
When we rotate the states, this matrix is transformed too:

Amzzv 72mQZe:ZV

21y (4.33)

Am2ZV—2m2ZeZV m%/—AmZVeZV—i-m?Ze%V
— 2 1—e2
2y/1-¢,,

2
my
M2, = (VEMT pp2 KM _

Now we can diagonalize through a rotation with angle 6y
R(0zv)MzyR(9)1 (4.34)
Since the matrix is diagonal, the non-diagonal elements must be zero, then we obtain the value:

2 1A2 2
(ezvmz — 3Amzy )1 — €%y

tan 20y = 2
anszv m%(1 —2e2) —mi + ezy Am%,,

(4.35)

Taking € ~ 0 and the term Amyyezy is a second order term, so we can neglect it too, then

considering that the angle is small:

2 1 2

Oz, ~ 4.36
A% m2Z _ m%/ ( )
Using this angle we can rewrite Am?%,, as
Am%y, = 2mzPegy — 2071 (M3 — m?) (4.37)
And expanding in series of €z 671 at second order the masses are corrected by:
m2
WL = m? (1 L2, (1 - _g'))
my
) (4.38)
. mz
miy = mi (1 + (Ozv — ezv)? ( — —2>>
my

Therefore, the "prime” states in terms of the mass eigenstates are:

VA A 052 + sin O, VO
_Rig) 2 ) = [ 8T Femiavy (4.39)
V/O VO — Sl ezvz -+ cos HZVVD

This, again, modifies the interaction terms with bosons:

33



€Ezv . . sinflzy .
cosfyy + ————sin b P N
[( 2 V1—e? ZV> 1z 1-— 62ZVJVO . (4.40)
coslzy . costzvezv \ | o |
— 2 %+ | sinfyy — —=——== | 4|V
[ =g ( e )
writing the currents as
: -9 - ij ij
= =i (1 = 3,7,
cw (4.41)

b = —igpUir Trst;

With v the fermions that couples to the respective current. Now we can extract these changes
to modify the covariant derivative. We only consider leading order terms, since ezy is small
\/@ ~ 1 and €? ~ 0, also the 8y is small, so sin 8y ~ 05, cos@ ~ 1 and finally €y -sin Oy
is also order two, so we can also neglect this term. Now the full covariant derivative implemented
in our model read as (from now on Z and V° will refer to Z and V°, respectively and the same

applies for the masses):

D : .
D, ~0, — zgngu — ngW/f —1 [%(T?’ — 55,Q) — gDTgHZV] Z, —ieQA,

Ty .
— @gD—D2V:: —1 [gDTg + (ezv - GZv)i(T3 - S%/VQ):| V/?

V2 cw
4.2.4 Relic Density

(4.42)

We implemented this model in LanHEP [33] and used MicrOMEGAs v5.3.41 [34] to calculate the
phenomenology, in this case, the Dark-Matter relic density, i.e., the amount of dark matter density
present in the universe after the decoupling of DM, for this work this will be the density of V*.
First, in order to understand the behavior of the model, we calculate the relic density, by varying
the mass of the WIMP for some values of gp, Figure [4.4] finding that if we want the model to
saturate the relic density, we require 0.5 < gp < 1 for masses about 1 TeV in according to some kind
of weak interaction, then if dark matter is more massive, gp must be bigger. The principal channels
(bigger than 1% involved in the Dark matter annihilation that contributes to the decoupling of the
thermal bath in the early universe are shown in Figure As we can see in Figure channel (a)
is the most important contribution around 90 — 70% depending on the vector mass, then as the
mass of the WIMP increases (b) and (c¢) becomes more important and the (d) channel appears

only when the mass of the vector My, is very close of My.
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Figure 4.4: Relic density vs WIMP mass for different values of gp. The black line shows the
experimental data taken by the Planck satellite, i.e., the total amount of DM in the universe.
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Figure 4.5: Main channels involved in the DM decouple, bigger than 1% of contribution to Qh?.
Gray dots make reference to the effective interactions discussed in the section above.
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Figure 4.6: Left: Relative contribution for channels involved in relic the relic density calculation
(bigger than 0.1%). Right: Total and partial QA? for channels with a contribution bigger than 0.1%
to the total Qh2.

We then calculate the relic density by scanning in different planes of the parameter space
considering the unitarity constraints and around 40,000 points per graph. In each graph, we have
plotted some contour lines in which the value of Qh? remains constant and the dashed contour line
is the value measured by Planck, Qh? = 0.12, This line separates the part of the model that is
excluded because it is overabundant, with the sector that is closest to red being the excluded one.
Some sectors of the plots are very close to blue, these blue sectors are sectors where some channels
become resonant increasing the cross-section, and causing dark matter to annihilate even further,

resulting in a reduction of the relic remaining after the dark matter decouples.
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Figure 4.7: Relic density scan for projections on planes of the 5-dimensional parameter space for
the standard values My = 10® GeV, g =5, my = 1.01 x 10* GeV, My = 10* GeV and My, = 100
GeV. In each graph, two of these parameters are varied leaving the rest fixed. (a), (b), (c), (d),
(6)7 (f)v (g)v (h)7 (1) and (J) shows (MV7gD)a (MvaN)v (MV’ M‘I’)’ (MV?MHD7 (gDva)7 (gDvM‘If)v
(9p: Mu,), (My,my), (My,,my) and (Mg, my) planes, respectively. Black curves represent
lines of constant value of relic density and the dashed one is the mean value measured by the Planck
satellite Qh? = 0.12, points with values bigger than this are excluded for being overabundant. White
zones are forbidden by unitary constrain with the exception of (c¢) where the region My > My
is excluded because the DM candidate is np instead of vector V*, and (h) were mass hierarchy
impose My < my. 37
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4.2.5 Direct Detection

In this model, Dark Matter does not couple either quarks or photons in the lagrangian, so we can not
calculate direct and indirect cross sections at tree level. As we mentioned before, these interactions
arise from quantum corrections. We calculate the signal for spin-dependent and independent
DM-nucleon cross section because does not depend on the nuclei targets of the direct detection
experiments. These signals have two contributions, one from the kinetic mixing and the other from
the triangle-loop. In both cases Z boson is who made the connection with quarks at the particle

level, the Feynman diagrams are depicted in Figure 4.8|

Ve v |6 Vi

Figure 4.8: Feynman diagrams that contribute to the direct detection signature.

We used micrOMEGAs to calculate the cross sections, this software uses a complicated algorithm
explained in detail in [26], which considers the quark content of the nucleons. The results for both
contributions are shown in figure we note that the Kinetic mixing is the dominant process for
spin-independent cross-section, while in spin-dependent they are comparable, they are in the same

order of magnitude.

M5=100 GeV, My=10" GeV, my=1.01x10* GeV, gp=0.5 My5=100 GeV, My=10 GeV, my=1.01x10* GeV

10-53 ) [ e,

10791

o proton, Tri,

10763 - el : t el R e neutron, Tri

to- --::'-"‘---..._‘1 proton, KM

o' [em?)

neutron, KM

10773

200 400 600 800 1000
My [GeV]

Figure 4.9: Contributions from Triangle Loop (Tri)

proton, KM
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107101 -
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and Kinetic Mixing (KM) to the DM-Nucleon

cross-section. The left side shows the contributions for the spin-independent cross section and the

Right side the spin-dependent one
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Due to the fact that our dark matter candidate is, in general, under—abundantlﬂ we follow the

method used in [35] defining a scale factor:

0 if Qh%>0.12
F= (4.43)

= other case

Since an under-abundant candidate means the model does not reproduce all the observed DM in
the universe, this factor represents the probability that the dark matter particle be our vector
candidate, such that

eff
ODM-Nucleon — F- O0DM-Nucleon (444)

Then, the measured quantity would be the effective cross-section ot “which is plotted in
Figures to We observe in Figure [£.10}(a) and (b) that the variation of gp is suppressed
by the F since the relic depends strongly on the value of gp if this coupling is bigger then DM
annihilates more and then becomes under-abundant, lowering the scattering probability. From
Figure [4.10](c) we note that the points that saturate the relic are those that are closer to the My
value and a more promising cross-section is achieved when the masses of the fermions are closer
to the value of the wimp mass, Figure[4.10](e) and (f) tells us that for a bigger cross-section the
masses of My and my must be they should be as far away from each other as possible, this can
be explained by the mixing angles of the fermions, which depends on the masses my and My,
and when these are equal, sinf; (I = R, L) return a zero value decoupling the dark matter from

standard model.

SWe see in the previous section that can be over-abundant, but this point of the parameter space is excluded.
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Figure 4.10: Graphs for spin-independent DM-Nucleon cross-section for different variation of
parameters. Experimental upper limits, taken from [3, 5] are shown for Lux, PandaX-1I, XENONI1T
and XENONNT. Solid lines represent proton cross-section, while dashed ones are for neutrons.
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Figure 4.11: Graphs for spin-dependent DM-proton cross-section for different variation of parameters.
Experimental upper limits, taken from [3], are shown for Lux, PandaX-1I, XENONIT and PICO-60.
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Figure 4.12: Graphs for spin-dependent DM-neutron cross-section for different variation of
parameters. Experimental upper limits, taken from [3], are shown for Lux, PandaX-II, and

XENONI1T.

4.2.6 Indirect Detection

In this section, we present our results for Indirect detection signals. Considering that in regions
dense enough in the universe, DM can annihilate to standard model particles, which then will
produce photons that we would detect. Since particle physics inputﬂ to the photon flux, correspond
to the average cross section times the velocity (ov). Some experiments like H.E.S.S [32] had

"Technically the photon spectrum of the ith-channel, %, also correspond to the particle physics input, but as
Y
it depends on the decays, hadronization and other process, which are non-model dependent we take only take in
consideration the model dependent part expvalowv.
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measured upper limits for the DM annihilation cross section (ocv) (DM DM — SM SM), with
SM SM = {bb}, {77}, {W+W~}, therefore we had calculated these quantities using the combined
power of MicrOMEGAs and CalcHEP [36].

We used MicrOMEGAs to calculate (ov), unfortunately, the main contributions, bigger than 1%
are the process of the kind of dark matter annihilation to non-standard model particles. The main
channels are the same that contribute to the relic density ((a), (b) and (c) from Figure and
channels that go direct to the standard model as VTV~ — ZZ, which is the bigger one, after
neutrinos that do not contribute to the photon flux, its contribution is around ~ 10730 times the
total cross-section. Therefore we have to think of another way to produce SM particles, but the
particles of the main channels mentioned before are unstable, they can decay to SM or non-SM
particles, for that reason we calculated the branching ratios of V° and Hp using calchep. The
calculated quantity is:

(ov) (VTV™ = SM SM) = F* Z (00 non-snt Plonsaiosa (4.45)

1

i

Here, we again use the F factor, defined in the equation [£.43] this time we have two DM
particles in the initial state, hence the square. (ov) <\ are the values calculated by MicrOMEGAs.
Then, the non-SM final states can decay, in the case of V0 this particle can decay in many channels,
so we consider the branching ratio of interest calculated with Calchep, Br(bb), Br(r+7~) and
Br(W*W ™), which depend on My . For the final state V°V? we need to consider that at least one
of these decays to the interest particles, for example, bb, then in this case:

PYVY = 2Br(bb) — Br(bb)>. (4.46)

non-SM—bb

"Dark Higgs” decay to vz 100% of the time, other Branching ratios are negligible, for this

reasomn:
0 -
pY v = Br(bb) (4.47)
HpH
Pnoﬁ-Sl\[/)I—)bI; =0 (448)

for the other particles, this is the same, but with the respective branching ratios. The results of
indirect detection for DM annihilating to bb, 7-7% and W*+W~ with the respective limits taken
from [311, 32] are shown in Figures [4.13| |4.14] and [4.15] respectively. Where we can observe that

(ov) is small when gp grows and is smaller when the values of My and my are close.
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Figure 4.13: Average cross section times velocity for the annihilation process V¥V~ — bb for

different values of the parameter space. The solid black line shows the CTA expected sensibility
and the dashed black line the H.E.S.S sensibility..
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Figure 4.15: Average cross section times velocity for the annihilation process VTV = — WHW~ for
different values of the parameter space. The solid black line shows the CTA expected sensibility
and the dashed black line the H.E.S.S sensibility.

Figures b and .b because there is an exception for My, = 700 GeV, when Hp becomes
massive enough to decay to heavier particles, which is the case, so the channels for DM annihilating
to VYHp and HpHp open later when DM has enough mass to produce an on-shell Hp boson and
then this boson decays mainly in ZZ around 100% of the time, and Z presents larger branching
rations for the particles of interest. Since we need at least one of these particles to decay to the SM
ones the equations [4.47] and are modified to:

PV o = Bry(bb) + 2Br,(bb) — 2Bry (bb)? Bry (bb) + Br(bb) Bry (bb). (4.49)
and
PY Mo 5= ABry(bb) — 6Br(bb) + 4Br3,(bb) — Bri(bb) (4.50)

Analogous for 777~ channel (W*TW ™ channel remains the same as before). We have used
Bryz(bb) = 15.1% and Bry(t777) = 3.4% calculated with CalcHEP and coincides with the values
presented by the PDG [37]. The pick where the value cross-section downs are due to the relic
density becomes underabundant due to the resonance of a channel mediated by Hp, weighing on
the F factor.
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4.3 NPVDM with Two ¥V Generations

We now consider a more complete model that takes into account neutrino oscillations, but only
with two families. Although we are not going to perform neutrino oscillation calculations, we
will have to deal with the consequences of the oscillations when we diagonalize the mass matrix,
because when we consider massive neutrinos the neutrino mass eigenstates mix their masses in the

interaction states present in the Lagrangian.

L=Lov =3V + 3, (i) — My) Uy + | D, @p [ + 0}, p — Ap (@], p)?

i i : (451)
+ >, iUkrPVER — >k Y LiiosHugr — 32 Y Ve Ppvir + hec.

Where k =1,2and [ = e, u, 7.

4.3.1 Fermion Sector
Similarly to the minimal model case, the masses of VL-fermions mix with the neutrinos masses:

—Lon; = My(nprnpr + NiNi) + (mp)uiicvir + (Mp)ekNerver + hec. (4.52)

Where the mass matrices are defined as:

y Me1 M2 y/U M 0

v D D1

“—=mp=1|m m = Mp = . 4.53

V2 P SR NG b ( 0 MD2> (4.53)
mrs1 My

Using the following vector notation:

Ve
N N
vy = v, NL = ' VR = i NR = ! (454)
N2 125) N2
L R R

L

we can rewrite in matrix form:

(o ) () = ) (1, o) () (459
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The mass matrix can be changed into a block diagonal form by unitary transformations of the left-
and right-handed spinors M

2
(g —%)(0 w)( 1 %—;)_ —emp = (4) o
m M. - mT mTm 2

2
~/
> 3
%o
N————

2
We have assumed that Mp is bigger than mp and My, then J\Aﬁ, is small, but <%—;> — 0 is
negligible, therefore m, = %—;m p 1s the neutrino mass matrix and the elements are small because
Mp is bigger, this is a seesaw mechanism.

Then in terms of mass eigenstates:
_ N N\ (U 0\ [—m, 0\ (UL 0\ [N}
(7o M) M (07 ) = (7, p) [T " g .
VR 0 1 0 Mp 0 1 Vg (4.57)
= _D}/UPMNS mZ,U;%N;g + NLMDV}%

Where Up is the matrix that diagonalizes the product m,T,m,, and Upyns is the Pontecorvo—Maki-Nakagawa—Saka,
matrix that diagonalizes m,m

C12€13 $12C13 s1ge” P
_ .0 0,
Upnns = | —s12¢93 — €12523513€°°°F  C12C23 — S12523513€"°F 523C13 (4.58)
6 i
$12523 — C12C23513€"°CF  —C12893 — S12C23513€"°CF C23C13

following the procedure used in [38] we can write m,, as:

(mp)u (mp)r2
my, = %—E (mp)a %—;z (mp)a2
(mp)s (mp)s2 (4.59)

= (maﬁ mb17>

Where @ and ¢ are 3-complex vectors with unit norm. Therefore the square product is:

mym! = m2aid’ + mioet (4.60)

8Understand 1/A as the inverse of the matrix A, A~1.
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Now the eigenvalues, i.e., the neutrino masses are:

1
po =1y =0, pe =iy =3 (mi +my £ \/(mZ —mj)* + 4m2m§p2> (4.61)

We can use p = ul - v € [0, 1] as a free parameter. Then, the normalized eigenvectors are:

) u* X U*
-

) = —F———
CVi-TEd 4.62
- AT+ B*v (462)
x| /A2 +2AB%p + (B*)?

€+

Where A = 2m2p and B* = m? —m2 £ \/(m2 — m2)2 + 4m2m2p?, as é; are eigenvectors, then we

can write Ul =1(é, é, é_), therefore the 3-vectors can be rewritten as:
PMNS 0 €+ ;

_ (UliMNS)3j|€+| - (U;MNS)QJ|€—|

Yi 2 22 2,2 2
o (Ubnns)ail€4 ] + (Ubnins)2ile-| _ mj —mg .
’ Amzp 2m2p
Diagonalizing m!m, we can also obtain the values of Ug:
V2mamyp(mZ—mi+,/Qup) 2 V2mampp(mi—mZ+,/Quy) =12
a Q: Q! 464
— R R
Un =i+ w4y /0 (4.64)
V2Qp /4 V2Qp, /4

With Qu, = mj +mi + 2m2mi(2p — 1)?. With all this, we are ready to write the mass eigenstates

of the fermionic fields:

m
V/L = UPMNS(VL - M—Z;NL)

T
N}J:NL—F%VL
DM (4.65)
N, = Up(Ng — —2
R( R MDVR)
My
VR—I/R—|—M—DNR

And more important, due to its use in LanHEP code, the interaction fields in terms of mass eigenstates
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fields:

ot ) (mp)
vr; = (U, iLVUr, + ——————
Lj ( PMNS)Jk Lk MDkN,Lk
T
mp)ik
NL]_NLj_(]\fD)IZ Tk
My,
Dk
My,
VRj V}%] - MDk; N,Rk

20

(4.66)



Chapter 5
Conclusions and Future Work

The neutrino portal model is a viable alternative to connect the dark sector and the standard
model, as it is able to saturate the observed relic density, as well as to separate the relic density and
direct detection phenomenologies avoiding the Higgs-Portal tension. Relic density and unitarity
can provide the most stringent constraints to the parameter space since they restrict the masses of
fermions to being very close to each other, however, at the moment there are no constraints at the
moment for how big these masses can be. Is necessary to do in the future a random parameter
scan that provides us the points where this model is allowed, for that purpose the inclusion of
CMB-indirect detection would be necessary. The positive aspect of this model is that in the future
with more precise sensibility and maybe a better understanding of the background, a signal for
direct detection could be observed at relatively small masses or for indirect detection due to the

"Dark Higgs” decays can significantly increase the annihilation cross-section.

Since the realization of the two-generation model arrived quite late in the development of this
work, all the phenomenology will remain as future work. This is a more accurate model that can
incorporate the neutrino oscillation phenomenology in the same framework and for that reason is
more complicated, but the development of the minimal model with one generation will make the
path easier at the time of studying this model. Also, we can give some information in advance for
the two-generation model: due to more families of VL-fermion is possible that it would be more
restrictive because it would have more channels for the scattering and annihilation process that
can contribute to increasing the detection signal simulated, but at the same time the new channels
would decrease the relic density and this could lower the intensity of these signals. Because one of
the neutrino mass eigenstates is massless, the loops of this model will be a little more delicate to
deal with.
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Appendix A

Triangle Loop

Fortunately, the general problem for a triangle loop diagram in this kind of model has already been
solved in the FPVDM article [21]. Here we show how this calculation is implemented for the case
of one generation in NFPVDM. Triangle diagrams for the minimal model effective V'V Z vertex
are shown in Figure 4.2l Once we implement this vertex, the Dark Sector will be able to connect
with the standard model. Following the appendix of [21], and according to previous articles articles

[39, 40], we can write the most general CP conserving effective lagrangian as follows:

Leopp =Fpi(0,V, V2" —0,V, VT Zm)
Fuy _ _ e
+ M—az(auv;vﬁ — 8,V V) (i0%i0° Z*)
+ Fy3i(0nZs — 03 Za)V OV P
— Fysie®™(id, VI vy —i0,Vy V.2,

“ (e (i0,V Vi — 10,V V.H)io"i0,Z, — e (i0,V, V- —i0,V; Vi )i0%i0,2,,)
(A.1)
In momentum space, this is:
Legg = =iV (pr,p2, )V (01)Vy (92)Zs(q)- (A.2)
This will lead us to the effective vertex with the following Lorentz structure.
afd 6 af F2Z 6 a B a 08 B da
VA =Fiz(pr = p2)°9™ + 35 (00 = 02)°0°¢" + Foz (49" = 4°9™)
v (A.3)

. o - FSZ apo N}
— 1F5z¢€ ’Bﬂp(pl - pz)p - ZW(Gd r qﬁ — P q )C]a(pl - p2)p
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Now we need to calculate the F;z doing the 1-Loop and matching the result with the Lorentz

structure of the effective vertex. This was done considering the two generic graphs in Figure

Figure A.1: Generic triangle diagrams for VVZ vertex.

The explicit Loop is:

A :/ (d4k Tr{y*(vo — agys) (F — Py ma)y (va — azys) (k +mo)y? (vi — arys (K 4 p, +ma)}

2m)t (k= p1)? = mi)(k* = mg)((k + p2)* — m3)
/ d'k Tr{y’(vo — apys)(F — p, +ma)y*(va — axys)(F +mo)v’ (v1 — arys(k + p, +ma)}
)" (F — po) — m3) (2 — ) ((k + p)? — %)
(A.4)

Where v; and a; are the vectors and axial constant for the vertices that appear in Fig|A.1| (the
respective values are shown in Table[A.1]) and The first and second terms represent Figure .a and
.b Feynman diagrams, respectively. Since the loop has three Lorentz indices and propagators,

the Passariono-Veltman functions to calculate are:

%k 1
Co=—1 / 2 (k2 —md)((k — p1)? — m2)((k + p2)? — m3) A2

d*k K+
Cr=—i | — = —plCy + phC A6
Z/ 72 (R — ) ((k — pi)? — ) ((k + pa)? —mg) DT (4.6)
CHv — —i/ﬂ k k"
w2 (k2 = mg)((k — p1)* = mi)((k + p2)* — m3) (A7)

= g""Coo + PPy Ci1 + phphCor — {p1p2}* Cha
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/ d*k kHEY kP
crve — g | 22
w2 (k2 —mg)((k — p1)* = m3)((k + p2)* — m3)

= — {p1g}""?Con + {p29}"""Cooz + {p1p1p2}""*C112 — {p1p2p2 }""" Ci22

— PPy P Crar + phphph Cone

(A.8)

Considering the two generic diagrams, we have that these functions for [A.T}a and for [A.T]a are

the same, but with the change m; — my and mos — m;.

Now we will show the result for the form factors in terms of the Veltman-Passarino functions:

VPMM

V; _ _ _
fl = P4PP(1 — (m% — m%)AC’l — (m% + mg)C’l + 80001) — m2m101+
Vivipm = ~ Ve = = (A.9)
+ m2m0(00 + 201) + m0m1(00 + 201)
fo = =Vppp M (Cia + 2C115) (A.10)
Vepp 2 2 A 2 2\ A 2 A A A
f3 = 1 (—2 + (ml — m2)A01 — 2777,000 -+ (ml —+ m2)01 - 4m001 + 8000 + 80001)
V % - V _
M4Mpm0m1 (2A01 - O()) - M4PM mgmo(QAC’l + Co) + PMMQOlcl (All)
APPP 2 2 2 2\ A AMMP ~ ~
f5 = — 1 ((m1 — m2)AC'1 + (m1 + m2)01) — moml(Co + 201)
AMPM ~ ~ APMM ~ (A12)
— mgmo(C() + 201) — m2m1C1
ApppMEC
fo= = (A.13)
— . sza)_,'_ci(b) . Cfa)_cgb) .
Where the (; = —+———and AC; = —+———, with C; the scalar components of C-tensors

Veltman-Passarino functions, (a) and (b) make reference to the denominator of first and second

I1I



term of eq. [A.4] respectively. The factors V; and A; are:

1 _ 1
Vppp = 22 (VU201 + Voaga1 + aguaar + agazv1)  Appp = —z(apaza1 + agvav1 + voagvy + vovaar)
1 —
Vemm = 7?2(7}0712'01 + voazay — agvaar — agagvy)  Apaa = 3(A0a2a1 + agUavy — VoAV — Vovaay
1
Vupu = ﬁ(vovﬂ)l — Vp@pay + apU2a; — Agagv)
1
2

VpA2V1 — Vo201
Vivivp =

2
1
w2

1

Anpym = 5 (agagar — agvavy +
_ 1
5 (Vo1 — Voaza1 — agvaay + apagvy)  Ayup = o3

(A.14
=1,2,3,5,8) with

)
)
(apaza; — aguavy — voasvy + Vo)
)

Finally, we have to evaluate the f;(vo, ag, va, as, vy, ay, mg, ma, my) function (4

the respective coupling values and add by the four diagrams contributions:

1

Fz’Z :§fi(vZVV7a‘ZVV7UVTLDI/7G/V7LDZ/7UV77,DV7aVnDZMmTLD)mZ/?ml/)
1 A.15

+ §fz‘(UZNN7aZNN7UVnDNaaVnDNaUVnDNaaVnDNamnpamNymN) ( ) )

+ fi(VZuN s QZuN, Vnpus OVnpus Ovnp NS QVnp N s Mg > Mo, TN ).

Vertex V; a;
e 2 e 2
Zvv 4syew L dswew ‘L
e 2 e
ZNN 4swew L 4swew “L
ZvN

e e
Adswew SLCL Adswew SLCL

Vin[)l/ —_G‘QD (SL + SR) —_%ng (SL — SR)
VinDN \/549[) (CL + CR) %(CL — CR)

Table A.1: Vector and Axial coupling values for the vertex that appear in the triangle loops

A.1 Functions used

The following are functions used in the code to calculate the PV functions at ¢? — 0.

M +mo —mj

ry = M‘%
M2 + my — m?
2
m
y=—
my

IV



we use r instead of x; or 9 if m; = me

. ; %arctan (ﬁ), )\:\/W if y>””z2
P
f(z,y) =/ - = (A.17)
0o P +:Ep+y 2y+ax+A . 22
\/x;_4y In (23%3) ;o A=yt —dy ity <
1 2
dpM:; p"
Cin (M27m2,m2,n):_/ :
ST o (Mp(1—p) + (m2 —m3)p+m3)
(A.18)
m2 .
\ ﬁ - :CCint(n - 1) — yCmt(n — 2) if n>1
! —(M3p(1 = p) +m3p+mi(l - p))
Lint(M‘%amgam§7M27n) = / pn In < v 3 )
W
01 m?2 (A.19)
T 1 [_ In (M—Ql) — 2Ci(n+2) — xCh(n + 1))
QC@n M ) ) 3 ) = M. ,l, d d
o Vmo m1 mzﬂ vil,m / OJ/ pMQ — o)+ ((m 2(1_ ))—l-m%W—mg)p—i—mg
E(Lmt(M‘Z/’ m%’m%“uZ’l - 1) - Lmt(Me/’ m(]?m%nuz)l - 1)) if n=0
om (= QG (I + Ln = 1) = 2QC3(I,n = 1) = yQCin(l = 1,n = 1)) if n >0
(A.20)
QLine = /1 dw /1 dpp'w™ In (_ Mypll = p) & (ma(l = w) i = my)p + m%)
mit T 2
I H (A.21)
BTN (Ling (M, mg, m3, i, 1) + (w2 — 20)QC;0 (Mg, mg, m3, m3, [+ 1,n+ 1)



Then, PV functions are related to this functions in the following way

C’Lnt(lﬂ\Q/vmgﬂ L%zl) 3 2 2
— 5 if my=m
MZ 1 2

OO(MVa mo, My, mz) =
QC;nt (M‘Q/,mg,m%,mg,l,O)

- 2 2
73 it mi #m3

Cint (M ,m§,mi,2)
2M2

: 2 _ 2
it mi=m3

Ci(My,mg,mq,mg) =

QCint (M2 m2,m2,m221 .
mt(v012)1f m%%m%

2
MV

02201

Cint(M\Q/am(Q)vm%S) : 2
- 3012 it mi=mj

Cll(MV7 mo, My, m2> -
Qcint(M2 7m8am%7m§7372)
— 2

14
C122 = Cll

Cmt(M\Q,,m(Q),m%,S) . 2 2
— 6112 it mi=m3

if m?#£m3

012(MV7m07m17m2) =

—QCint(ME,m2,m?,m3,3,1)+QCn (MZ ,m3,m?,m3,3,2) i m2 7£ m2
MZ 1 2
( Lint(M‘Q/zm87m%»/‘L271) 2 2

— 5 it mj=mj

Coo(Mv,m07m1, ma, #) =
QLint(M\Q/7m%7m%7m%7u27170)
\ 2

if m? #m3

( Clint (M ,m§,mi,4)
4M2

it m?=m3

C111(Mv7m0,m1,m2) =

Qcint(M\Q/’m(%7m%7m§’473) : 2 2
— if m m
L M‘Q/ 1 # 2

C'222 = C’111

Cint (M mg m3 4)
12M2

it m?=m

Cria(My,mo, my, mg) =
_ QCint (M ;mg,m3,m3,4,2) —QCins (M3, ;mg,m,m3,4,3)

- 2 2
7z if mj#m3

VI

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)



0122 = C’112 (A32)

Lint(M\2/7mgvm%7M272) 3 2 2
1 it miy=m3

COOI(M‘/)mO;mlamQ?M) = (A33)

QLint(M\Z/7mgvm%am§7”272»1) : 2 2
> if miy#m3

C'002 = C’001 (A34)

VII



Appendix B

Kinetic Mixing

For kinetic mixing we use the general expression of gauge boson vacuum polarization tensor [41]

and the result of [21], then in the ¢*> — 0 limit read

1 by
H%V - - <g/w _ &) Hf;f

3 — 2 q?
99
H%V(qZ - 0) ~ 647T2DCW |:3m12/f1iv<rl/7 TTJJ> + q2(FqZTV(TV7 Tw))}

99D
647T2CW

PiZV(¢* = 0) ~ [3m2FZV (ry,ry) + P (FLY (1o, my))]

my

Where r, = §7# and 1y = My Then the total contribution is:
w mn

99p

Pi?V(¢* = 0) ~
e ) 64m2cy,

[szfnzlv (TW TTZJ) + QQ(FqZT‘:—qL(TVa W))]
And the interest constants are:

99D
€zv = —quT‘jqu(rvvrw))

ggp
Amy = Gl FY ()

VIII

(B.2)

(B.3)



And t

]_—ZV

q

he functions used are:

6,.6 6,4 4,4 4,2 2,.2 2
(ry 1)) = 2(r2 — 1)(ry — 1) [ 3rpry, — dryry, — 2Lryry, + 22r,ry — 21ryry, — 5, + 3
T+qL ’ 3 (Tl,ri _ 1)4

r8r8 — 3rbpd 4 12744 — 3pdp2 4 2
viy viy vy viy v
+6 o — 1) n(r,ry)
Vi
(B.6)
1—4r2 + 022 4(r2r2 —r2 4+ 1n(r,ry)

Fav ), — (212 -1 Y vy vy v B.7
m (’f’ T¢) (TV )(Tw ) ri(rgri o 1)2 + (Tgr?p _ 1)3 ( )

IX
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