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Abstract

Dark matter (DM) remains one of the biggest unresolved mysteries in cosmology and particle physics.
Whereas astrophysical and cosmological observations strongly support its existence, direct detection
efforts have yet to provide conclusive evidence of its particle nature. This thesis investigates the potential
detection of fermionic DM via nucleon scattering mediated by Axion-Like Particles (ALPs). By using
effective field theory, we establish a translation between relativistic operators and non-relativistic building
blocks, that can be found in literature. The second-order expansion of operators provides an interesting
addition, when leading-order terms are suppressed. Next within this effective theory, we examine the
scattering amplitude of DM—up-quark scattering at tree-level and find that the cross section is momentum
suppressed, as well as suppressed by the ALP decay constant f, ~ 1 TeV. We calculate the scattering
amplitude at one-loop order, leveraging the top-quark mass scale to lift the suppression of f,, and
find that the loop contribution dominates the cross section of SI interactions. We examine ultraviolet
divergences and renormalization effects, evolving the ALP’s vector and axial-vector couplings down to
the top-quark mass scale, assuming the ALP is less massive than the top-quark. Based on current
experimental bounds on Kaon and B-meson decays, we establish constraints on the coupling for ALP
masses below 250 MeV /c? and 5 GeV/c?, respectively. Our findings suggest that current direct detection
experiments could probe ALP-mediated dark matter with masses between 10 and 20 GeV/cz, while
heavier DM is excluded by current experiments. Although the neutrino fog may pose a problem and new
experiments would be needed to probe these masses, the expectation based on our outcome is within
the region where more statistics make detecting small DM masses possible, which make the neutrino fog
less problematic. This work highlights the importance of loop-effects in ALP phenomenology and their
potential impact on DM detection.
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CHAPTER 1

Introduction

Dark matter (DM) plays a crucial role in our understanding of modern cosmology. Despite its
significance, DM has neither been directly detected nor produced in experiments, making it one of
the central open questions in cosmology and particle physics. Baryonic matter and the particles
of the Standard Model of particle physics cannot explain all the astrophysical observations, which
are touched upon later. The ACDM model, the standard model of cosmology, is consistent with
a wide range of high-quality observations [1]. In this model, A represents dark energy, and CDM
stands for cold dark matter. Together with inflationary theory, described in ACDM, this model
provides a detailed picture of the Universe’s structure formation [2].

First let us answer why DM needs to be ‘cold’. Cold DM refers to particles with insignificant
velocity dispersion relative to the Hubble flow and minimal non-gravitational interactions [3].
DM must lack an electric charge to avoid interacting with photons, ensuring it remains “dark”.
Simulations comparing hot (relativistic) and cold (non-relativistic) DM demonstrate that hot and
cold DM lead to significantly different results in large scale structures of the Universe. These
simulations lead to the conclusion that hot dark matter could not account for all the DM in the
Universe [4]. Cold DM makes, therefore, a more viable candidate.

There are numerous observations supporting cold DM. One of the most compelling pieces
of evidence for DM comes from galaxy rotation curves. According to Newtonian gravity, the
rotational velocity of stars at a radius r from the galactic center is

v(r) =4/ G"Z(T) (1.1)

where G is the gravitational constant and m(r) is the total mass contained within 7 [5]. Beyond
the galactic disk, the enclosed mass should be approximately constant. Combining information
with Eq. (1.1), we see that for distances beyond the galactic disk v(r) oc r—'/2. However, obser-
vations show that rotation curves flatten at these radii instead of following Keplerian behavior
(see Fig. 1.1) [6]. This flattening of rotation curves implies that m(r) o r at large distances. Two
explanations have been proposed: either Newtonian mechanics does not apply on these scales
(e.g. Modified Newtonian Dynamics) or the discrepancy is caused by DM [7]. As the name
suggests, the former theory modifies Newtonian dynamics to make up for the discrepancy with
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Figure 1.1: Measured rotational speeds of HI regions in NGC 3198 and (dashed) the ideal
Keplerian behavior [5].

observations. This thesis focuses on the latter theory, where DM is expected to form halos, i.e.
gravitationally bound regions decoupled from the Hubble expansion [8].

Gravitational lensing provides further evidence for DM. In general relativity, massive objects
bend light, and in some cases, form Einstein rings with a radius given by

[AGM dpg
g = 5 .
C deS
Here c is the speed of light, M is the mass of the lens, d; s, d;, and dg are the distance between the
lens (L) and the source (5), the distance to the lens and the distance to the source, respectively.

Lensing observations allow the mass distribution within galaxies and clusters to be estimated.
For instance, in cluster CL 0024+1654 (Fig. 1.2), over 98% of the mass is associated with smoothly
distributed DM rather than luminous matter [9]. In Fig. 1.2 the smooth distribution of DM can
be seen in galaxy cluster 002441654 (in orange). This cluster lenses the background galaxy in
eight different subimages.

Similarly, the Bullet Cluster (Fig. 1.3), a colliding cluster of galaxies, provides direct evidence
for DM through the separation of baryonic matter (pink) and DM (blue), with DM passing
through unaffected by the collision. This effect requires there to be DM [10]. Fig. 1.3 shows
that a lot of mass is concentrated in the blue regions, which is not associated with baryonic
(luminous) matter and therefore ‘dark’.

The last piece of evidence we will address is evidence found in anisotropies in the Cosmic
Microwave Background (CMB). The CMB was created about 3 x 10% year (2 ~ 1100) after
the Big Bang. In this period, known as cosmological recombination, the temperature dropped.
The photons in the early Universe no longer scattered with electrons and ions, making ions and
electrons able to bind and create atoms, i.e. photons decoupled from baryonic matter. Now
photons were able to travel freely, which is what we now detect as the CMB. Small temperature
fluctuations in the CMB (§7/T =~ 10~°) encode information about the density and composition
of the Universe [12]. A map of the temperature fluctuations in the CMB is given in Fig. 1.4a.
From the CMB, the auto-correlation of the temperature fluctuations can be extracted and given
in terms of the multipole moments. The associated power spectrum is given in Fig. 1.4b. During




Figure 1.2: The reconstructed total mass density in CL 0024+1654. The DM is shown in orange
and the mass associated with luminous matter (the galaxies) is shown in blue. The contours
shown are at 0.5, 1, and 1.5 times the critical lensing density [9].

Figure 1.3: Image of the Bullet Cluster taken by Chandra X-Ray Observatory. The hot gas
made of baryonic matter is colored in pink. The region where the most mass is concentrated,
determined using gravitational lensing, is colored in blue. The mass in the blue regions is
associated with dark matter. [11]



6000 T

5000

4000

[nK?)

3000 |

1T
(i

2000

1000 |

600 T
300

460
430
0

ADIT
-

H-30
4-60

2500

-300
-600 £

2 10 30 500 1000 1500 2000

~300 1K 300

Figure 1.4: Left: A map of the temperature fluctuations of the CMB made by the Planck
telescope in 2020 [13]. Right: The Planck temperature power spectrum in 2015, where the red
line is a fit of the ACDM model [14]. The residual with respect to the model is plotted in the
lower panel.

recombination the interaction between photons and baryonic matter is influenced by DM. Ba-
ryonic matter falls into gravitational potential wells created by DM, which in turn heats up the
plasma and generates outward pressure. This pressure causes the plasma to expand, cooling the
plasma down again. A cycle of compression and expansion induces acoustic oscillations of the
baryon-photon fluid. These baryonic acoustic oscillations made an imprint in the peaks of the
CMB power spectrum. Changing the abundance of DM in turn changes the power spectrum of
the CMB. [15] The ACDM model fits well with the CMB power spectrum, as seen in Fig. 1.4b.
The Planck data [16] suggests the DM density in the Universe is approximately 24%.

Given this evidence, is there some prediction we can make about the evolution of DM in
the Universe? Using the thermal evolution of the Universe, a prediction on the annihilation
cross section (or actually the thermally averaged cross section) can be made, assuming that dark
matter is made of particles. In the early Universe, the temperatures were high enough that all
particles were in thermal equilibrium. We assume that the number density and energy density
of a particle ¢ with mass m at temperature T is described by

3

Neq,i(T) = gi/ (;1; f(p, 1), (1.2a)
3

o) =51 [ B0 0. (1.20)

Here, g; are the number of internal degrees of freedom, such as spin, f(p,T') is the phase-space
distribution and E?(p) = p?+m? is the energy of particle . The phase-space distribution f(p,T)
is given by the Fermi-Dirac distribution (+) for fermions and the Bose-Einstein distribution for
bosons (—):
1

exp ((E(p) —p)/T) £1°
As the Universe expands, the temperature decreases. Assuming that all particles remain in
thermal equilibrium, the temperature eventually decreases to a point where it drops below the
mass of the particles m > T. When this happens the phase-space distribution reduces to a

f(p,T) =

(1.3)



Maxwell-Boltzmann distribution, for both bosons and fermions. The annihilation rate is linearly
dependent on the number density nq,;. In order to keep the Universe in thermal equilibrium, the
particle’s interaction rate must be much larger than the Hubble rate: I' > H. This interaction
rate is defined as

I'(T) = neq(T) ovrar (T), (1.4)

where o is the interaction cross section and v, is the relative velocity between particles. In this
situation, particles interact so frequently, they are not bothered by cosmological expansion and
any fluctuations in the densities is smoothed out, such that the system returns to equilibrium.
This interaction rate is different for various species of particles and different types of interactions.
When for some species in the early Universe I' ~ H, it decouples from the other particles. Then
particles freeze-out from equilibrium and attain some fixed abundance. At freeze-out the particles
are no longer in chemical equilibrium, but remain in kinetic equilibrium with the surrounding
plasma. [7, 17-19]

Postulating that DM follows the same history as the SM particles, we conclude that DM
should be non-relativistic, i.e. CDM, and should have an energy density of Q,h? = 0.12 [16].
The cosmological evolution of DM can be traced using the Boltzmann equation: [17]

dn
ditx +3H(T)ny = — (ov) (n} —n o) - (1.5)
Here, (ov) is the thermally averaged annihilation cross section for the process xx — (SM)(SM)

[20]:

1 e NG

(ov) = / ds o(s)v/s (s —4m?) K, () : (1.6)
SRS (1 /T) Jum (s =am) 5 (7

As the Universe expands the number density decreases. It is useful to scale with the expansion

instead, and use the comoving number density Y, = n,/s, where s is the total entropy density

of the Universe. The Boltzmann equation can be rewritten in terms of Y, , writing z = m, /T,

using that sa® is constant (where a is the scale-factor), T o< 1/a, and dx/dt = H(z)z:

dYy _ xs{ov)

= Hmy) (Y2-Y2.)- (1.7)

Solving the equation for CDM (see [7, 17]) results in the following expression for the energy
density of DM today
Q mxstodayy;;oday

= — (1'8)
X Per

where p, is the critical density of the Universe. This value is often called the relic abundance,
because it is the density remaining after freeze-out. To match the experimental results of Q,h?,
the thermally averaged cross section for a WIMP-like DM candidate has to be of the order of
(ov) ~ 10726 cm? [17].

This prediction has led to the WIMP miracle, with a DM mass around the 100 GeV and
coupling of 0.01, which we now know not to be a miracle. Essentislly, the coupling a—not only
0.01—can take any value between 0 and 1, which opens up a wider range of DM masses. With
a?/ mi remaining constant, m, can take any value between approximately 1 keV and 100 TeV,
because lighter DM particles have a small coupling and would still be relativistic at freeze-out,
while heavier DM particles would have a larger coupling and perturbative calculations are not
applicable anymore. [7]

The conlcusion from the above discussion, is that in order to explain the relic abundance of
DM, DM must have some kind of interaction with Standard Model particles. Given the strong



evidence for DM, knowing that DM must interact with Standard Model particles and that a wide
range of masses m, are possible, detecting it directly remains a major goal in physics. Direct
detection experiments are still increasing their sensitivity in the cross-section-DM-mass search-
space. As we mentioned, different models have been trying to explain DM, but none have been
experimentally confirmed, yet. One of these models assumes ALPs as mediators between DM
and the SM.. In this thesis we have found a way to make the direct detection of ALP-mediated
DM via nucleon scattering work.

First, in Chapter 2 we will focus on direct detection experiments and discuss how they work.
Since cold DM is non-relativistic, the predictions from relativistic quantum field theory must be
adapted to the non-relativistic regime. In Chapter 2 we discuss the non-relativistic theory from
literature and calculate the first and second order non-relativistic expansion of the relativistic
theory. Next, in Chapter 3, we examine a specific DM model involving ALPs as a mediator using
ALP effective field theory. We then obtain an expression for tree-level scattering in Section 3.2,
where we identify some problems involving suppression. This suppression can be lifted by going
to one-loop order calculations. So, in Section 3.3 we calculate the loop integral and simplify
and approximate it, to obtain the leading order contribution to the loop integral. Since the
diagrams are divergent, we identify the operator and diagrams that renormalize our integral in
Section 3.4. It was found in literature that meson decay can set constraints on the flavor-changing
ALP coupling to quarks. In Section 3.6 we are able to set bounds on the couplings in our loop
diagrams for certain ALP masses. Next, we evolve the couplings from the cutoff scale of the
ALP effective field theory down to the top-mass in Section 3.5, using RGEs found in literature,
where we run into complicating situations. Lastly, in Section 3.7 we estimate the cross section
and compare our prediction to experimental results and constraints.



CHAPTER 2

Dark Matter Direct Detection

In the previous chapter we discussed some properties of dark matter (DM) and the evidence
for DM. With all this observational evidence, a natural question arises: how can we establish
experimental evidence of DM? Various experiments around the world are focused on so-called
direct detection to confirm the existence of DM. In this chapter we will first discuss direct
detection experiments and their working principles in Section 2.1. Next, in Section 2.2 we
discuss effective field theory (EFT) for direct detection of DM with relativistic operators. But,
cold DM is non-relativistic (NR), meaning that we must take an NR limit of the relativistic
theory in order to make predictions. In Section 2.3 we do this. This chapter will be concluded
by Section 2.4, where we go to second order expansion in the NR limit and its caveat of needing
the center-of-mass frame.

2.1 Experiments

As discussed in the introduction, numerous gravitational pieces of evidence for DM have been
observed, coming to the conclusion that it must be electrically neutral and massive. In Chapter 1
we have seen that in order to explain the relic abundance of DM via a dynamical process, it
must have another property; it must have interactions — although weak — with Standard Model
(SM) particles. Experimental verification is essential to confirm the existence of DM and probe
the properties of these particles, if DM is another type of particle. There are three types of
interactions that experiments can observe: DM production, DM annihilation/decay, and DM-
SM scattering. These processes are illustrated in Fig. 2.1. The direction of the arrows in the
diagram indicates the flow of time, hence, indicating how the diagram should be read and what
process is represented by the diagram. Experiments like the Large Hadron Collider (LHC) have
prospects producing DM [21]. In such high-energy environments, SM particles may acquire
sufficient energy to produce DM through non-SM interactions. Since DM is electrically neutral
and detector instruments (like calorimeters) only detect particles via strong or electromagnetic
interactions [22], DM would manifest itself as missing energy or momentum in detectors that is
not of neutrino origin. However, when this thesis was written, no DM signal has been observed
yet at the LHC [23].

10
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Figure 2.1: Diagram for scattering Standard Model (SM) particles with dark matter (DM), and
the production and annihilation of dark matter. The direction of the arrows is the direction time
flows in.

The second type of interaction, DM annihilation, involves DM particles annihilating and
producing SM particles. The DM present in and around astrophysical objects in or close to our
galaxy could self-annihilate into SM particles, which could lead to measurable signatures [24].
The latter is categorized as indirect detection and the former as collider-detection of DM.

The third type, DM-SM scattering, constitutes direct detection, because the effect of DM is
observed with direct interactions with SM particles. DM particles are believed to permeate the
Universe and should occasionally scatter with particles on Earth. Such interactions cause nuclear
recoil with some recoil energy Er, that can potentially be measured. If the recoil energy is large
enough, it may be possible to detect scatterings and infer the properties of DM from kinematics
[7]. The nuclear recoil energy of a nucleus with mass my after scattering with a DM particle is

given by [7]
2 2 /100 GeV
q mX
Er = ~ 50 keV 2.1
B omn ¢ (100 GeV) ( mpy >’ (2.1)

where |g| ~ m,v is the NR three-momentum transfer in the collision, and v ~ 1072 is the
NR average velocity of DM particles in the Milky Way halo. For a nucleus of mass my ~ 100
GeV/c?, the recoil energy is less than 1 keV for m, < 10 GeV/c?. A recoil energy of this scale is
too low for experiments like LZ and XENONnT to detect [25, 26]. However, for DM masses in
the range 10 — 103 GeV/c?, the recoil energy is large enough to produce a detectable signal in
these experiments. Other experiments, like DarkSide and PandaX, are specialized in detecting
smaller DM masses, in the range of 1 — 10 GeV/c? [27, 28].

A basic quantity of interest in direct detection is the scattering rate between DM and the
targets. The differential scattering rate of a DM particle off a nuclear target is [7]

d Umax d
R rx / d®v vf(V + Vobs, 1) 7

— _—. 2.2
dER mymy dER ( )

VUmin

Here, p, is the local DM density in the galaxy, f is the DM velocity distribution in the galactic
frame, vmax is the Milky Way escape velocity, and v, is the minimum velocity required to
scatter with a nucleus with energy Er. Assuming that the nucleus is at rest and DM is NR and
moving in the x-direction, the four-momenta are k* = (my, 0) and p* = (mX—I—%mxvz, my, 0,0),
respectively. Defining the momentum transfer in terms of the recoil energy Er and the scattering
angle 0, ¢* = (Er,v2mpyER cosf,/2myEgrsinf,0), one obtains the minimum velocity for some
recoil energy Er. The density p, and velocity distribution f are astrophysical parameters. A
common distribution-type for f is the Maxwell-Boltzmann distribution. From this differential
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rate, two key observables can be extracted: the DM mass m, and the cross section o. If the
mediating force is known, one can obtain the cross section and a relation between the mass and
the cross section (since the cross section will be dependent on the DM-mass). Hence, direct
detection experiments search the mass-cross section parameter space for signals of DM particles.

Direct detection experiments distinguish between spin-independent (SI) and spin-dependent
(SD) interactions because their sensitivities differ [29]. It is, therefore, convenient to split the
cross section into an SI and SD part. SI cross sections are generally larger than SD cross sections,
because SD interactions are always accompanied by momenta, meaning that these are momentum
suppressed in the NR-limit. This feature will be discussed further in Section 2.3. Moreover, SI
scattering is coherent and experiments detect the coherent recoil energy of the nucleus, resulting
in the cross section being enhanced by the atomic number [30]. From the differential cross section
do/dER, the SI DM-nucleus cross section can be expressed as [7]

do my

o WGSIFQ(q), (2.3)

where p is the reduced mass of the DM-nucleus system, v is the relative velocity between the
DM and nucleus, F(q) is the nuclear form factor and my is the mass of the nucleus. We now
have a relation for the DM-nucleus cross section, but this is dependent on the type of nucleus
(e.g. Xenon or Argon). To make results independent of the nuclear target, it is convenient to
relate the SI DM-nucleus cross section, ogy, to the SI DM-nucleon cross section, o, via [7]

2
os1 = %Azap. (2.4)
Hp
Here, p1, is the reduced mass of the DM-nucleon system and A is the atomic mass number.
Using a standard quantum field theory approach, one calculates the amplitude M for DM-
nucleus scattering, after which one can obtain the cross section. One can show that the NR
amplitude has the following relation to the differential cross section do/dER (see Appendix A.1):

do m

dBn ﬁ (IMxr/?)- (2.5)
Combining Egs. (2.3) to (2.5), the nucleon cross section can be expressed in terms of the NR
amplitude [7]

“ )
7r;1)2 (IMnr[?). (2.6)
This provides the tools to calculate o, if the amplitude is known.

As experimental sensitivities of direct detection experiments improve, they approach the
region where coherent elastic neutrino-nucleus scattering (CEvNS) becomes relevant. Neutrino-
induced nuclear recoil signals resemble those from DM, complicating detection. Previously this
region was considered the “neutrino floor”, but is now better understood to be the “neutrino fog”.
Neutrinos causing the CEvNS have different sources, such as solar neutrinos, atmospheric neut-
rinos and neutrinos from nuclear reactors. Although the whole mass-cross section search space
below the neutrino floor is sensitive to CEvNS, some parts have a larger neutrino-background
due to these different sources. Each source has a distinct feature in the search space, as can be
seen in Fig. 2.2. Although the background in these regions is very large, outside these neutrino-
background soures the neutrino-bakground is much smaller and a distinction between DM and
neutrino scattering can be made with sufficient statistics. Hence, the neutrino floor does not
remain a hard limit anymore and it is now called a fog, because one can still “see” through the
neutrino background (with sufficient statistics) [31]

UpF2(q) =
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Figure 2.2: In the left panel, the colormap shows the neutrino fog where different sources of
the strong neutrino background are indicated. The gray line on top of the neutrino fog is the
neutrino floor line, where above n < 2 and below n > 2. The sensitivity of different experiments
are given, where the green-shaded region is the search-space that is excluded by experiments. In
the top- and bottom-right panel the cross section and gradient of the discovery limit are given
as a function of the number of 8B events, respectively. [31]

Consider that a discovery limit o decreases as the number of background events N increases.
The neutrino fog is quantified by taking the gradient of the discovery limit [31]

dlno \ "

n= (dlnN) . (2.7)
Here, n is the index, with n = 2 for normal Poissonian statistics, n > 2 for saturation and n < 2
undefined. However, the neutrino background is dependent on the type of noblegas that is used
in the detector. The experiments XENONnT and LZ use liquid Xenon in their detectors. Hence,
in the rest of this thesis we will make use of the neutrino background in Xenon, which is also
given in Fig. 2.2. For each value of DM mass m,, there exists a cross section ¢ where n crosses
2. This defines the boundary of the neutrino fog and is referred to in the rest of this thesis as
the neutrino floor (eventhough it is not an inpenetrable floor).

Apart from knowing the theory behind direct detection experiments, it is good to know how
such experiments generally work. Direct detection experiments use dual-phase time projection
chambers (TPCs) to detect DM. TPCs contain liquid Xenon (LXe) with a thin layer of gaseous
Xenon at the top of the tank. A sketch of the LXe detector is shown in Fig. 2.3. Photomultiplier
tube (PMT) arrays are located at the top and bottom of the cylindrical tank. Two signals are
generated by the nuclear recoil and caused by secondary effects of scintillation light and ionization
electrons. Together, these signals reveal both the position and the recoil energy of the scattering
event. In the left panel, an incoming particle interacts with the LXe, producing scintillation light
(the S1 signal), which is detected by the PMTs at the top and bottom of the detector, causing
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Figure 2.3: Illustration of the principle of a dual-phase liquid Xenon time projection chamber
(LXeTPC). In the left figure, S1, an incoming particle deposits energy. The scintillation light of
this scattering is detected in the top and bottom photomultiplier tube arrays. On the right, S2,
ionized electrons are drifting to the surface, due to the electric field. From the signal of these
electrons, information on the position can be extracted. [32]

the small signal bump on the time axis. Ionization electrons that do not recombine, drift toward
the liquid surface of the LXe due to an electric field, as shown in the right panel. In the gaseous
Xenon region, these electrons gain sufficient energy through the electric field to excite Xenon
atoms, generating electroluminescence (the S2 signal). Photons from the electroluminescence are
also detected by the PMT arrays. Signal S2 is delayed with respect to the signal S1, because it
takes time for the electrons to drift to the gaseous Xenon at the top of the detector. The time
delay between S1 and S2 signals provides the depth of the interaction, while the light distribution
in the PMT arrays of S2 determines the location of the interaction in the (z,y)-plane.[32, 33]

Direct detection experiments work in the NR regime, because of the low velocity of DM. To
quantify DM scattering experiments, one needs a NR theory for DM scattering. For this we have
to go to effective field theory.

2.2 Effective Field Theory and Non-Relativistic Building
Blocks

The full or more fundamental theory for DM is missing, but it would be good to still be able to
make predictions. In these cases effective field theories (EFTs) are a convenient tool to describe
new phenomena in physics [34]. EFTs allow one to compute experimental measurable quantities
with finite error and uses the separation of energy scales in physics [34, 35]. An example of an
effective field theory is Fermi’s theory of the weak interaction. Since we know the full theory of
the weak force, we know that when the ratio between the momentum transfer and the W-boson
mass, ¢*/M3,, is small, the propagator of the W-boson becomes momentum-independent and
the propagator shrinks to a point. In this setting, a diagram with two two-fermion vertices
connected with the W-boson, becomes a four-fermion vertex with some effective coupling. This
effective coupling is Fermi’s coupling and is dependent on the inverse of the W-mass squared,
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i.e. the constant is small if g% < Mg,.

An EFT is a quantum field theory (QFT) in its own right and, given some Lagrangian, one
can compute all the relevant QFT quantities [35]. Like many other QFTs, an EFT needs some
ingredients on which it is build: degrees of freedom, symmetries and expansion parameters [34].
In an effective field theory (EFT) the Lagrangian is typically expressed as follows [35]

(d)
4

(d)
Lorr =33 (23

d>4 i
where Ofd) are allowed operators of dimension d, cgd) are the corresponding Wilson coefficients
and A is the cutoff scale for the theory. Operators are allowed if they possess the symmetries
of the theory. At energies above the cutoff scale A the theory ceases to be valid or complete.
It serves as a boundary, separating the low-energy phenomena that the EFT is designed to
describe from the high-energy physics that is not included in the EFT. Below the cutoff scale
high-energy effects factorize from low-energy effects in the EFT. The cutoff suppression of the
effective interactions by the cutoff scale also keeps the dimensionality of the Lagrangian at 4.

In this work we are interested in fermion DM-nucleon interaction. The effective interaction
Lagrangian in terms the DM and nucleon spinors, is given by [36]:

Liw= Y Y VXNO:Ny, (2.9)

N=pn 1

where ¢; are the Wilson coefficients, in which we have absorbed every other object, and therefore
having mass dimension —2 such that the Lagrangian has mass dimension 4, because the O,’s are
taken to be dimensionless. From this point onward, all quantities with N are nucleon quantities
instead of nucleus quantities in the previous section. The operators O; in Eq. (2.8) and operators
O; in Eq. (2.9) are different operators, because in the former fields are inside the operator and
in the latter the fields are not inside the operator.

The Lagrangian is applicable to the relativistic regime, so Eq. (2.9) still has the spinor-fields
X (DM) and N (nucleon) in it. Since DM-nucleon interactions are NR, the Lagrangian must also
have a NR form that looks something like

Lapim = Vel tertoNeger. (2.10)

N=pmn 1

To construct this NR interaction Lagrangian, the set of NR operators of the theory — or building
blocks as we will call them from now on — have to be determined. Relativistic operators must
be Lorentz-invariant, meaning that the NR building blocks have to be Galilean-invariant. In
order to construct all these Galilean-invariant building blocks for direct detection, all possible
rotational- and boost-invariant operators have to be written down. These operators are built
with classical kinematic variables: initial and final DM(nucleon) momentum, p(k) and p’(k’)
respectively. The mass of the nucleon is denoted as my and the DM mass as m,. Momentum
conservation implies that there are three independent momenta, which we choose to be:

P=p+p, K=k+k and q=p-p =k -k (2.11)

It is easy to see that q (the momentum transfer) is Galilean-invariant. To obtain another NR
boost-invariant object, one needs a combination of the momenta, such that the Galilean trans-
formation as a whole cancels. There are only two relevant independent momentum combinations,
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Table 2.1: All relevant building blocks of spin—% DM-nucleon interactions. The numbering of [36,
37] is maintained in this table. Sy (S,) is the spin of the nucleon (DM), q is the momentum
transfer, v is the elastic transverse velocity, my (m,) the mass of the nucleon (DM) and 1y
(1) is the identity operator of the nucleon (DM) in spin-space.

01 = 1,y O = iSn-31,

0; = S (5 xvi) 1L, On = S L1y

Os = Sy-Sy Oz = Sy (Snwxvi)

05 = S (3L xvd) 1w O = i(Sy-vh) (Sw i)

O = (S ;%) (swi2)  Ou = i8S i) (Swovd)
T N ey [
Os = Sy valy O = (Sx-vai) (Sw-vai)

Oy = S, (SNme) O = Z{Sx'( XV)}(SN Vi)

since the third corresponds to an overall movement of the DM-nucleon system. For elastic scat-
tering, this combination of momenta leads to the elastic transverse velocity [37]
n P K

- —. 2.12
2m,  2mp ( )

A%

el

The momentum transfer and elastic transverse velocity are perpendicular to each other, i.e.

vi-q=0. (2.13)
The building blocks have to be hermitian on top of being Galilean-invariant. Taking the hermitian
conjugate exchanges the incoming and outgoing momenta, meaning that v is hermitian by itself,
but q is not. In order to make it hermitian, a factor of 7 is needed in front of the momentum
transfer: iq.

DM-nucleon interactions may be spin-dependent. Spin dependencies are parameterized by
the identity operator 1 in spin-space and the spin operator S, with the appropriate index for
DM and nucleon. The spin operator is defined as S = Z, where o is the vector of Pauli matrices.
Using this we establish that there are six boost-invariant and hermitian ingredients out of which
the building blocks for 2-to-2 DM-nucleon interactions can be made: iq, vé, 1n,1,,Sy and S,.
In [36, 38] it was found that these ingredients create the relevant and valid building blocks given
in Table 2.1. The operators in Table 2.1 can be classified in a number of different ways. Since
the direct detection experiments work in the NR regime, the larger the power of velocity or
momentum in the operator, the larger the NR suppression is. Hence, it is useful to classify the
building blocks on their velocity dependence:

01,04 ~ O(vY),
07,08,09, 019,011,012 ~ ;
03,05, 04,013,014,015  ~ O(v°),
O15, 017 ~O(v?).
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From this we see that building blocks O; and O have no NR suppression, and are therefore
generally favorable if other operators are not enhanced or the O(v") operators are suppressed by
some coefficient. In general, a DM-nucleon interaction generates several NR interactions, which
can involve several orders in the NR expansion.
One may have noticed that one building block is missing: Os. In [36] this building block is
defined as )
O, = (vi) 1nl,.

This building block can also be seen as (vé)2 04, i.e. as a coefficient of the first building block.
A general interaction operator written in terms of these NR 16 building blocks is given by [37]

Zfi (|Q|27 (V$)2) 0;, (2.14)

. . 2 .
where the fi’s are arbitrary functions of |q|?, (vé) and of non-dynamical constants, such as

masses. Operator Oz is, therefore, a redundant operator. Putting Eq. (2.9) and Eq. (2.14)
together, one is able to set up an interaction Lagrangian using the building blocks in Table 2.1
for specific interactions.

Notice that the theory discussed so far is only for elastic scattering interactions, i.e. the mass
of the DM particle is unchanged after the scattering. For inelastic scattering the initial mass of
the DM particle is m and the final mass is m + §, where 4 is the mass splitting-parameter [36,
37]. 4 is positive for exothermic scattering and negative for endothermic scattering. Hence, the
scattering taking place is x10; yXx2, where x1 and )2 have different masses. The operators can
be extended to inelastic scattering for a generic mass-splitting parameter by imposing [37]

)
Vi =vE — |q‘2q, (2.15)
for which
vig-q=0 and vi-q=4#0. (2.16)

It is straightforward to see that elastic scattering is recovered when § = 0. In all building blocks
in Table 2.1 v} can be replaced by vi- |, turning the building blocks into inelastic scattering
building blocks Oir¢l. Using Eq. (2.15), all inelastic building blocks can be written in terms of
elastic building blocks:

o = 03, O = 013 —i JZEN s,

Olncl Os, Olncl Oy — Z(SZ;N O,

ol = 0, 4 z(quN O1o, ol = 0y, (2.17)
O = Os + Zéqu Ou, O = O + 52(7 Os + 26(1 (013 + O14) ,

Oy = 012 +1i 67;“[ Oy, ot =017 —i 6Z;N O15.

Similarly, these relations can be inverted such that all elastic building blocks can be written in

terms of inelastic building blocks. An easy way to do this, is by taking the hermitian conjugate

of the relations in Eq. (2.17) and exchange the label ‘inel’ to the other side, e.g.
5mN

i

inel
Op = Ol -

(2.18)
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Inelastic scattering introduces an asymmetric initial and final state, meaning that the parameter o
is always accompanied by the imaginary unit. Eventhough we will focus in this thesis on elastic
scattering, it is convenient to know the translation between elastic and inelastic scattering.
Knowing the translation, one does not need to perform seperate calculations for elastic and
inelastic scattering, one can simply perform one calculation and use the relations above to go
from one to the other.

2.3 Non-Relativistic Limit of Operators

Given the building blocks in Table 2.1, we can take the NR limit of the various scattering
interactions and express them in terms of these building blocks. Although this is not within the
scope of this thesis, using Eq. (2.15) the results can be extended to inelastic scattering as well,
allowing for more general results. We have performed all NR-limit calculations in this section
and verified the results with [37].

For each type of interaction — scalar (S), vector (V), tensor (T) and their pseudo/axial
counterparts — there are four combinations, leading to a total of 12 operators. In Chapter 3, we
will see that Lorentz structures will appear where «* is contracted with the momentum of the
other particle. Since the Dirac equation cannot be used in that case, it leads to a different set of
12 operators. Each of these operators has some NR counterpart that can be expressed in terms
of the building blocks. We aim to create a list of NR limits of different operators that may be
needed for calculation in predicitions in the setting of direct detection experiments.

In quantum field theory, fermions are represented by spinors and interactions are characterized
by certain Lorentz structures, such as scalar interactions of the form (€e) (fip), where e and
are spinors. Going to a NR regime, requires us to take the NR limit of a spinor, because the -
matrices are independent of momentum. Following the conventions of [39], the general expression
for spinors v with four-momentum p and spin-index s is given by

ww = (%), (2.19)

where £° are the two-component spinors, o = (Iz,0), @ = (I2, —o) and o are the Pauli matrices,
such that the normalization is

@ (p)u’ (p) = 2me*Tes, (2.20)

with & S"Tf ® = d4 5 and where m is the mass of the spinor. The four-momentum is the kinematic
variable characterizing the spinor, which in turn relies on the mass and three-momentum. In the
NR regime p/m < 1, the energy of the fermion can then be expanded in p/m. Keeping only
terms up to first order in momentum, the expansion leads to the NR-limit of the spinor (see
Appendix A 4):

s 1—p-o/2m)&°
u* (p) z\/m(EHE-a;nggS)' (2.21)

Having obtained the NR limit of the spinor, we now have the necessary tools to calculate the
NR limit of various Lorentz structures and, subsequently, the corresponding operators.

As an illustrative example, we will demonstrate the procedure for deriving the NR limit of
the scalar Lorentz structure, beginning with the relativistic expression for the scalar Lorentz
structure. This involves explicitly writing the interaction in terms of spinors and y-matrices. We
then proceed to take the NR limit and write the spinors in their NR form. Following this, we
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perform the necessary matrix and vector multiplications, and simplify the result:
@ (p)us(p) = u"* ()7 u" (p)

Ea((nieime) (2 B (sshng) e

_ 2m§T,s’§s.

While the calculations of the NR limit of the different Lorentz structures and operators are ex-
tensive and not central to the discussion, the derivation of all 12 Lorentz structure and all 24
operators are found in Appendix A.5. The final results of the NR limit of different Lorentz struc-
tures are summarized in Table A.1. The results in the table follow the momentum convention,
such that they provide the Lorentz structure for the DM part of the operator. To obtain the
corresponding structures for the nucleon, one must make the substitutions P — K and q — —q,
consistent with the definitions of these quantities in terms of the incoming and outgoing mo-
menta. Note that when there are open indices, the result will not be scalar like the result above,
but takes the form of the object with the open indices (see Table A.1). For example, a vector
Lorentz structure (@y*u) has an open index and will therefore not be a scalar, but it will be
a four-component vector where the spatial components are grouped together, apart from the
zeroth component.

With the NR limit of the Lorentz structures now derived, we are equipped to derive the
various operators and express them in terms of the NR building blocks. Before presenting the
results, it is crucial to highlight an important simplification regarding the tensor structure o*~°.
As one may know, this Lorentz structure is not a basis element for the 4 x 4 matrices, so somehow
the 75 in this structure does not introduce a new basis of 4 x 4 matrices [39]. In general, such a
structure may show up in some kind of interaction, but since it is not a basis matrix, it must be
some linear combination of basis y-matrices. Actually, this structure can be rewritten purely in
terms of 0¥, eliminating the explicit presence of 4° in the expression. To achieve this, we use
the following two identities:

VA AP = APy, (2.23)

VA AP = P Pt — P — i€ Py (2.24)

To derive the relation, begin by multiplying Eq. (2.24) by v, from the right. Next, use Eq. (2.23)
to cancel the sole term on the right-hand side involving the Minkowski metric. Then, utilize the

anti-symmetry property of e?#*P to rearrange terms appropriately. Finally, multiplying both
sides with 7° from the right gives the desired identity relating the two Lorentz structures:

oAb = %e"p“uagp. (2.25)

This relation proves particularly useful for simplifying certain calculations. For instance, in the
case of the contracted tensor operator, where two o#¥~® Lorentz structures are contracted, the
above identity allows us to reduce the operator to a simpler form:

’

(W W) N* 1) (X 0™ @) = (N ) N*()) (X 0o’ () - (2:26)

Similarly, the operators where only one of the particles contains the +® can also be simplified:

(V000N (1)) (X 0o 0)) = 5 (N ()00, N*(8)) (X7 (0 ()

(2.27)
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Table 2.2: The non-relativistic limit of the operators. Here, N*(k) is the nucleon spinor with
spin index s, four-momentum k and mass my. Similarly, x"(p) is the DM particle spinor with
spin index r, four-momentum p and mass m,. k(p) and k’'(p’) are the incoming and outgoing

nucleon (DM) four-momenta, respectively. Here (O;) = §}L\}S/§;’T/Oi§;§fv denotes the matrix
element between the two-dimensional spinors associated with the initial and final state of the
DM particle and the up-quark. Color-coding used: O(v?) is green, O(v?) is orange, O(v?) is blue
and O(v?) is pink.

Relativistic Operators NR-Limit
(N E)N(®)) (X' () ~ dmymy [(O1)]
(W e v®) (T @)~ dmmy [HO0)]

(N (K")N*(k ) (Yr/(p’)'f’x"(p)) ~ dmymy

[
( )Y N (k )) (Y’”'(p’)v"’x’"(p)) “4mNm><[ e 06}
S (

)

N(Mwwwnyﬂmwv@) ~ dmymy [(01)]
(Wsl(k’)vww S(k)) (7”' (p’)v“xr(p)) A dmymy [ }
(Nsl(k’)y Vo) (X0t w) Ay | )

(st(k/)a“”fyf’Ns(k)) (y’”'(p’)owx’“(p)) ~
(W ()08 ()} (X (1) (0)) 1

It is straightforward to see that, since the operator contains no open indices, the operator with
~® on the DM part is equivalent to the one where v° appears on the nucleon part.

In the SM fermions possess a chirality, meaning that they can be either right- or left-handed.
Similarly, DM particles could, in principle, also possess chirality. However, in this thesis we do
not consider chiral interactions for the quarks or DM particles. Instead, we present the results
in a non-chiral basis, because one can easily switch between the two bases. The results for
the operators are summarized in Tables 2.2 and 2.3, while the explicit expressions — with the
building blocks written out in full — are detailed in Tables A.3 and A.4 and the derivation is
given in Appendix A.7. In both tables the relativistic normalization and the building blocks have
been separated, i.e. the building blocks are all in between square brackets with the relativistic
normalization given as a pre-factor. To make the NR suppression of the operators easier to
identify, we use the same color-coding scheme for the building blocks as in the previous section.

The order of NR suppression of the operators is not surprising, the NR suppression is at
most O(v!) for all but one operator: the pseudo-scalar—pseudo-scalar (P-P) operator. Naively,
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Table 2.3: The non-relativistic limit of vector and axial-vector operators contracted with the
momentum of the other particle. Here, N*(k) is the nucleon spinor with spin index s, four-
momentum k and mass my. Similarly, x"(p) is the DM particle spinor with spin index r,
four-momentum p and mass m,. k(p) and k’'(p’) are the incoming and outgoing nucleon (DM)
four-momenta, respectively. Here (O;) = §;r\}s,§;f<’rl(9¢£;£;"’v denotes the matrix element between
the two-dimensional spinors associated with the initial and final state of the DM particle and the
up-quark. Color-coding used: O(v) is green, O(v') is orange, O(v?) is blue and O(v?) is pink.

Relativistic Operators NR-Limit
(W wpNe)) (7' @)x <>)
(F 0N m) (@)~ ammy [(0)]
(

(K')pN* k)) (x p)) ~ 4m3ym3 [(O1)]

= Amymy [imy (O1) — 2m, (O7)]

~ Amymy [—imy (Oh)]

(yrl(pl)%xr(p» ~ dmnmy [///z;)\ (O10) — 2mympy {Ol—t},]

)
(75 (k’)ﬁNs(k)) (Y’/ (p’)v‘f’xr(p)) A~ Ampymy [~y (O]
( )

~ Amymy [—imn (Or) + 2my (Og)]

(Ns/(k’)pNs(k)) (yr’(p')wxr(p)) ~ dmymy [—imymy (O11) + 2mymy (Os)]
)

2
-] 4mNmX [— ZLLZ <06> + 2imp <014>

N W) N®)) (X GHPN0) e dmymy [y (O) + 2imy (O13)]

(7 wipenw) (@ omm) o o e o)
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each pseudo-scalar structure gives a spin and momentum dependence, leading to momentum
suppression. Therefore, the NR suppression order of the P-P operator in the tables is a logical
consequence of its structure. Also, axial-vector, pseudo-scalar and tensor structures lead to SD
DM-nucleon scattering. As noted previously, SD scattering is not coherent and it, therefore,
typically has smaller scattering rate than SI scattering.

All second order terms in the calculations of the NR-limit of the Lorentz structures, operators
and spinor are discarded, therefore, other building blocks that are O(v?) and O(v?) suppressed
are not present. To include the second order velocity terms, the spinor has to be expanded
to second order as well, ensuring all second order terms are included. This is the focus in the
next section. In the next section, we will also address why the results from the second-order
calculations of the operators can be used to obtain the first-order expansion of the operators.

2.4 Expansion to Second Order

As discussed in the previous section, the results presented in Table 2.2 do not contain O(v?) or
higher suppressed operators — apart from the P-P operator — since all second order velocity terms
have been discarded. In this section, we expand the spinors, Lorentz structures and operators to
second order. Since this has not been done in the literature, we cannot compare it to results in
literature.

Expanding to second order in momentum is important, because it systematically captures
momentum-dependent corrections that can become significant under certain circumstances. For
instance, in cases where a propagator scales as 1/¢?, nominal second-order terms (with factors
of ¢?) can cancel this suppression, effectively contributing as O(v°) terms. This means that
higher-order corrections might not be as suppressed as expected and can influence leading-order
behavior. Moreover, when interference effects or cancellations occur among lower-order terms,
the second order contributions become important. Furthermore, including these corrections
refines the matching between the underlying relativistic theory and its non-relativistic effective
field theory, ensuring that subtle momentum-dependent effects are accurately incorporated in
predictions for scattering amplitudes and cross sections.

It is important to note that expanding the spinor to second order breaks Galilean invariance.
The zeroth- and first-order terms are Galilean-invariant, but the second-order terms are not.
This becomes problematic when calculating the NR limit of the operators, because Galilean
invariance was one of the criteria of obtaining the building blocks and the NR limit. Tables 2.2
and 2.3 provide us with useful information that we can use to predict what operators will gain
higher-order terms and which will not. Zeroth- and first-order terms will immediately result
in the desired operators in Tables 2.2 and 2.3, because the second-order expansion will not do
anything with lower-order terms. By including also second-order terms, the operators generally
gain terms that are two powers higher in momentum, i.e. first-order terms will gain third- or
higher-order corrections. This means that operators that are zeroth-order in Tables 2.2 and 2.3
will gain second-order velocity terms, while the operators only containing first-order terms at
first-order will not gain second-order terms. The only operator that is already second-order in
momentum at first-order expansion is P-P operator. By the same reasoning, the P-P operator
is already second-order in momentum at first-order expansion, and will, therefore, not gain any
new terms when expanding to second order.

Because the operators at second-order expansion will not be Galilean-invariant anymore,
to obtain sensible results from the second order terms that are not present at leading order
expansion, a relation between P and K is required. In fact, only a relation between either the
incoming momenta p,k or outgoing momenta p’,k’ is needed, because q relates the incoming
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and outgoing momenta. Having a relation between the incoming or outgoing momenta, we are
able to obtain a relation between P and K. One way to do this, is by assuming the particles
are in the DM-nucleon center-of-mass (CM) frame. In the CM frame, the momenta possess the
following relations

p+k=0 and p'+k'=0. (2.28)

Two straightforward calculations lead to the following two relations in the CM frame
P+K=0, (2.29a)

1
vi=—P. (2.29b)

Going over the same steps as for the first order expansion of the spinor, but now including the
second-order in each step, gives (see Appendix A.4)

B 1—p-o/2m+p?/8m?)¢
u(p) = m(gl+g~a/2m+g2/8m2; £>' (2.30)

Similar to the first order expansion in the previous section, we go through the calculations of
all Lorentz structures and operators, but include all terms up to and including second order
velocity terms. Before going to the CM frame, we can see in Appendix A.7 that some terms look
similar to some building blocks in Table 2.1. However, these terms cannot be written as building
blocks, because either P or K is present, while both are needed for making it a building block.
So indeed, there is no way to solve this without assuming some relation between the momenta
(either by being in some frame or another type of relation). The NR limit of the operators up
to and including second-order velocity terms in the CM frame that have changed by going to
second-order expansion, are given in Tables 2.4 and 2.5.

First, it is important to note that in the limit of small momentum transfer (q — 0) and
negligible initial nucleon momentum (k — 0), the second-order corrections do not vanish. In-

2 2
stead, they become solely dependent on the elastic transverse velocity, (v)? a0 Ip|?/ mi
This observation implies that even for small momentum transfers, the second order corrections
can yield non-negligible contributions to the effective operators, potentially dominating the phe-
nomenology when the leading order operators are absent or suppressed.

Second, an interesting finding is that the second-order corrections do more than modify
the existing operators, but give rise to a dependence on different NR building blocks as well.
These operators, which emerge at second order in the momentum expansion, are structurally
distinct from the leading-order terms and can have significant phenomenological consequences.
In particular, if the leading-order operators are absent or suppressed, e.g. due to cancellations,
the second-order correction induced operators may become the dominant contributions. This
potentially alters the amplitude and may enhance the amplitude in case of cancellation of leading-
order terms.

As noted, these results hold for the DM-nucleon CM frame. So the question arises whether
these results hold for arbitrary frames or not. Let us show this by expanding the spinor again,
but in a frame p Starting in a general frame with four-momenta p,p’, k and k’, and perform a
boost to the CM frame with the desired boosting velocity v. In momentum space one can verify
that in the relativistic setting, the scalar operator remains unchanged after boosting:

@ (p)u* (p) =@ (9 )u* (), (2.31)

where p’ and p are the boosted four-momenta. Suppose that the necessary boost to go to the
CM frame, must be performed in the z direction, i.e. v = vz. The boosted momenta are then
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given by

pr= (AT = (E) : (2.32)
v P

with E = m + % and p = p + mv in the NR limit. Hence, our spinor in the NR-limit

equals

o 14+ p*/8m> + (p-0o)/2m) €\ _ (1+[p +mv]>/8m* + ([p +mv] - o) /2m) &
u(p) = vm (El +p?/8m? — (p- 0')/2m)£ =Vm (1 +[p +mv]?/8m? — ([p + mv] - U)/Qm)§
(2.33)
This means that the calculations for both frames are equal and so the scalar Lorentz structure
in terms of the unboosted momentum becomes

1

2 .
—s' [~ S(= s’ s q t,8" ¢5 ¢ s',s s',s
w70 ()~ 2m €160+ e - sl (P ) - pst e (amv xa)| (230

To compare, the unboosted expression is given by (see Appendix A.6):

2
79, =~ S (= S, S q Sl S
o () ()~ 2 [+ et - o

st (P x q)] . (2.35)
Comparing Eq. (2.34) and Eq. (2.35), we see that most terms coincide and that P’ = P + 2mv,
as expected. From this it is easy to see that the extra term that depends on boosting velocity v,
introduces extra terms that will not cancel. Then, it follows that boosting the system to the CM
frame, other terms are introduced in the scalar-scalar interaction and therefore, the unboosted
and boosted expressions are not equal. Hence, we conclude that the results of the interactions
by including the second order expansion do not hold for arbitrary frames.

).
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Table 2.4: Non-relativistic limit of operators at second order expansion that changed, in the CM
frame. Here, N®(k) is the nucleon spinor with spin index s, four-momentum k and mass my.
Similarly, x"(p) is the DM particle spinor with spin index r, four-momentum p and mass m,.
Additionally, p is the reduced mass of the DM-nucleon system. k(p) and k/(p’) are the incoming
and outgoing nucleon (DM) four-momenta, respectively. Here, (O;) = fzr\}slf;f(”"' ;€ 6N denotes
the matrix element between the two-dimensional spinors associated with the initial and final
state of the DM particle and the up-quark. Color-coding used: O(v°) is green, O(v?') is orange,
O(v?) is blue and O(v?) is pink.

’

(N )N (3 0 ) ~ v [(00) (1 S50 iy (©0)

42 (05)]
. , ~ dmymy [(O1) (1 + %véQ) kim0,
N ()N (k) ) (R ()% () 2 ma(mat2m) o
( ) ( ) _m;\jjlm,x < 4>_ 27;1\7)5(7rILVN+fm:)) <O5>+% <Oﬁ>]
~ dmnmy = (O4) (4-&-%::*))
(Ns (k/)7u75Ns(k)> (yrl (p’)7“75x7"(p)) W (O3)— W (Os)
+m2;2:N (Og)—2 <016>}
(NS (k/)auuNS(k)) (yr’ (p')awxr(P)> ~ dmymy [((94) <8+4v$2> 2mNm (01)
— DN AT (Oy) — 2N (O5)—4 (O6)

(mN+mx)

(N k)02 Mo (1) (X' (0)0°X () +M ()]

my+my
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Table 2.5: The non-relativistic limit of vector and axial-vector operators contracted with the
momentum of the other particle that have changed at second order expansion, in the CM frame.
Here, N*(k) is the nucleon spinor with spin index s, four-momentum & and mass my. Similarly,
X" (p) is the DM particle spinor with spin index r, four-momentum p and mass m,,. Additionally,
u is the reduced mass of the DM-nucleon system. k(p) and k’(p’) are the incoming and outgoing
nucleon (DM) four-momenta, respectively. Here, (O;) = 5}:}515;”/ ;€ &x denotes the matrix
element between the two-dimensional spinors associated with the initial and final state of the
DM particle and the up-quark. Color-coding used: O(v°) is green, O(v!) is orange, O(v?) is blue

and O(v?) is pink.
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CHAPTER 3

ALP-Mediated Dark Matter-Nucleon Scattering

In the previous chapter we derived the non-relativistic (NR) limit of 24 different operators and
expressed them in terms of NR building blocks. In the end we want to make predictions for the
cross section-DM mass search space. Hence, we need to calculate the cross section for DM-nucleon
scattering. To obtain a cross section, we need a theory or model to work with. In this model we
know we need fermionic DM, as this is our assumption, but in order to have interactions between
DM and Standard Model (SM) particles we need a mediator as well. The possible candidate
mediator that we will use is the axion-like particle (ALP). In this chapter we first introduce in
Section 3.1 the ALP and ALP effective field theory from literature, where we will derive the vertex
factor for this model. Although scattering could be with any fermion in the SM, we are eventually
interested in nucleon scattering, and will therefore use DM—up-quark scattering. Knowing the
Feynman rules, we calculate the simplest scattering process in Section 3.2: scattering at tree-
level. This type of scattering comes with problems and calls for going to loop-level calculations.
Thus, we perform a one-loop calculation of the scattering process to find an enhanced cross
section in Section 3.3. The calculation calls for the use of Passarino-Veltman reduction and,
because of the long expression, for simplifications and approximations. Next, we discuss the
UV-divergence of the loop integrals in Section 3.4. There are some processes discussed in the
literature that help us to set bounds on the couplings and cutoff scale, that are discussed in
Section 3.6. Next, in Section 3.5 we use the renormalization-group equations derived in [40] to
evolve the couplings down to other scales. Lastly, in Section 3.7 we make a prediction of the
cross section and compare it with experimental results, using bounds from meson experiments.

3.1 ALP Effective Field Theory

The ALP is a generalization of the QCD axion. The QCD axion was introduced to solve the
strong CP problem. The strong CP problem arises from the term

Oa,
Logep = 7 =G, G, (3.1)

in the QCD Lagrangian, which is violating CP-symmetry. Here, 0 is the CP-violating angle, as is
the strong coupling constant and G is the gluon field strength tensor, with G** = %e‘w“”Gag the

27
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dual tensor. This term is odd under CP and introduces CP-violating interactions, including the
electric dipole moment (EDM) in the neutron, d,, [41]. In [42] the authors calculated the EDM in
the SM to be d,, ~ 3.6x1071°0 e cm, while experiments constrain the EDM to |d,,| < 3.6x10726 ¢
cm (95% CL) [43]. Comparing the two results, we come to the conclusion that § < 10719,

If strong interactions are CP-conserving, then § = 0. The question arises: why is § so small or
why is the strong force CP-conserving? Peccei and Quinn [44, 45], Weinberg [46] and Wilczek [47]
tried to solve the strong CP problem by introducing a U(1)pg symmetry that is spontaneously
broken. Spontaneously breaking this symmetry effectively replaces the CP-violating angle 6 with
a CP-conserving field, called the axion. The QCD axion is a Nambu-Goldstone boson arising
from the broken U(1)pg symmetry [46, 47]. Under U(1)pg transformations the axion field
transforms as a — a + af,, where A = 4x f, is the energy scale associated with breaking the
U(1)pg symmetry and « is a free parameter. The Lagrangian should be invariant under this
transformation, and so § should transform like § — @ — a. When the axion couples to other
particles—where CP-violating angle 6 is not present—the axion field should appear together with
a derivative 0,a, if field redefinitions are not possible, such that the Lagrangian stays invariant
under this shift symmetry where § — 6 + «. [40]

In the past decades, besides the WIMP, axions and ALPs have been a theoretical candidate for
DM [48]. ALPs do not necessarily tied to the strong CP problem and are generic pseudo-Nambu-
Goldstone bosons. ALPs are among the best-motivated candidates for new particles in beyond
the SM physics [49]. By imposing fermionic DM, the question may arise how this form of DM
interacts with the SM. SM particles are uncharged under the PQ-symmetry, but the effective
ALP couplings to the SM fermions must exhibit the shift-symmetry and, therefore, ALP has
derivative couplings to fermion currents and resembles a pseudo-scalar particle with Yukawa-
like couplings [49]. Since the U(1)pg symmetry is broken at scale 47 f,, the ALP couplings
are naturally suppressed by decay constant f,. For simplicity, we will refer to f, as the cutoff
scale throughout this thesis. However, we emphasize that f, is not the scale for new physics,
which is instead A = 4xf,. This suppression provides a weakly interacting DM theory, that is
needed to align with the observational evidence for DM. Couplings to the ALP are beforehand
undetermined, but — as we will see — can be experimentally constrained.

Unlike the name may suggest, ALPs are particles whose couplings are not (necessarily) related
to the strong CP problem. The ALP mass is not required to come from some symmetry group,
unlike the QCD-axion described above. Similar to the axion, the ALP is a pseudo Nambu-
Goldstone boson, a, that appears after breaking of a global symmetry and transforms as a singlet
under the SM. ALPs also have a shift symmetry, such that a — a + ¢, where ¢ is a constant. The
ALP can acquire flavor-violating couplings to quarks and leptons if the underlying symmetry is
flavor-dependent. [50]

Flavor-violating couplings to the ALP open up larger sector of interactions, that would not
be seen in SM-type interactions. The most general effective Lagrangian including operators of
dimension up to 5 is [50]

1 . mi 8“
L =5 (0u) (0%) = 32% T3 et
o O o T e S

where wa b = 1,...,8),W;ﬁy (A = 1,2,3) and B, are the field-strength tensors of the
SU(3).,SU(2)r, and U(1)y gauge fields, respectively, with dual field-strenth tensor defined like
above. The couplings as, s and ay are the SM gauge couplings for SU(3)., SU(2),, and U(1)y
respectively. In the first line, the sum is over chiral fermion multiplets F € {U, D, E,u,d, e},
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where capital letters represent left-handed fermions and the small letters represent right-handed
letters. The fermion couplings of the ALP, cp, are 3 x 3 hermitian matrices in generation space.
Since the ALP couplings feature a shift symmetry, the fermions and Higgs boson have derivative
couplings to the ALP, while the effect of the shifting of a can be removed by field redefinitions
of the W and B fields [50].

In the ALP EFT discussion below, we follow [40, 50]. An equivalent form of the fermion part
of the Lagrangian is

Lferm _ 71

=g (@ngddR 1 QdY yur + LoYeer + h.c.) . (3.3)

Here,

Yi=i(Ygcqg—cqYa), Yu=i(Yycu—cQY,) and Y.=i(Y.c.—coY.), (3.4)

where Y ; are the SM fermion Yukawa matrices. Using this form of the Lagrangian one can see
the distinguishing feature of the shift symmetry of the ALP from any other pseudoscalar boson.
The authors in [40] note that although there is no apparent reason for the complex matrices Y ¥
to have any particular structure, the shift symmetry of the ALP gives rise to the hierarchical
structure of the matrices, resulting in the appearance of the SM Yukawa matrices.

The SM Yukawa matrices can be diagonalized via a bi-unitary transformation, such that

UlY Wy=Y*,  f=ud,e. (3.5)
By redefining the fermion field by
Q — UUQ, UR — WuuR, dr — deR7 L—-U,L and er— WeeR, (36)

the lepton-sector and up-sector Yukawa matrices are diagonalized, while the down-sector Yukawa
matrix is transformed to Y4 — VYglag, where V = Ul U is the CKM matrix.

To obtain the Lagrangian in the mass basis of the fermions, flavor matrices cr must transform
to new hermitian matrices under the field redefinition above. Redefining the fermion fields by
means of the unitairy matrices above, gives

ky =UlecoU,,  kp=UlcoUas, kp=Ule U,,

: i ! (3.7)
ky=WieW,, ki=WhesWa  k.=WicW,.

It is fairly straightforward to see that the matrices kyy and kp are related via the CKM matrix
as kp = VTk:UV. One can choose a basis such that all transformation matrices are the unit
matrix, except for Uy = V. Similarly to [50], by choosing this basis, the two matrices k and ¢
are related via

ky = cy, kp=ViegV,
kE =Cy, =Cf ku,d,e = Cu,d,e-

Now writing the Lagrangian Eq. (3.2) in the mass basis, the fermion interaction Lagrangian
becomes

. Ma — _
Lt =3 5 [TUes + ko) + Tky = kp)y®f] (3.8)
fE

by using that the fr = 1 (1£+°) f. Now, f € {u,d,e} and F € {U, D, E}. The first term in
Eq. (3.8) is identified as a vector term and the second term is identified as an axial-vector term.
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For each Lorentz structure there is a different combination of the matrices k; and k. It is then
convenient to define new couplings, which are 3 x 3 matrices, by

cf;=ks+kp and cf; =ks—kp, (3.9)

where the first coupling is the vector coupling and the second is the axial-vector coupling.
The ALP is a pseudo-scalar particle, and so the propagator is just the usual scalar propagator:

q .
1
,,,,,, . . = s (3.10)

The Feynman rules remain unchanged, such that external particle gives a spinor u(p) and has
propagator
q

— B i(g +m)
— = e (3.11)

The vertex factor can be calculated using the Lagrangian in Eq. (3.8). Calculating the vertex
factor is fairly straightforward, by going to the momentum space, after which the vertex factor
can be easily read-off. Defining that particle ¢ is the incoming particle and particle j is the
outgoing particle in the vertex, the interaction Lagrangian in momentum-space is given by

int d4 d4 d4/ . _ , o , i () —ip- (o
2= [ oot | e | i g [T 0000 e T )0 )] e e

(2m)* 2fa
(3.12)
Here, ¢ = p — p’. From this it is easy to see that the vertex factor is given by
_ L Vv A 5 (3.13)
- 2fu cfifjﬁ_‘_cfifjg’y : :

Hermicity of the couplings imposes c};’A = (c;-/i’A)T, which means that the couplings must be real.
Since the couplings in matrix form are hermitian, stating these matrices are symmetric implies
that ¢4 € R.

Notice that if the incoming and outgoing particle are on-shell, i.e. p*> = m?2, both terms can

be simplified by using the Dirac equation

£ dfip) = F;0") @ —¢) filp) = (mi —my) f;(0") fi(p), (3.14a)

Fi0dy fi(p) = F;(0) (=P = P'2°) fi(p) = —(my +my) F;(0)7° fi(p)- (3.14b)

Thus, the vector and axial-vector currents are for on-shell particles f; and f;, scalar and pseudo-
scalar currents, respectively. If the particles are the same, i.e. i = j, the vector part is actually

zero and, hence, does not contribute to the amplitude and cross section. This means that in
on-shell interactions, where the vector part does not contribute, the axial-vector coupling is the
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Figure 3.1: The tree-level diagram of xu — xu.

only coupling of interest. It turns out that this fact will be especially useful in Sections 3.2
and 3.3 to simplify the calculations. The axial-vector part will, naively, always contribute to the
amplitude, because the sum of two positive masses is never zero.

Knowing all about the axions and the ALP EFT, we can start calculating actual scattering
processes.

3.2 Scattering at Tree-Level

The simplest scattering process is scattering at tree-level. Although eventually one wants scat-
tering with a nucleon, we use that DM scatters with an up-quark. After the relevant quantities
are obtained using DM-—up-quark scattering, we can use some relations to go from up-quark
scattering to nucleon scattering. In the ALP EFT this process is represented by the diagram in
Fig. 3.1, where we have used the convention of time going from left to right.

In the previous section we used the assumption of on-shell incoming and outgoing particles
to simplify the vertex factor, from (axial-)vector to (pseudo-)scalar currents. The stable external
DM particles are assumed to be on-shell in this scattering process. This is a reasonable assump-
tion for DM, since they are real particles interacting with the quarks. But, it is a little more
tricky for quarks inside nucleons, because they are generally not exactly on-shell. Although one
could argue that because nucleons are much heavier than the up- and down-quarks, these valence
quarks are likely to be (almost) on-shell, this argument may be too simple. A commonly used
and good working framework for modeling baryons is the covariant spectator framework. In this
spectator framework, the baryons have a diquark pair that is on-shell and a single quark that
is off-shell. When the valence quarks are close together, the on-shell diquark pair configuration
changes around. [51, 52]

Using both arguments, it is reasonable to assume the valence quarks to be (approximately)
on-shell. Hence, for simplicity we assume in this thesis that the incoming and outgoing up-quarks
are on-shell. The ALP does not need to be on-shell.

Before writing down the amplitude, note that with the on-shell assumption the vertex factor
is simplified as shown in Egs. (3.14a) and (3.14b). The momentum transfer given in terms
of the up-quark momenta has a minus-sign with respect to the definition used in Egs. (3.14a)
and (3.14b), resulting in an overall minus-sign. Using the Feynman rules from the previous
section, the amplitude for this tree-level process is

—imumyc,c (XY x ()] [a(k )y u(k)]
12 q* —m? '

Mtree —

(3.15)
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In order to make predictions, this amplitude has to be in terms of nucleon fields instead of up-
quark fields. For this one must evaluate the operator matrix element <N QY QN > Although
the exact expression for this translation would be difficult to obtain, because one needs to account
for a form factor, we can say that the amplitude would be something of the form

—imymycin iy [X1°x] [N7°N]

fé q* —m;
where N is the nucleon field and Fgp(q) is the form factor, that in our case includes all factors

that are needed to go from up-quarks to nucleons. Taking the NR-limit of the amplitude and
using Table 2.2 to write the operator in terms of the building blocks, gives

Mtree, nucleon

x Fsp(q) , (3.16)

im?\fcﬁucfx <OG>

M;g{e,nucleon — FSD(Q) f2 7q2 — (317)
That in turn gives the DM-nucleon cross section [7]
2 md m2(eA V2 (A2
pamN (Cr) () 1OV 2, (3.18)

op X
: (q® +m3)*f2

where the bar on top of the building block represents the average over dark fermion spins, uy
is the reduced mass of the DM-nucleon system and mpy is the nucleon mass. There are several
problems that arise from this interaction, that make this process undetectable with current
experiments. In all scenarios the momentum transfer q is of the order q*/f%. In the first
scenario mq > q, the cross section scales with momentum transfer q*, making the cross section
highly momentum suppressed. If that suppression could be lifted by e.g. a large mass, then it
would be detectable. Although the up-quark mass is not present anymore in oy, the scale of the
proton and neutron mass (~ 1 GeV) does not account for the large scale of the cutoff scale (~ 1
TeV).

The second scenario assumes that m, < q, then the cross section does not scale with the
momentum transfer q* anymore and is only dependent on the dot-product of the direction of
the momentum transfer and the spin-operators. Although this is not momentum suppressed
anymore, it is still heavily suppressed by the cutoff scale as it scales as m%,/f2.

The last scenario is where q and m, are on similar scales. In that case, one would obtain
approximately half of the result of the second scenario, resulting in the same problems.

Not only is the diagram generally suppressed by the cutoff scale f, and for massive ALPs also
by the momentum transfer q, experiments are generally less sensitive to spin-dependent interac-
tions. The difference in sensitivity could be five orders of magnitude, because spin-independent
interactions is coherent across all nucleons and therefore enhanced by A2, while SD scattering
involves only one nucleon inside the nucleus [29].

To overcome the suppressions and spin-dependence of the tree-level described above, we
perform one-loop level calculations.

3.3 One-Loop Calculation

3.3.1 Setting Up the Problem

By going to one-loop order, we try to solve the problems that arose from the tree-level diagram.
Vector and scalar interactions should arise from the one-loop diagram(s), for spin-independent
scattering to take place. The diagram(s) must therefore not or not only give rise to only axial-
vector or pseudo-scalar structures, causing momentum suppression. Moreover, there has to be
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Figure 3.2

some scales or masses that counter the effect of the cutoff scale. Although the first requirement
is not guaranteed, it likely gives rise to a more complex loop structure, resulting in a depend-
ence on scalar and vector structures as well. The one-loop diagram that arises from these two
requirements is given in Fig. 3.2.

As we will see, this loop diagram is not dependent on only pseudo-scalar and axial-vector
structures, but contains several combinations of (axial-)vector and (pseudo-)scalar structures.
In this diagram are four powers of the vertex factors, resulting in four powers of the cutoff
scale in the denominator. Naively thinking, at each vertex masses are generated, because of the
derivative coupling of the ALP to the fermions. The propagator for quark @ could essentially
be for any quark, but since masses are generated at each vertex, a large mass would help to lift
effects of f,. Since f, ~ 1 TeV, the only quark mass that comes close to this scale is that of the
top-quark. The logical conclusion is to choose for () to be the top-quark. This would lead to a
dependence of m? Ymi 2/f% in the integral. If it is not momentum suppressed, this could lift the
scale suppression.

Since only the initial and final states of the process can be measured, the diagram in Fig. 3.2
is not the only diagram. Two of the ALP vertices can be ‘exchanged’, such that one obtains a
diagram where the ALP propagators cross. In Fig. 3.3 both diagrams with all momenta are given,
where Fig. 3.3a is the trivial diagram and Fig. 3.3b is the crossed ALP propagator diagram. The
amplitude and total loop integral, is given by the sum of the two diagrams.

Particles inside the loop are off-shell at the external momenta and are denoted with an
asterisk. As mentioned in Section 3.2 we assume that the external particles are on-shell.

Applying Feynman rules to diagram Fig. 3.3a, its loop integral is given by

-1 d*e 1
b= 162 / @m)* [2 —m2][(€ — q)2 = m2] [(£ = p)? — m2] [(£ + k)2 — m7]

<X [l = )+ (= "] (= p =) [eXf + "] x(o) 1)
< (k') [ef, (= d) + et (= 7] (£ + K+ me) [ef f + ctufr®] ulk),
and diagram Fig. 3.3b gives
1 d*¢ 1
= 163 / @m)* 2 = m2] [(£ = ¢)2 —m2] [(¢ = p)? = m] [(¢ — &) — m]]
(3.20)

< XW) [ (= ) + o = 77T (= p = ma) [ef + 7] X()
) (k') [efuf + ) (= K = me) [efu(f = ) + et (f = D7°] ulk).
The numerator contains two distinct parts: the DM and the quark part. Because the external

particles are on-shell, the momenta p, p’, ¥ and k/ can be turned into their corresponding masses
using the Dirac equation. Moreover, it would help to rearrange terms such that factors in the
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Figure 3.3: The one-loop diagrams for yu — yu, with loop momentum ¢.

denominator are cancelled. Working out each part and performing the aforementioned simpli-
fications, one can verify that the DM part in the numerator of the integrand for both diagrams
simplifies to

X() {(C;?x - C§X75>2 [(6=p)* - mi] /+ 2mchX (C;?X + C¥X75) [ mi]

(3.21)
+4m3 (e ) x ()
Going through similar steps, the quark part of the first integral, I;, simplifies to
(k) { (ch = ctun®)” [(€+ k)2 = m3] £+ m? (ch, — ciin®) !
—2mym, ((e,)? = (€)?) £ +me(md —m3) ((cf,)” = (cf)?)
e (o = () [+ R =] = m b+ P (402 =]
—m(m? = m2) (e, + eir®)* +md (el + con®) £ ulh),
and of the second integral, I5, to
(k) { (cb = cton®)" [(6= K)2 = mi] £+ m (el — i)
— 2mymay ((c},)? = (cio)®) £ = me ((c)? = (ch)?) [(€ = K')* —m]] (3.23)

—my(m? —m2) ((ch)? = (cib)?) +mu (chy — cihn®)” [(€— B)? — m?]

2 2
tma(md —m2) (e}, — eily®)” +m? (e, + ™) £ ulk).

By multiplying the DM and quark parts, the integrals I; and I are obtained. Summing /; and I
gives the total one-loop integral of the process yu — xu. Because of factors of the loop-momenta
in the numerator, one can see that the integrals I; and I are tensor integrals, which are generally
difficult to integrate and obtain analytical expressions of. Since the analytic expressions for the
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scalar integrals are known, the tensor integrals must be reduced to scalar integrals. This is where
we will need to use Passarino-Veltman reduction of one-loop integrals. In the next section we
will introduce the theory and describe the procedure to go from tensor to scalar integals.

3.3.2 Passarino-Veltman Reduction

As loops become more complicated, the integrals become harder to calculate. One method to
reduce tensor loop integrals to scalar integrals was introduced by Passarino and Veltman in [53].
This technique is now known as Passarino-Veltman (PV) reduction. Like every method, the PV-
reduction scheme has drawbacks. The main drawback is the appearance of Gram determinants
in the denominator, which are numerically unstable if they are small. Alternative procedures
have been devised to fix the instabilities, e.g. [54]. The other drawback is that as the rank of
the tensor integral increases, the computational complexity rapidly increases [55]. Although it
has these drawbacks it is still a powerful technique to reduce tensor to scalar integrals.

In this thesis we follow the conventions from [56]. One-loop N-point tensor integrals in D
dimensions, with N propagator factors and P integration momenta in the numerator, generally
have the form

N _ (2mp)*—P Dy Ly
T#IMQ...MP(p17'~'7pN71amO7~-~>mN71) - 7:7_[_2 d EDQDll"'D]I:]_17 (324)
where the denominator factors are
Dy = (> —m2, Di=(l+p;)—m?+ie, i=1,2...,N—1 (3.25)

and originate from the propagators in the loop. The parameter p has mass-dimension and serves
to keep the mass-dimension fixed for varying D. If the power of integration momenta in the
numerator exceeds the power of integration momenta in the denominator, i.e. P+ D — 2N >0,
the integral is generally UV-divergent. These divergences are regularized by calculating the
integral in D # 4. The diagramatic form of Eq. (3.24) is given in Fig. 3.4. Every N-point
integral T is denoted by the (N — 1)th letter of the alphabet: T' = A, T? = B, .... If there are
no integration momenta in the numerator, P = 0, the integral is scalar and caries the lower-index
0.

A rank-P N-point function is symmetric in all its indices p;, meaning that switching two
indices p;, pt; does not affect the integral:

N _ mN

TMl"'M"'Mj"'UP (pl7 ce ey DN—1,T0, ... ,mN_l) = Tul"'uj"'ltz:"'ltP (pl, cee sy DN—1,MT0, ... ,mN_l).
(3.26)
Note that switching either two momenta or two masses does change the integral:

N

T,ulp,zmlup(plw"apiw"apja"'va—1;m07"'7mia"'amj7"';mN—1)
N
75 Tulyzv--y}:(pl? cees Py s Piy e o s PN—1,T1005 « « 5 Ty o oo 3 TG - amel)a

(3.27)

but it is invariant under changing the momenta p;,p; and masses m;, m; simultaneously, such
that the momenta and masses with the same index are paired up again.

Lorentz covariance allows every tensor integral to be decomposed into tensors, constructed
by the external momenta and the metric tensor g,,. The explicit Lorentz decomposition for
rank-one and rank-two N-point integrals reads [56]

N-1
T, =Y piTi, (3.284)
=1
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P2 —p1

PN-1—PN-2

Figure 3.4: N-point integral convention.

N—-1
Tyw = guvToo + Z i Tij- (3.28b)

ij=1

The goal is to reduce the tensor integrals to scalar integrals, but the reduction above does not
provide an explicit decomposition in terms of Ty-type integrals. Let us go through the simplest
example for PV-reduction, which is reducing the integral B,, to scalar form. This integral is
defined as

(2ﬂuth/’z) b

B =—"— [ d7/ . 3.29
B ) = T | (T (529
Eq. (3.28a) suggests that this integral is decomposed by B,, = p,Bi, i.e. it is projected onto
momentum p,. Using this decomposition, we contract the integral with p, and divide by P2,
resulting in

. 1 @rp)tP / D p-!L
Bi(p;my,ma) = e d EW e s - (3.30)

The numerator can also be written as % ((E +p)? —p?— 82). Adding and subtracting masses to
cancel terms in the denominator, gives

1 (2@)4—17/dpg(erp)Q—m%—f2+m?—l’2—m%+m%, (3.31)

Bi(p;my,me) = —
P M) = o 2 — 3 [+ p)? — md]

By simplifying this expression and rewriting the simplified integrand as scalar integrals, we obtain
the definition of B; in terms of scalar integrals

Bi(pymi,mg) = % [AO (m1) — Ag (m2) — (p2 + m% - m%) By (p7m1,m2)] . (3.32)
Now we know Bi, we also know B,,, because of the decomposition of Eq. (3.28a). It is compu-
tationally expensive to decompose every tensor integral by hand, especially for integrals with a
higher rank or higher-order N integrals. Packages like FeynCalc [57-60] in Mathematica do this
decomposition for you. In this thesis we used FeynCalc to decompose some integrals presented
in Section 3.3.3.
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Knowing the general procedure of tensor integral reduction, the last thing that is needed is
the analytical form of the scalar N-point functions. The one- and two-point integrals have the
simplest expressions, where the analytic expression of the two-point function is most relevant in
this work. The scalar one-point function is given by [56]

2
Ag(mo) = m2 (A ~log % n 1) , (3.33)
where 5
A=—" — log 4 34
4—D 7E+Og ™, (33)

is the UV-divergence and the vg is Euler’s constant. Here, the factor pu appears in the logarithm
and is an artificial energy scale. The analytic expression of the scalar two-point function is [56]

2 2
mom;  mg—mj mq momy 1
B =A+2-1 log — — — = 1 3.35
o(p; mo,m1) +2 —log 2 e 8 T e (rm 7’01> ogro1, (3.35)
where r and % are determined from
mé +m? — p? —ie 1
2y 0 1~ P J:—|—1=(x—|—7“01)<x—|—>. (3.36)
momi To1

The solution for r then reads

m 4+ m? — p? —ie £ \/(m2 +m? — p2 —ie)2 — dm2m?

2m0m1

o1 — (337)

Even though both the positive and negative sign solution are equal in the combination (% — 7") logr,
throughout this thesis we only use the positive sign.

Although Eq. (3.35) seems to be singular when p? = 0, one can show that the limit as p? — 0
does exist. Instead of taking a limit, it is easier to look at the integral representation to derive

expressions in this limit. First assume the masses are not equal, then using partial fractions

(2mp /dDg 1
in? =3l — ]
1 (27m)4—D/dD£[ 1
m? —mi  in? 2—m3  2—m
_ Ag(ma) — Ao(mo)

2 2
my —my

)4—D

BO(O7m07 ml) =

(3.38)

When the masses are equal we notice that taking the derivative of the scalar one-point function
with respect to m? gives back the scalar two-point function:

d 2mp)d—P d 1
gahom) = O [ et

2mp1)*—P 1
D ”%‘)2 / dPl———
1

= By(0,m, m). (3.39)

The same techniques can be used to go from a scalar three-point function with one or both
momenta equal to zero, to scalar one- and two-point functions. Without spoiling too much of
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the end result, we will see that the scalar three-point function where one momentum is zero and
two masses are equal, Co(0, p, m, m, M), can be reduced to an expression dependent on only the
two-point function. Using the above reasoning, this scalar three-point function has the following
relation to the scalar two-point function:

d By(p,m, M). (3.40)

dm?

00(07p7m7m7 M) =

It is important to note that the momentum p appears together with mass M, not mass m. If it
appears together with mass m this does not hold anymore. Taking the derivative of the two-point
function can easily be done, given the anayltic expression in Eq. (3.35). Assuming that p? = M2,
the derivative then is

d 1 2m? M m?>-M?2 m/1
2
m ﬁBo(MmM) =5 {_1+ﬂ[210g_ Tz M (r —7") log
m? (1 —logr dr
— | ———-1-1 —_— 3.41
M ( 72 ogr) dm] ’ (3.41)

where we have multiplied the derivative by m? to obtain a result that has no mass dimension,
like the scalar two-point function itself. Here we have used that

m? —ie +/(m2 —ie)2 — 4m2M?2
= 3.42
" 2mM (342)

) _M
dr_ 1 m(r— ) (3.42b)
dm m -\ /(m% —ie)2 — 4m2M?

Last, the rank-p N-point functions may contain divergent parts. For example, the scalar two-

point function given in Eq. (3.35) has a divergent part of D—_24. It is useful to know what the
UV-divergent parts are of the tensor integrals. Below we listed the UV-divergent parts of different
tensor integrals that appear in the loop integral, where all divergent parts are given as a product

of D — 4 and the integral itself [56]:

(D — 4)Ag(m) = —2m?, (3.43a)

(D —4)Bo(p, mo, m1) = -2, (3.43b)

(D_4)Bl(p7m07m1) - 17 (3 430)

1

(D — 4)Boo(p, mo, m1) =5 (P2 — 3mg — 3m%) ) (3.43d)
2

(D - 4)Bll(pa mOvml) = _gv (3436)
1

(D - 4)000(p17p27m07m17m2) = 5" (343f)

For the integrals where the divergent part is independent of masses and momenta, i.e. constant,
the difference of two of the same integral-type results in canceling the divergent part. As an
example, the rank-two three-point integral has a constant UV-divergent part of —%. If there
is another rank-two three-point function that is subtracted from the first one, the divergences
cancel.

After this intermezzo of PV-reduction, we can go back to our problem: the one-loop integ-

ral(s).
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3.3.3 Simplifications, Approximations and Final Result

After multiplying the DM and quark parts in Egs. (3.21) to (3.23), symplifying the expressions,
writing them in terms of the Passarino-Veltman integral functions, and adding up I; and I, we
obtain the total loop integral Z in Eq. (B.4). Z is a long expression, and reducing a tensor integral
like the rank-two four-point integral D,,, is complex and computationally expensive. If the full
expression of Z is reduced, the result would be very long. Not all terms in Z have the same order
of magnitude. Some terms may be negligible compared to other terms in the integral. In order to
make predictions we need to simplify the integral and do some well-motivated approximations.

The first simplifications that can be done is by utilizing the properties of the two- and three-
point functions. First, if the B,, integral functions depend only on momentum transfer g, the
reduction of B, (q,mg,m1) is q,B1(g, mo,m1) and therefore gives a factor of ¢,. Then, when
contracted with a vector Lorentz structure, this term will be zero (see Eq. (3.14a)) and when
contracted with an axial-vector structure, it results in twice the mass times the pseudo-scalar
structure (see Eq. (3.14Db)).

Next, by utilizing the momentum transfer dependence of the three-point functions, the in-
tegration variable can be shifted by q. A three-point function dependent on momentum %’ can
then be expressed in terms of three-point functions dependent on momentum k only. Because
most three-point functions appear as a sum or difference of two three-point functions, where one
carries momentum k and the other k', these terms can be heavily simplified by also using the
knowledge of what happens when one contracts with (axial-)vector structures. In Section B.2.1
we showed the following relations:

Cﬂu(k’ _q’ma’mt’ma) - CVIJ (_kl’ _qvmmmtama) = qucu(k; _Q7ma7mt,ma)
+ @, Cu(k, —q, ma, My, ma) (3.44a)

- QVqMOO(k'a —q, Mg, Mt, ma)a

Cﬂ(k7 —(q, Mg, My, ma) - C,U«(_klv —q, Mg, Mg, ma) = 2cﬂ(k? —q, Mg, My, ma)
- QH.CO (k7 —q, Mg, My, ma)7 (344b)

Cu(kv —q, Mg, My, ma) + Cu(_klv —q, Mg, Mg, ma) = qMOO(ka —q, Mg, Mt, ma)>
Ol/(ka —q, Mg, M, ma) - CV(_k/7 —q, Mg, M, ma) = 2CV(k7 —q, Mg, M, ma)
(3.44c¢)
- QVCO(k7 _qamaamtama)a
CO(kv —q; Mg, Mk, ma) + CO(_klv =4, Mg, M, ma) = 2CO(k7 —q, Mg, M, ma); (344d)
Co(k, —q, Mg, My, ma) - CO(fklv —q, Mg, My, ma) = 0. (3446)

Now, one can see that a lot of terms are zero when the momentum transfer is contracted with
vector structures, and axial-vector become pseudo-scalar structures. Unfortunately, the same
cannot be done for the four-point function. Performing a similar trick allows one to change the
—k’ to a k, but then —p changes to p’. The four-point function terms therefore stay in their full
form.

Most up-masses appear together with the top-mass, i.e. m; =m,,. The mass of the top-quark
is about 172.57 GeV/c?, which is much larger than the mass of the up-quark (a few MeV) [61].
Hence, all up-masses that appear together with a top-mass are neglected.

The simplifications and mass approximation above already reduces the integral to a more
compact expression.

64im? fAT = 64im> f2(I, + Io)
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o) et [X@)x ()] [a(k )y u(k)] Colk, —¢,ma,me, ma)
+ 2mxmt2(cfx)20226g [Y(p,)X(p)} [ (k’),f’ u(k)] Cu(kv —q, Mg, My, ma)
+2mymi (e ) ctuct, (X" x(p)] [a(k)y*y" u(k )]
)=

_ 2
= 2m,mymy(c

XX

X [D,ul/(kqu, pamaamt,mmmx IW( k p7ma’mt’ma’mx)]
+2mimfmu(c;‘x)202;cg X )" x(p)] [ (K')y° ]
X [D}L(ka —q, —p, Mg, mtvmavmx) - D,u(fk/a —q,—p, ma,mtvmavmx)]

— met(cQ X

A A —
- mimt(cxx)z ((CXL)Z - (ctu) ) [X
+m§Du(k7 —q, =D, Mg, Mg, Mg, mX

= mymi (e, )? ((ef)? + (cfu)?) [X(

() x(p)] [@(k )u(k)] [-2C, (g, p, Ma, ma, my )

)
+m2Dy,(_k y =4, _p7ma7mt7ma7mx)}

]

) +m; '

X(0")x(p)] [@(k )y u(k)] Co (k, =g, ma, My, ma)
—mimi(en)? ((ef)? + (cf)?) @) x()] [@(k") 7" u (k)]

X [Dy(k, —q, —p, mq, My, Mg, my) — Dy (=K', —q, —p, Mg, me, mg, my )] .

(3.45)

If a term has an axial-vector or pseudo-scalar Lorentz structure, it means the term contains both
a vector and an axial-vector fermion coupling to the ALP. In order to explain this, note that
in the vertex factor the vector-coupling term does not contain a +°-factor and that each axial-
vector term contains a factor of v°. Because both the DM and quark part have two vertices, two
factors of 4° can be brought together, that results in Iy. This only occurs with two axial-vector
couplings. If there is a mix of an axial-vector and vector coupling, there is only one factor of 7>,
and we cannot use the identity (%)% = I;. Only when the axial-vector and vector coupling of
the quark-part are non-zero, axial-vector and pseudo-scalar structures appear.

Note that the DM part is only dependent on the axial-vector coupling, even though no
assumptions have been made on the DM vector coupling. We have introduced only one type
of DM particle, hence, the DM-ALP vector coupling has to be absent for the shift symmetry
to be fulfilled. Another way to look at it is, that at each vertex a difference of the masses is
generated for the vector coupling, because of the derivative coupling. Since the DM particle
in the propagator has the same mass as the incoming and outgoing DM particles, the vector
term will not be present after performing the simplifications of shifting the three-point functions
momenta and using the reduction of the rank-one two-point function. The integral is now highlu
dependent on the axial-vector DM-ALP coupling. If CQX is zero, this whole scattering interaction
is impossible. So either the axial-vector coupling cannot be zero or, similar to the quark-part, a
different particle is needed in the propagator with mass that differs from m,,. The other thing
to note, before futher simplifying any further, is that if the coupling strength of the vector and
axial-vector up-top-ALP couplings are equal, the integral is not UV-divergent anymore.

In dark matter direct detection experiments the momentum transfer and all external momenta
are small, meaning that axial-vector and pseudo-scalar currents are momentum suppressed, as
seen in Sections 2.3 and 3.2. Compared to the leading-order scalar and vector currents, the
axial-vector and pseudo-scalar currents are negligible for small momenta. We can, therefore,
discard all terms dependent on axial-vector and pseudo-scalar type structures. The simplified
and approximated expression of the loop integral then reads

= 64im? £, T = mimi (c,)? ((ch)? + (cn)®) K@ x(0)] [k )y u(k)]

X [DMV(kv —q, =P, Mq, M¢, Mg, mX) - DMV(_k/7 —q,—Dp, mavmtamaamx)]

2 ((en)? = (cn)?) K@) x(p)] [k Yu(k)] [Bo(—q, ma, ma) + miCo(k, —q, ma, me, ma)]
? v
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+mimi(ch)? ((er)? = (¢)?) @)Y x ()] [@(k Yu(k)] [=2C,u(g, p, My s my)
+m§Du(k7 —q, =D, Mg, Mt, Mg, mx) + ngu<_k/a —q, =P, Mg, Mt, Mg, mx)]

+mami (e )? ((er)? + (c0)?) W)X ()] [k )y u(k)] Cu (k. =, ma, my, ma)

+myme(e)” ((eh)® = (ei)?) KW )x ()] [@(k Yu(k)] [Bo(g, ma, ma)
—"_mgco(k?_%maumhma)} . (346)

Even though there are only four terms left, reducing the rank-two and rank-one four-point
functions give long and complex expressions. It would, therefore, be good to rank and at the
same time approximate each term, and eventually only using the dominant terms. We know that
k? < m7, so the propagator-factor [(¢+ k)2 —m7| can be expanded in k?/m7:

1 1 1 I S PR 2T (3.47)
(C+k)2—m?2 2-—m21+ Lk Tz —m? 2 —m? ’ '

and similarly for the propagator involving k’.

In Section B.2.2 we have gone through the procedure for each term in Eq. (3.46) that is
dependent on k, k’. The first term in Eq. (3.46) involving the rank-two four-point functions is
proportional to the up-quark momenta. Hence, this term is suppressed by the momenta k and &’.
Using packages like FeynCalc one can verify that the pre-factor of this term, mimf, is cancelled
by the denominator after reducing the four-point tensor integrals.

The second term in Eq. (3.46) is not proportional to any small masses or momenta after
performing the approximation. Together with its pre-factor in the integral, this term’s pre-factor
scales with m,m; and the scalar N-point functions are not suppressed by any momentum or
mass.

The third term in Eq. (3.46) is small and at leading-order in %, it is zero, because after
performing the approximation (i.e. the expansion of the top propagator in Eq. (3.47)) the rank-
one three-point function is proportional to ¢,. After contracting with the DM vector-current it
gives [ugu], which is shown to be zero.

The last term in the integral has the prefactor m,m; and the expansion of the propagator
does not gain or lose any power of m, or m;, meaning that the order in mass dimension remains
the same.

To summarize, the second and last term in Eq. (3.46) are of the same order in DM-mass and
top-mass, while the third term’s contribution is zero in leading-order approximation and the first
term is suppressed by the up-quark momenta. Hence, the second and fourth term are at leading
order the leading terms in Eq. (3.46) and the other terms can be discarded.

With the same reasoning as for discarding the axial-vector and pseudo-scalar structure, we
can approximate our integral by setting the momentum transfer to zero. This is only justifyable if
m?2 £ ¢*, which is alright since Kaon decays strongly constrain the light ALPs with FCNC. This
is the last approximation that we do, which makes the resulting approximation of the one-loop
integral only dependent on the DM momentum. The highest order and only N-point function
that our integral is dependent on, is then the two-point function and its derivative with respect
to m2. Since the scalar two-point function is dependent on only the square of the momentum
(see Eq. (3.35)), the DM-momentum can be replaced by the DM-mass, because of the on-shell
assumption.
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After these approximations, the reduction of the integrals and contraction of momenta, the
final form of our one-loop integral is (using the expansions derived in Section B.2.2)

I~ s (;?{m;3)2 7 (00 ((eh)? = (€)?) X (o)) [ ()]
x [mZ (m2 — 2mZ) Bo(my, ma, my) + mi Bo(my, my, my) (3.48)

d
*mi(m? - mi)w

a

BO(mxamavmx)

With this result, we now have an analytical expression of the dominant parts of the loop integral
of the diagrams in Fig. 3.3, where the analytical expressions of the scalar two-point function and
its derivative with respect to m?2 are given by Eqgs. (3.35) and (3.41), respectively.

Note that when (c},)? = (c{,)?, this approximation of the integral is zero. If the couplings are
equal, the first and third terms in Eq. (3.46) are the leading order terms, which are momentum
suppressed and zero at leading order, respectively. In that case, the diagrams in Fig. 3.3 are
heavily suppressed by the up-mass and the up-quark momenta k, &’

3.3.4 Limiting Cases

It is good to look at the behavior of the integral in some limiting cases. In Eq. (3.48) the
expression is divided by (m? — m2)?2, which means it has a potential pole where m, = m;. If
there is a pole at the top-mass, this would prove there is no such interaction taking place, because
the cross section would also diverge and experments would have already seen such an interaction
in their detectors. Although the original expression of the integrals in Eqgs. (3.19) and (3.20)
did not give any reason to have a pole where the top quark and ALP-masses are equal, it is
good to check that no artificial pole is created after the PV-reduction. All together the limiting
cases that are studied are the heavy ALP and DM limits, massless ALP and DM limits, and the
mg = my limit. In Appendix B.3 the limiting cases have been derived more thoroughly, in this
subsection we will go through the procedure, results and their implications.

In the massless ALP limit we expect there not to be any problems, because the ALP-mass is
only present in the denominator of Egs. (3.19) and (3.20). A massless ALP-mediator would also
not cause the integral to be zero, i.e. no interaction. It suffices to show that no extra divergences
arise in the ALP-mass dependent two-point functions when the ALP is massless, because then
these terms are zero due to the pre-factor m2. The factor Tay is finite and nonzero when m, — 0,
so the logarithm is finite and so is 1/r4,. Substituting this into the expression of the two-point
function Bg(my, mg,my), this function remains finite, meaning that when multiplied by m?2
the whole term is zero. Using that rq, remains finite and is nonzero, then taking the limit
of mi%Bo(mX,ma,mX) shows that it remains finite in the massless ALP limit. Since the
ALP-mass dependent terms are zero, the only term that remains is the ALP-mass independent
two-point function By(m,,my, m,). Although it is enough to know the behavior, we have an
exact expression for this limit:

Jim 7= 6;’;”; (e ((eh)? = (eh)?) R X)) [k ulk)] Bo(myme,my).  (3.49)

From this we can conclude that for low ALP-masses or massless ALPs the integral (and also the
cross section) is nonzero and constant as a function of the ALP-mass.

To study the behavior of the integral when ALPs are heavy, requires us to take the limit
mg — 00, i.e. the ALP is heavier than all other scales in Z. In this limit r,, = m,/m, and
drayx _

Ma dmg

Mqa/my. The ALP-mass independent two-point function is constant, and because of
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the pre-factor of m 4, this term is zero in the heavy ALP limit. This factor of m_* cancels with
the pre-factor of the ALP-mass dependent two-point function terms and partially cancels the
pre-factor of its derivative, where a factor of m?2 remains. Now dependencies are substituted in
the expression of the two-point function and its derivative and the limits then are:

2

. m(l
m£1gloo Bo(my, mq, my) o< —log e (3.50)
. d
milgoo miWBo(mX,mmmX) =-1 (3.51)

Since logm, is much larger in the limit than —%, this constant can be neglected as an overall
dependence. Hence, the proportionality of the integral in the heavy ALP limit is Z o< — logm,
and is thus log-divergent. Eventually Z only appears squared, and therefore the minus-sign is
not important for the cross section.

It turns out the supposed pole at m, = m; is not a real pole, since the diverging denominator
is cancelled by the PV-part of Z. To see this, first note that at first Z takes the form % in the
limit. Then using L’Hépital’s rule to evaluate the limit and simplifying, gives

lim T lim é:lngf;é () ((et)? = (c)®) R )X () (k" )u(k)]

Mg —>Mt

d 2
9 4
X Bo(mx,maymx) + 2mamigBO(mX7ma‘7mx) + imt W

Bo(my, ma, my)
(3.52)

All terms in this expression are finite when m, = m;. Hence, the integral does not diverge where
the ALP-mass is equal to the top-mass.
Going through similar steps for heavy and massless DM, gives the following limiting behavior:

ml,IfEOI =m, =0 (3.53)
my
mlxlgool x m,y log Vi (3.54)

Hence, no interaction takes place when the DM particle is massless, as expected. If the DM-

22
mass is very small, the cross section is proportional to mi log % . This means that for small

DM-masses the cross section decreases even faster. Heavy DM seems, therefore, more favorable,
since the cross section would be large enough measure scattering events. In the heavy ALP limit
the same proportionality is obtained as for the massless DM limit. This shows that the cross
section grows faster with the DM-mass than the ALP-mass.

Although heavy ALPs and DM particles seem to be favorable, but purely guided by propor-
tionality it is more favorable to have heavy DM. It is favorable, because then the cross section
would be much larger than for light masses. For the ALP there is a lower limit on the magnitude
of 7, since it is constant and nonzero when in the massless ALP limit. In the worst case the
ALP is massless, but for heavy DM it still grows with m, logm,. If DM has a low mass, then
7T becomes very small, but even for heavy ALPs it only grows with logm,, which may not be
enough to ‘cancel’ the low mass effect of DM.

3.4 UV-Divergences

The one-loop integrals in Egs. (3.19) and (3.20) have at most six powers of integration momentum
in the numerator (P = 6), and these integrals both have four propagator-factors in the numerator
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Figure 3.5: Diagrams that renormalizes the UV-divergence of the loop-diagrams in Fig. 3.3,
where H is the Higgs boson.

(N =4). In four dimensions (D = 4), the equation from Section 3.3.2 tells us that this integral

is UV-divergent: P+ D — 2N =2 > 0. A quick look at Eqgs. (3.48) and (B.4) tells us already

that the integral 4s divergent. Although most divergences cancel, e.g. the divergences of the C\,,,

integrals, there is one divergence that does not cancel: the divergent part of the scalar two-point

function By. From Section 3.3.2 we see—from either Eq. (3.35) or Eq. (3.43b)-that the divergent
2

Part of the scalar two-point function is 5—=;. Then the divergent part of the total loop integral
is

DTV — e () (G = el = (s ma)(eh)?) (RG] K ().
(3.55)

On the quark part in Fig. 3.3, the chirality has to flip from left to right or vice versa. It is more
obvious looking at Eq. (3.3), and we see that the Higgs causes a flip in chirality for the quarks.

The operator that will renormalize our amplitude is (Yx) (@CYqugu R), for some couplings C

and up-type Yukwawa matrices Y ,,. In our diagrams the only couplings are C'3; and C13, that
results in having Y 33, which is the top-Yukawa coupling. Having the top-Yukawa coupling in
the operator means that the Higgs couples to the top. Hence, the Higgs is inserted in the top-
propagator and we set the reference scale u = m;. The resulting diagrams are given in Fig. 3.5.

3.5 Evolution of the Couplings

At this moment the couplings are evaluated at the scale A, which we set to be 47 TeV. The goal
is to obtain a cross section in the NR regime, which is at the energy scale of the momentum
transfer |q| < A. There are several scales in our diagrams that have to be taken into account. In
Fig. 3.6 these different energy scales and the valid diagram at each scale is shown for a particular
mass hierarchy. Between these scales, the amplitude for x-u scattering can be calculated using
the diagrams in Fig. 3.3. The difference between the diagrams at the two scales is the value of
the couplings and can be seen in Fig. 3.6. As we will see, the couplings are dependent on the
energy scale they are evaluated at. So at the cutoff scale the couplings are ctAu’V(A), while at
the top-mass the couplings are different, namely cfu’v(mt). Below the top-mass the top-quark is
integrated out of the theory and the top-propagator is pinched to a point, i.e. no longer present
in the diagram.

If we follow the mass hierarchy in Fig. 3.6, the DM particle is integrated out next. Between
the DM-mass and top-mass scales, the second diagram from above in Fig. 3.6 is our new diagram.
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Figure 3.6: Example of separation of energy scales for the renormalization-group equations and
the diagrams that correspond to this energy scale.
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Figure 3.7: One-loop diagrams accounting for operator mixing through Yukawa and gauge in-
teractions, contributing to the RGEs. [40]

Figure 3.8: Two-loop diagram contributing to the RGEs. [40]

When x is integrated out, we are in the region between m, and m,, where the third diagram in
Fig. 3.6 is the new valid diagram. At the scale of m,, the effective coupling C\.,(m,) is dependent
on our original couplings cg’v and on the energy scale it is evaluated at.

To go down to the energy scale of the momentum transfer, that is on the keV scale, it is the
ALP’s turn to be integrated out. The diagram that is left is a vertex connecting four external
lines, that has an effective coupling Cy.(|q|), as can be seen in Fig. 3.6. This is the effective
coupling that is measured by experiments.

Using the renormalization-group equations (RGEs) the couplings can be evolved from the
cutoff down to top-mass scale, and furhter down to lower energy scales. Apart from assuming
the ALP is massive, we also assume that the m, is of order m; or less, but let us not assume
anything about m,. The Wilson coefficients (i.e. couplings) and operators in the effective
Lagrangian can be evolved down to the top-mass by solving the RGEs.

Let us start with the evolution from the cutoff scale to the top-quark mass scale. This
procedure has been derived in [40]. We will go through the steps from [40] below, and we then
derive the evolution of the vector and axial-vector couplings used in our calculations.

At one-loop order there are contributions to the running of the fermion Wilson coefficients
from Yukawa interactions. These diagrams are given in Fig. 3.7. In general the multiplicative
renormalization effects from the first two diagrams are not diagonal in generation space. The
third diagram leads to mixing of SU(2), singlet and doublet coefficients c¢g and ¢, 4. In addition,
the last diagram shows that there is also mixing between the Wilson coefficients of the ALP-
boson interactions, cyy and the coefficients ¢r. These terms are diagonal in generation space.
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There are additional generation-independent contributions to the RGEs at two-loop order in
gauge interactions that are proportional to the ALP-fermion couplings. Corrections from this
type are shown in Fig. 3.8 and are diagonal in generation space. Altogether, this gives rise to
the following evolution equations of the singlet and doublet Wilson coefficients for the quarks,
respectively,

d 1
co(p) = 3972 {Y YT +Yde,cQ} 16 5 (Y ch +chde)

dlnp
(3.56)
Ba v 302 1) 3% 3 307 15
+|:871'2X_47T2CF [ele] C W——y CBB 1
d 1 1 B
_ T T q s (3)~
T C) =g YV heaf — ga¥ica¥ot [w“ a2 Or e
3 (3.57)
Q
13)2033]
where C’I(VN) = % is the eigenvalue of the quadratic Casimir operator in the fundamental

representation of SU(N), )V, denotes the hypercharge of the SM quarks, and
X =T [3(:@ (YuYL - YdY;) —3e, YLV, +3¢,Y Yy —3e,Y. YT +3c,YIY.]. (359

Eqgs. (3.56) to (3.58) are a set of coupled differential equations, that can be simplified by means
of bi-unitary transformations. The SM Yukawa matrices are diagonalized as follows,

ULY W, = Y8 = diag (yu, ye 1) (3.59)
ULY Wy =Y = diag (ya, s 1) - (3.59b)
When we redefine the fermion field by
Q—-U,Q, ugp—W,ur and dr— Wy, (3.60)
the up Yukawa matrix is diagonalized, while the down Yukawa matrix is transformed into
Y, ULY,W,=VY e (3.61)

Here, V = ULU 4 is the CKM matrix. The top-quark is much heavier than other SM particles,
so it is a good approximation to neglect all Yukawa couplings other than y;. For our purpose,
we only look at the off-diagonal couplings. After field redefinitions, the RGE for off-diagonal
couplings, with (¢ # j), is

d u?
dn lcq(m)];; = 327;2 (0i3 +0;3) [cql,; - (3.62)
d Y7

(3.64)

These equations are not coupled anymore and can be solved quite easily. The general solution to
the evolution equations of the off-diagonal up-type quark-ALP couplings down to the top-mass
are given by

[CQ(mt)]ij = e_(6i3+6j3)U(mt’fa) [CQ(A”Z']' >

(3.65)
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[eu(my)];; = e 2Citolimeda) e, (A)],, (3.66)
where by o2 ()
A ad

U(p,A) = — - 3.67

e (367)

with oy = y2/(4mw). The top-quark Yukawa and the strong coupling follow a set of coupled
differential equations

dos(p) — Taz(p) and dog(p) — ar(p) Eat(m _ SQS(M)} _ (3.68)

dlnp 2m dln p 21

Here, small effects from the weak interaction are ignored. In the solution of this set of coupled
diffeential equations, the running of ay(p) tracks the running of a(p). With reference scale o,

one finds i) ) i .
S o) Kas(uo)) - 1” | (369

Using the exact expression for the top-quark Yukawa coupling, the integral solution to the integral
in Eq. (3.67) can be solved and gives
) . (3.70)

In our calculations we are not working with these flavor couplings c¢p. Rather, we work with a
vector and an axial-vector coupling, which in turn depend on couplings from the Lagrangian in
the mass basis, kr, as in [50]. The transformation relating ¢y and kr given in Section 3.1, makes
that the evolution for the up-type quark couplings cr and kp is equal. Using our definitions in
Eq. (3.9) and the solutions to the RGEs, one finds the evolution of the vector and axial-vector
couplings to be

e = (5;9&)))8/7

a @ 1/7
U(M,A)_—llglog<1—9 d) [1_< S(A)>

2 as () (1)

ctu(p) = €() (E(1) [ku ()], + U (A)],,) (3.71)
cin (1) = €(n) (€(1) [ku (M), — [k (M)],,) (3.72)

o, 9w |, A i
I
(ctu)® = (ch;

In the loop integral the couplings are in the combination (c},,)?

(et () = () (e () + (1)) = 4€° (1) [k (W), [y ()], (3.74)

For convenience, we take (c},)? — (c{lu) =1at A. Assumlng et =a, gives ¢}, = £/a? + 1. At
A we obtain that [k,(A)],, = 4 and [ky(A)],, = —“FEXFL from which follows that

(et ()? = (e (1)* = € (). (3.75)

For simplicity, we will neglect the RGE below the top-mass.

with

¢f,,)°, which means that

u

tu
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Figure 3.9: Two-loop diagrams contributing the RGEs.

3.6 Bounds on the Couplings

Up until now the couplings have (to some extent) arbitrary values. For cross section predictions
and comparison to experimental results and projections, it would be good to try to constrain
the couplings as much as we can. An upper bound for the couplings will in turn give an upper
bound for the cross section. These upper bounds will give more realistic predictions to compare
to experiments, but also help to make modeling choices. Namely, if the bounds are too large or
strong for certain ALP-masses, detecting scattering events for these masses may be impossible
with current detectors.

It was found in [62] that stringent bounds on the top couplings to the ALP are obtained from
virtual corrections in low-energy observables. Radiative Yukawa corrections from the top-ALP
coupling at the cutoff scale A give sizable contributions to flavor-changing down-quark couplings
as well, because of the large mass of the top-quark. Assuming diagonal couplings are zero and
only including the top-up coupling, the radiative corrections to the coupling cr‘l/; 4, are [62]

2
y Ja
Acgidj (1) = = log m

Yo 22 [V Via, + Vi Vaa, ] (eha(8) = e (1)) (3.76)
The total coupling at energy scale p is ¢;; (i) = Aci; () + ¢;;(A). Stringent constraints on ¢y,
are obtained by assuming that Acg,q; (1) > cq,a;(A). If this cannot be assumed, it means that
the coupling ¢;;(A) is on the same order or larger than the radiative corrections. Thus, the
constraints on ¢4, due to radiative corrections Acdidj are not stringent constraints since there
could be accidental cancellation between Acg,q; and cg, 4, (A), but depending on the size of the
corrections it may be stringent enough to exclude or include regions for different ALP-masses.
Let us define Fi‘;’A = 2fq/cij, such that

2fa yt2 A " . v
=~ 108 — [Vig, Vg, ] FY g (). ,
chu(A) — cft,(A) 6anz 87 Vi, Vi, + Vi, Vaa,] Fia, (1) (3.77)

The couplings appear in Eq. (3.48) as ((¢},)2 — (¢{})?)/f2, so the equation above gives part of

this expression. By multiplying by 2f,/(cl., (A)+cf (A)), the couplings appear in the right form.
Constraining the difference of the couplings, also constrains the sum of the coulings to some
extent.

To constrain the top-up-ALP couplings, F dv 4, must be constrained first. For this we will

discuss three meson decay processes: B* — K*a, B* — 7nta and K* — nta. B-decays are
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I I

| |

| |
a a

Figure 3.10: Decay processes of K* — w%a (left), B¥ — 7Fa (middle) and B¥ — K¥*a (right).
The corresponding CKM matrix elements and the up-top-ALP coupling, c;,,, are written down
at each vertex.

valid for ALP-masses up to about 5 GeV/c?> and Kaon-decay is valid up to about 250 MeV /c?.
The diagrams corresponding to these decays are given in Fig. 3.10, where one can see how
the coupling ¢4, is connected to these decays. Since the CKM matrix elements Vi, Vg ~ 1,
B* — 1%a is expected to give a more stringent constraint than B* — K*a, which was-as far
as we could find—first noticed by one of my supervisors Ahn Vu Phan. The production rate for
an ALP from B — h¥a is [63]

mp 1 m? \ >

B

Ips_yptq = 167@ (1 - mfZ) fg,B(mi))‘l/2(mQBam}2wmi)7 (3-78)
where \(z,y, 2) = 2% +y? + 22 — 2(zy + 22 + y2) is the kinematic function, and h* = K+, 7+
and d; = s,d, respectively. The scalar form factor for the B-meson evaluated at the momentum
transfer equal to the ALP-mass, fy p(m,), parameterizes hadronic effects in the decay of B — K.
Particle Data Group (PDG) provides the upper bound of the branching ratio B (B 5 htX 0) <
4.9 x 1075, where XY is some uncharged unkown particle [61]. This data was obtained by the
CLEO 1II experiment. Relating the production rate to the branching ratio by I'g+_,,+, =
Liot, 58 (BT — h* X°), we obtain an expression for Fa

2 2 2\ 2
mB fo.5(m3) mj,
Fop=14]— : 1— — ) AY2(m2, m?, m2). 3.79

djb \/1671' B(B* — h*a)lio1,p ( m% (mg, mj,, ma) (3.79)

Similarly, for the Kaon decay

2 2 2
mg o x(m3) m2
Fog=+4] — ; — =) AY2(m2.,m2,m2). 3.80

¢ \/167r B(KE — ¢ a)rorre ( ma, (m, m3, m3) (3.80)

The NA62 collaboration has obtained estimates for an upper bound on the branching ratio for
K* — 7t X% If we assume the ALP to have a long lifetime (> 5ns) the strongest limit on
the branching ratio for ALP-masses of 150 — 250 MeV/c? is B(K* — 7%a) < 5 x 107! and
for ALP-masses of 0 — 110 MeV/c? is B(K* — 7ra) < 7 x 107! [64]. For the mass range
110 — 150 MeV /c?, the SM background makes it hard to estimate an upper bound. Nevertheless,
experiments have found an upper bound for the branching ratio of K* — 7¥70 — 7% 4 inv:
B(K* — 7t7% — 7% 4+ inv) < 8.8 x 10710 [61].
The form factor of the Kaon is [65]

2 3
foxc 2) = .0 1+ Y ¢ + 1)\// ¢ + 1/\/// 7 (3.81)
0K = T+ Om2 " 270 \m2 670 \m2 ’ '

s
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with Ny = 2= [log C — 0.0398], X = (3)*+4.16-10%, X' = ()P +4.16-10~4-(3X)) +2.72:10°7
and f1(0) = 0.9709. In these definitions logC' = 0.1998 and ¢Z, = m% — mZ2. Similarly, the
form factor of the B-meson is [66]

e Y a(z(¢?) — 2(0)", (3.82)

1—q2/mR —0

fO,B(q )

where mp = 5.540 GeV/c? for d; = dand mp = 5.630 GeV/c? is the resonance mass, ap = 0.21,

Z(t): \/t+_t_\/t+_t0
Vg —t+ T =t

ty = (mB + mh)27
to =t (1 /1o t,/t+) , (3.83)

and ¢2 < 5 GeVZ. Then the bounds with f, = 1 TeV and w = my; (we will see why in the next
section), are

K* - rta: Wf‘lcﬁw > 1.5 x 10° TeV using Fyq for m, < 250 MeV/c?,
B* - nta: m > 3.8 x 10® TeV using Fyq for m, < 5 GeV/c?,
B* - K*a: > 0.8 x 10® TeV using Fy, for mg < 5 GeV/c?.

(A)— w(A)

Ciu

The implications of these strong bounds will be discussed in Section 3.7.

3.7 The Cross Section

Up to this point we have calculated the loop integral and simplified and approximated it as much
as possible to obtain the leading order contributions to the integral, and we calculated bounds
on the couplings and evolved the couplings from the cutoff scale A down to the scale of the
top-mass. This gives us the tools to calculate the cross section. Our effective Lagrangian is of
the following form

Lo = cs(p)XxTU. (3.84)
Here,
ics(p) = zmxmtf (1) (cx A )2 m2(m?2 — 2m?) By (my, mq, my )
64’/T2( ) f4 a a t X X
4B 2 —m2)-L B 3.85
+ my Bo(my, me, my) — mg(my _ma)w 0(My; ma, my) | (3.85)

a

is the Wilson coefficient of the scalar operator. Following the notation of [7], the scattering
amplitude for nuclei with atomic number Z and mass number A, is

M = [pr + (A - Z)fn] YXﬁnF(q% (386)

where F(¢?) is the nuclear form factor, n are the nucleus fields and f,(f,,) is the coupling of DM
to the proton(neutron)

m My .
fp= CSnTZf%L and f, = CsmfufTu- (3.87)
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The constants f;ﬁu = 0.0149 and f7 = 0.0117 [67], are the up-quark content of the proton
and neutron, respectively. Taking the NR limit of the amplitude and dropping the relativistic
normalization factors 2m, and 2m,,, we can now use Table 2.2 to write the amplitude in terms
of the building blocks:

Mur = [Zfp + (A= 2)fa] Fq) (On) - (3.88)
Given the relation in Eq. (2.6), we obtain the DM-nucleon cross section:
By [mp Z | AYE 2

o =12 |2 w7 (1= D) 1 estal, (3.59)

where we take cg(q) = cg(my). This gives the tools to plot the cross section as a function of
the ALP-mass and the DM-mass. The experiments we will include use Xenon, where a veriety
of isotopes are inside the liquid Xenon. Because there is not only one isotope of Xenon, the
abundances of the different isotopes has to be taken into account. For more details on this, see
[68] around Eq. (40). Although it is more accurate to take into account the different abundances
of the isotopes, we use Z = 54 and A = 131.29, for simplicity. We assume that f, = 1 TeV
and take ¢, = 1. In {(m;) the values for o, are obtained and extrapolated from [69], and the
Yukawa coupling of the top-quark is y; = 1.16 [70].

Before looking at the cross section as a function of the DM-mass, let us take a look at the
cross section versus the ALP-mass in Fig. 3.11. The cross section as a function of the ALP-
mass is shown for a DM-mass of 40 GeV/c?, because LZ is most sensitive in this region [71].
Here we see that for low ALP-masses, the cross section is deep inside the neutrino fog, because
of the bounds presented in Section 3.6. Hence, it is far outside the measurable region of the
search-space in current experiments. For masses above 5 GeV/c? there are no bounds yet on
the couplings, so the couplings just take the form of £3(m;) with f, = 1 TeV. ALP-masses up
to 70 GeV/c? and above 145 GeV /c? are excluded for this particular coupling strength, because

the cross section lies withtin the excluded region of current results from LZ. When c;‘x, fa and

C,Z;A are left constant, only by decreasing the DM-mass the cross section would be lowered for

all ALP masses.

At a mass of approximately 108 GeV /c? the cross section becomes zero, because of an interplay
between the scale i, mq and m, in the By-functions. When the scale p is lowered appropriately,
by using the RGEs from the top-mass down to the scale of the momentum |q|, we expect the
sharp dip to become narrower, until it vanishes and the curve is smooth. This means that also
these masses are excluded by current experiments. Of course, the cutoff scale could be larger
than 47 TeV or the couplings could be smaller than 1 at A, in turn lowering the curve and
potentially not excluding some masses anymore. For example, if f, would be twice as large, the
cross section is 16 times smaller. Then, ALP-mediated DM is not excluded for a DM mass of 40
GeV/c?.

The important knowledge to take away from Fig. 3.11, is that plots with results for ALP-
masses around 100 GeV/c? are not reliable, but that the results will likely be on the same order
as for masses further away from 100 GeV/c?. Moreover, the bounds on the couplings lower the
cross section by a lot, where the cross section is far outside the measurable regime and deep
inside the neutrino fog.

Next we discuss the curves in Figs. 3.12 and 3.13, where we examine the behavior of the
2 f: is
Exx\/ (ef)?=(cf,)?

plotted as a function of the dark matter mass, for different values of the ALP-mass: 10, 50 and
150 GeV/c?, Overall, as the DM-mass m, increases, the cutoff scale can also be larger or the
couplings smaller. Changing the ALP-mass does not influence the size of the cutoff scale by

cutoff scale. In Fig. 3.12 the cross section is fixed at 5 x 107*® cm? and
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much, as they are all WithiIQl one order of magnitude for different ALP-masses. If the couplings
fa

exxy/ (eln)?=(cfy)?

scale by a maximum factor of V10 TeV.

Depending on the ALP-mass, there are points for some DM-mass where the cutoff scale could
mathematically be zero and the cross section would remain the same. In a physical setting, having
the cutoff scale at zero, does not make a lot of sense. Even though this makes mathematical
sense, because if one rearranges terms in Eq. (3.89) one obtains

2
Ja _M,%[mpr mn(_Z) nr
"” ((c;éx)? <<cxt<mt>>2—<cg<mt>>2)> =% e aln o, )t
6472 (nr;?%rit m2)2 [mi

are approximately = 1 TeV?, changing the ALP-mass only changes the cutoff

x| (mj — 2m§) Bo(my, ma, my)

d
+ my Bo(my, me, my) — miy(mi — mi)w

a

(3.90)
If the right-hand side is zero, then so must the left-hand side. For these curves the same holds
as for the curve in Fig. 3.11: we expect the dip to become narrower until the curve is smooth.

In Fig. 3.13 — instead of fixing the cross section and ALP-mass, and varying the DM-mass —
we varied the cutoff scale and fixed the ALP and DM-masses. It is easy to verify if the behavior
of the curve is correct when we look at the dependence of o), on f,. A quick look at the figure
tells us the cross section scales with f,-8, which we know to be correct. The range of the cross
section is set to the region where our prediction is not excluded. If one needs a larger cutoff
scale or smaller couplings, Fig. 3.13 favors heavy ALPs or heavy DM. At the same cutoff scale,
the cross section for heavy DM (~ 100GeV/c?) is approximately one order of magnitude larger
than for smaller DM masses (~ 40 GeV/c?). Although the cross sections below ~ 10749 ¢cm? are
in the neutrino fog, for most regions of the search-space, one can still detect signals of DM with
sufficient statistics.

Now, we finally look at the most important figure in this entire thesis: the spin-independent
cross section-DM-mass search-space in Fig. 3.14. The DM-mass is unkown, so in order to de-
crease the size of the search-space it is important to rule out DM-masses in combination with a
certain cross section. In Fig. 3.14 the current sensitivity results of the DarkSide-50, PandaX-4T,
XENONNT and LZ are shown, as well as the projected sensitivity of LZ and XENONnT. Since
no signal of DM has been detected in these experiments, this region of the search-space has been
ruled out and is shaded gray. The neutrino fog is shaded blue and on top of the neutrino fog
we added gray line that shows the boundary of the neutrino fog. The projected sensitivity of
LZ already seems to be in the neutrino fog, but in a light-blue region where sufficient statistics
help to decrease the background. The red lines show our prediction of the cross section from
Eq. (3.89) for ALP-masses m, = 10,50, 150 GeV/c?. For these curves we expect, similar to the
other curves, when the couplings are evolved more properly down to |q|, the dips to also be-
come narrower, until the curves become smooth. Fig. 3.14 shows that for ALP-masses between
10 — 150 GeV /c?, all DM-masses above ~ 20 GeV /c? are excluded by current results of LZ and
XENONNT. Also, the cross section for DM-masses below 10 GeV/c? are all inside the neutrino
fog, making it more difficult to detect, but this does not exclude these masses. The most prom-
ising region of the search-space for our prediction is where 10 GeV/c* < m, < 20 GeV/c?. If
one would want to discover DM with a mass below 10 GeV/c? one would need to increase the
sensitivity of current experiments by four or more orders of magnitude.

Bo(mxvmavmx)]|2~
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Gradient of discovery limit: n = —(dlno/dIn N)~?
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Figure 3.11: Nucleon cross section o, as a function of the ALP-mass (red) at m,, = 40 GeV /2.
The region that is shaded gray is the excluded by the LZ experiment, which has the highest
sensitivity of the experiments that are used in this work (see Fig. 3.14). The measured sensitivity
[29] and projected sensitivity [71] at m, = 40 GeV/c? are given in green and black, respectively.
The purple dashed line is where the ALP-mass is equal to the top-mass m;. The region shaded
blue is the neutrino fog at m, = 40 GeV/c?.
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Figure 3.12: The cutoff scale and coupplings fg/cfx (ch)? — (cii)? at 0, =5 x 107*® cm? as
a function of the DM-mass m,, for different values of the ALP-mass.
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Figure 3.13: Nucleon cross section o, as a function of the cutoff scale and couplings
2/ CQX (c})? — (cft)? for different ALP and DM-masses. In this plot, regions of o, that are
either excluded by experiments or too small to measure with current detectors or detectors in

the near future for these DM-masses, are not shown.
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Gradient of discovery limit: n = —(dlno/dIn N)~?
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Figure 3.14: Nucleon cross section o, as a function of the DM-mass (red). The region that is
shaded gray is the region excluded by current experiments. The blue-colored region is the region
of the neutrino fog and the gray line at the top of this region is the border where the neutrino fog
starts (n > 2). The data of DarkSide-50 measured sensitivity is taken from [27], LZ measured
sensitivity from [29], LZ projected sensitivity from [71], XENONnT measured sensitivity from
[72], XENONnT projected sensitivity from [73] and PandaX-4T sensitivity from [28].



CHAPTER 4

Summary, Conclusion & Discussion

In Chapter 1 we discussed several prominent pieces of evidence for DM, and established that DM
should have some kind of interactions with the Standard Model to explain the relic abundance
of DM. Although observational evidence exists, there is no direct evidence for DM. Observations
and models (like ACDM) suggest DM is NR. Hence, direct detection experiments that aim to
detect DM operate in the NR regime.

EFT is used to describe DM scattering with nucleons. In Chapter 2 we identified 24 relativistic
operators and took the NR limit of all 24 operators, resulting in Tables 2.2 and 2.3. In these tables
one can observe that only seven out of 24 operators are not momentum or velocity suppressed.
We observed that, generally, pseudo-scalar and axial-vector structures, and tensor structures
with one 4° in the operator give rise to momentum suppressed behavior, except when both the
DM and SM part carry 4° in their Lorentz structure.

By going to second-order in the NR limit, the only operators that gain higher-order terms
are operators that at first-order are not momentum or velocity suppressed. The second-order
expansion is important in case lower-order terms cancel or are in some way suppressed. The
second-order expansion does not add only corrections to the pre-factor of the existing building
block, but generates new building blocks in the operator. One downside is, that by going to
second order Galilean invariance is broken for second-order terms. Then, the building blocks can
only be generated by assuming some relation between the momenta. We have established our
relations in Tables 2.4 and 2.5 by assuming the center-of-mass frame. Hence, our second-order
expansion results are only valid in the center-of-mass frame.

In Chapter 3 we discussed ALP EFT from literature, and we derived the vertex factor for
the ALP Lagrangian. Before going to DM-nucleon scattering, we first used scattering between
DM and up-quarks. The simplest scattering process, scattering at tree-level, is cutoff scale and
momentum suppressed and only conntributes to SD scattering, to which experiments are less
sensitive. To resolve the suppression, we calculated the loop-integrals corresponding to the one-
loop diagrams in Fig. 3.3. Because of the derivative coupling of the ALP, a top-quark in the loop
enhances the cross section, such that the effects of extra factors of the cutoff scale are cancelled
to some extent by the top mass.

The pseudo-scalar and axial-vector-type structures lead (except when both the DM and SM
Lorentz structures carry a factor of 4°), in the NR limit, to spatial momentum-suppressed terms,
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making their contribution to direct detection negligible. Taking this into account allows us to
simplify the loop function and focus on the dominant interactions that influence experimental
observability. Together with neglecting the up-mass and expanding the top-propagator, this
leads to the expression of the leading contribution to the integral, that is given by Eq. (3.48).
This expression tells us that the loop-integral is UV-diverent. In Section 3.4 we identified the
operator and diagrams that renormalize our loop-integral.

Kaon (K — ma) and B-meson (B — Ka, B — ma) decays provide the tools to set bounds
on the ¢4, couplings (see Fig. 3.10). The lower bounds on the quantity 2f,/(c}, — ci}) for low
ALP masses, m, < 250 GeV/c? for Kaon decays and m, < 5 GeV/c? for B-meson decays, are
1.5 x 10° TeV and 3.8 x 103 TeV, respectively.

Bounds could not be set for larger ALP-masses by the use of meson-decays. Top-decays could
be useful to set bounds on large ALP-masses, but top-decay comes with multi-jet plus neutrino
signatures. This makes setting stringent bound on the couplings hard. With more data, from
e.g. the LHC, bounds on couplings for large ALP masses below the top-mass could be set, that
would make our prediction more reliable. But the branching ratio for this exotic top decay is
already very small.

Evolving the couplings down from the cutoff scale A to m; leads to Eq. (3.75), with constraint
(e} )? — (c2)? =1 at A. In the instance for calculating DM-nucleon scattering, the ALP must
have a smaller mass than m;. To go down from the top-mass to lower scales, the diagrams in
Fig. 3.6 become important. Because the top-quark is inside the loop, the two-loop diagrams must
be calculated, since the RGE effects may be non-trivial. Calculating these diagrams is outside
the scope of this thesis, but we can predict what properly following the RGEs down to the scale
of the momentum transfer would possibly do to our cross section.

One may disagree with the chosen value of the couplings at A and cutoff scale. The couplings
could take a different value at scale A, e.g. (c},)?—(ci)? = §. At u = my and lower energy scales,
the value of the couplings would be scaled by §. Increasing the value of f, with a factor n would
generally scale the cross section down by 1%. Hence, increasing the cutoff scale or decreasing the
couplings is quite straightforward to implement, because the cross section is dependent on only
the ratio between the cutoff scale and couplings.

Fig. 3.11 shows the DM-nucleon scattering cross section as a function of the ALP-mass, with
m, =40 GeV/ c2. Properly evolving the couplings would most likely smoothen the curve and the
dip vanishes. Together with Figs. 3.12 and 3.13 we observe that the ALP-mass does not have a
large influence on the cross section, because — at a fixed DM-mass — the difference for the cross
section and the cutoff scale (Fig. 3.12) are within one order of magnitude.

Finally, the main result of this thesis is given in Fig. 3.14. Similar to the curves in Fig. 3.11, the
curves in the o,-DM plot that have a dip would be smoothened as well. After smoothening, the
mass range of DM that we predict to be promising for ALPs with masses between 5—172 GeV /c? is
10 Gev/c?* < m, < 30 Gev/c?. In this mass-range the cross section is for some ALP-masses above
the neutrino fog, which make it likely that current and future experiments may detect scattering
events. The cross section corresponding to this mass-range is 5 x 1074 em? < o, < 10747 cm?.
The cross section for DM-masses smaller than 10 GeV/c? are inside the neutrino fog, but are
within the region of the neutrino fog where sufficient statistics decrease the neutrino background.

In this thesis we primarily focused on GeV-scale DM. If one would want to focus on MeV-
scale DM-masses (0.1—10% MeV /c?), DM-electron scattering is generally better than DM-nucleon
scattering. The cross section for the same type of loop-induced scattering as in Fig. 3.3, where
the up-quark is replaced by the electron and the top-quark is replaced by the tau, has a maximum
value of 107°* ¢cm? with a maximum ALP-mass of 1 GeV/c?. This small cross section is because
m. /[ fo < my/fo and DM-electron scattering does not have the A? enhancement from coherent
scattering with nucleons. This is 20 orders of magnitude smaller than experiments like SENSEI
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can currently measure [74]. Similar to CEvNS, experiments become sensitive to electron-neutrino
scattering below some cross section. A cross section of ~ 1075* ¢cm?, using liquid Xenon, is well
into the neutrino fog for electron scattering [75].

To conclude, this study demonstrates that ALP-mediated DM-nucleon scattering, particu-
larly through loop-induced top-quark interactions, provides a viable mechanism for direct DM
detection. The predicted cross-section falls within experimentally accessible ranges, making this
an important direction for future searches. Further work, including precise coupling evolution
and experimental refinements, will be crucial for validating these predictions.



APPENDIX A

Direct Detection & Operator Calculations

A.1 Differential Cross Section
We start with the following definition of the differential cross section

(IM(XN = xN)[?)
do = dlIls, Al
Byp — Bpkn] 2 (-1

where <|/\/l|2> is the squared amplitude and averaged over the initial spins, Ex, (Ep) is the
energy of the nucleus (DM) and dIls is the two-body phase-space element of the final state
momenta [39]:

#Bp 1 Ky 1

dll, =
27 (2m)3 2By (21)% 2By,

2m)* 6D (p+ ky — p' — k), (A.2)

where ky (k}y) is the incoming (outgoing) four-momentum of the nucleus, p (p’) the incoming
(outgoing) dark matter four-momentum and q is the spatial-part of the transfer momentum.
Here we have taken the final state to be a DM particle and a nucleus and assumed that the
nucleus was initially at rest, and therefore obtained a final momentum of q. Since the direct
detection experiments work in the non-relativistic (NR) regime, we would like the NR limit of
the cross-section. Taking this limit, we obtain

IMxr(XN = xN)[?) &°p’ d?q
i1 Gmnm 2o : )P (o 2187 (0 =Pt hew —Ky)S(Ep — By o+ Fiey — B ).
(A.3)

Integrating over p’ to get rid of the Dirac delta-function involving the momenta gives

N = xN)[?) @@ 2
_ (IMxr(XN = xN)?) dqé(v|q|cos€— gl >’

d
7 (dmpymy)?v (2m)2 2p\ N

(A.4)

where cos = q - p and u,n is the reduced mass of the DM and nucleus. From this we see we
need to go to spherical coordinates. Going to spherical coordinates and integrating over ¢ and

60
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change variables from |q| to |q|?, we obtain

N N)|?
do = <|MNR(X — X )| > 1 )2(5 (COSQ— ‘q| ) d|q|2 dcosf. (A5)

4?2 (4mnmy, 20 NV

We need to have an expression which includes the recoil energy, which has the following relation
to momentum transfer q
laf?
Er=—"-. A6
R 2mN ( )
Substituting this into Eq. (A.5) and integrating over cos 6, gives
do my (IMxr(XN — xN)?) 1

= . A.
dEgr 272 (Amy,my)? (A7)

The factor (4m,m ~)~2 is the relativistic normalization, which we can drop — but we have to
make sure to also drop the normalization inside the amplitude when taking the NR limit — doing
that, the results of the cross section are given by

do my (IMnr(XN — xN)|?)

p— . A.
dER 2mv? (A-8)

A.2 Results for Lorentz Structure and Operator Calcula-
tions

Below one finds the non-relativistic limit of the spinors to first-order in Table A.1 and to second-
order in Table A.2. In Tables A.3 and 2.3 the results are given for the non-relativistic limit of
the relativistic operators.

Table A.1: Non-relativistic limit of different Lorentz structures, which have been verified with
[37]. Here m,, is the mass of the spinor, s(s’) is the spin index of the spinor, P = p 4+ p’ is
the sum of initial and final momentum respectively, q = p — p’ is the momentum transfer and
s;f’s = §‘S/Su§3 is the expectation value of the spin operator. In the last row +* is contracted
with momentum £, of another fermion with mass my. See Appendix A.5 for the derivations.

Lorentz structure NR-Limit
HS/ (pl)us (p) ~ QmufT’S/fs

s (p/),yf)us(p) ~ 2q . SZ’,S

_ 2, £ ¢s
S I\A/Ma,S ~ ; u ,
u (p )’y u (p) (PfT’S ES + 2'Lq X SZ S

v P . g3 s
P (p)  ~ ( )

4my,s;,
@ (p)ou(p)  ~ Y | iaghE — 2P x sy
—iqéhe €8 4+ 2P x 5 ° Amye sk
0 4imusi’,s

(ot 5us ~ , , , 1
(p ) Y (p) *4Zmusi ,S ejqulgf,s gs + 2i€jkl (P X SZ,S)

’

a* (p')fu®(p) ~ 2m,my€hs e
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Table A.2: Non-relativistic limit of Lorentz structures expanded to second order in velocity. Here
m,, is the mass of the spinor, s(s’) is the spin index of the spinor, P = p+p’ is the sum of initial
and final momentum respectively, q = p — p’ is the momentum transfer and s;f’s = §S/SU§S is
the expectation value of the spin operator. In the last row * is contracted with momentum £,
of another fermion with mass my. See Appendix A.6 for the derivations.

Lorentz structure NR-Limit
’ / 2 ’ . ’
u” (p")u’(p) ~2my &N €0 4 TP e — st - (P X q)
ﬂs,(p’)’ysus(p) ~ 2q . SZ’,S
~ (Qmusf’S’gs +P2h e fam, + sy * - (P x q) /Qmu)

u® (p/)ry#us(p) PgT,s'é-s + 2iq x Ss',s
u

_ . p) A
a (p )y ut(p) =~ ( A >
g 0 iqehses — 2P x 858
s I\ UV, S ~ , , u
w (@) (p) (—iq&T’S €+ 2P x 55 B
w (p")fu (p) ~ 2m,mEhe €8 (1 + o ey — 4,,‘1‘";%) +myisy - (% x q)
k u u u

2k - (q X su>

’ ’ 2 1 ’ ’ ) ’
A=ams)t b sl (gl Yt o (Pt ) P qx PEE (A0w)
2m,  2my, 2my, 4my,

’ 2 ’ 7 ’ q- Ss/’s P Ss/,s
B = €iji, [4mys;, 5+ —Px gt i A.9b
€ijk l My F g s xq€"” & +q . S, (A.9b)
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Table A.3: Non-relativistic limit of operators written out w1th momentum transfer q, transverse
velocity v'317 the expectation value of the spin operator s}’* and sT " for the nucleon and DM
particle, respectively. The expectation value of the unit operator 1n spin-space is given by the
Kronecker delta, i.e. 6§y s for the nucleon and 4,/ , for the DM particle. The mass of the
nucleon (DM) is denoted by my(m,). Green, orange and blue are O(v?), O(v') and O(v*) NR
suppressed, respectively. See Appendix A.7 for the derivation.

Relativistic Operators NR-Limit
(N ) (le (p/)Xr(p)) ~ dmpymy [68’7867",7']
(V@ N ) (CEW®) sy [ (502 )]
(N (BIN*(8)) (X7 (07X () ~ dmmy [0 (500 )]
(' o ve ) (7o @)~ dmamny [~z (s ) (537 )]
(W Wutve ) (X701 @)~ dmamy 60.0600]
(Ns/ (KN )) (X7 @) ) MWNTX [ 558\1){ )
(N/(k )qus(k)) (T'(p’)vwf’xr(p)) lem,N/mX([ )} ‘ﬁl)
(¥ (K yyatN ) (X)) dmamy [ <487 s3]
(V" w028 0)) (" 0o @) pyom Tssr's s
(N“(k’)a#” N () (X )X () o]

m

7.)5 ‘,./J . q \,,,7‘,’_,.' S ,S
204’ 5 |' S +<,/.s\ S

X MmN

(N ah 5Ns(k)) (Y'(p’)awxr(p)) ~ dmymy, [ Sy (s\ a )
( S

(k) a“”Ns(k)) (Y' (p’)owfx’”(p))
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Table A.4: The non-relativistic limit of vector and axial-vector operators contracted with the
momentum of the other particle. Here N®(k) is the nucleon spinor with spin index s, four-
momentum k and mass my. Similarly, x"(p) is the DM particle spinor with spin index r, four-
momentum p and mass m,. k(p) and k’'(p’) are the incoming and outgoing quark/nucleon (DM)
four-momenta, respectively. Here (O;) = ¢ J\}s,f;f(”"/(’)iff(gfv denotes the matrix element between
the two-dimensional spinors associated with the initial and final state of the DM particle and the
up-quark. Color-coding used: O(v?) is green, O(v?') is orange, O(v?) is blue and O(v?) is pink.

Relativistic Operators NR-Limit

"2 4mNm>2< [55/.35r’,r]

~ 4m?\,mx [58’,8 (;,,./ 7,,A]

N )
(Ns/(k/)Ns(k)) (Y“ (p’)%’ﬁxr(p)) ~ dmymy

(NS/ (k')yﬁNs(k)) (Yr/(p’)}év%(r(p)) ~Amnmy |11, (s’\’ : q) 0.5 + 2mymn (s’\’ : V(J) «)}

¥ o) (g 2 ) ()
(N (K")py°N (k)) (x (")ky°x (p)) o, (S;f,r q) (S;Vs Vé)

rr 1 s',s 1
—4m,my (SX ~Vel> (SN ~vel>}

A.3 Useful Relations for Derivations

The general procedure for taking the NR-limit of different Lorentz structures is to first write
out the expression, then take the NR-limit of the spinors and multiplying out all vectors and
matrices. In some cases (e.g. the scalar structure) it is fairly straightforward to simplify the
expression, in other cases we need to use one or more of the following kinematic relations and
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identities:
P’ ¢’ =2 (102 + p’2) (A.10a)
P?—q’=4p-p (A.10b)
2 xp=Pxq (A.10c)
2k x k' =K x q (A.10d)
(-p)(o-p)=p p +io-(pxp) (A.10e)
(p-0)o' (p-o) = (P-S,)P' —q'(Su-q) + 5 (ax P) = *(P* —q?) (A.10f)
ook = iej;glal for j £k (A.10g)
The following vector identities are also good to remember when taking the NR-limit:
a-(bxc)=b-(cxa)=c-(axb) (A.11a)
(axb)-(cxd)=(a-c)(b-d)—(a-d)(b-c) (A.11b)
(axb)xc=b(c-a)—a(b-c) (A.1lc)
Let us define the spin-operator as S = £, where o is the vector of Pauli matrices, and let X; be
the unit vector in the ith direction. We use the Weyl representation of the y-matrices:
0 I ; 0 o —I, 0
0 _ 2 i_ ‘ 5_ 01,23 _ 2
7—<IQ 0>’ 7—(_01 0>, and 7" =iy vy (0 b)- (A12)
A.4 NR-Limit of Spinor
Writing out the definition of the spinors in Eq. (2.19) gives
\/E +p- 0'5
In the NR-limit the relativistic energy is
2
E:\/m2+p2:m\/1+p2/m2%m(1+22)%m. (A14)

We assumed that p/m < 1, so we are allowed to only include the zeroth and first order term in
the expansion. Substituting the above expression for the energy and doing a similar expansion

we obtain
(«/1—p a/m§>
V1+p-o/me

w(éiiizzﬁms)

u* (p)

(A.15)
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Where the last line is the expression we use for the first order expansion NR-limit of the spinors.
Doing the expansion to second order gives:

= ()

N p? (1—p~0'/2E'—p2/8E2 £

~ v (14 ) (0 bk aee) ) (4.16)
(1 pz) 1-(1-25)p-o/2m— (1 - B,) p2/8m?) ¢

m

4m? 1+ (1- 2, p-o/2m — 1—51—2; p?/8m?) ¢

2m?2

~ = ((1=p-o/2m+p?/8m?) ¢
~Vm ((1 +p-o/2m+ p?/8m?) 5)

~

To go from the third to the fourth line, we used that \/11?0 ~ 1 — 3 for small 2 and that 1/F

can be approximated like this.

A.5 First Order NR-Limit of Lorentz Structures

The procedure to calculate the limit of different Lorentz structures is very straightforward, be-
cause we have calculated the NR limit of the spinor already in Appendix A.4. Given some
structure, go through the following steps:

1. Write out the term such that all components (spinors and ~-matrices) are separated.
2. If necessary, simplify the y-matrices using different identities.

3. Take the NR limit of the spinors and write out the y-matrices in terms of their matrix
representation. Taking the NR limit of the spinor is in this section the same as substituting
the expression for the spinor derived in Appendix A.4.

4. Multiply the spinors and y-matrices and discard all second order and higher order mo-
mentum terms.

5. Separate the relativistic normalization pre-factor from the rest of the expression (not ne-
cessary).

A.5.1 (Pseudo-)Scalar
Scalar:
@ (p)ur (p) = ut ()7 ut (p)

(o) (2 8 (eng)

~ 2mehN €A

(A.17)
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Pseudo-scalar:
@ (p' )y ut (p) = ut ()77 u ()
~ (1—p' -o/2m)e 70 L\ /(-L o (1—p-o/2m)&
s <(1 +p -o/2m) 5)‘/) <I2 0) ( 0 Ig) ((1 +p-o/2m) €>\> (A.18)

qa N
%2m{—-s7}
m u

A.5.2 (Axial-)Vector

The vector structure has four components, because there are 4 different y-matrices. The zeroth
~v-matrix is different from the other three, because the latter all contain Pauli matrices and the
former does not. We therefore split the calculation in two, where we first take the NR-limit with
index p = 0 and in the second we do the same for p = 1,2, 3 simultaneously. First starting with
the zeroth ~-matrix:

7 (1)t (p) = ul ()74 u ()

(P a2m)\ (1 -p-o/2m) e
Nm<(1+p,.a/2m)£,\’) ((1+p-a/2m)§)‘ (A,19)
~ mew‘,{)‘
Now taking the ¢ = 1, 2,3 y-matrix:
' (p)y'ut (p) = ut () e (p)

B ((1—p’-a/2m)§>‘/>T (0 12> < 0 a—i) <(1—p-a/2m)§)‘)

S\ ozme) \o0) =o' 0)\(1+p-a/2me

~ 2metY [ain'T: + pé;a,;] e (A.20)

=M p-ki+io - (ki xp)+p ki +io - (p x %) &

(5 erer(2e)]
2m m

Similar to the vector structure, the axial vector structure has four components. Hence, we take
the same approach as for the vector structure: separate calculations for the zeroth and i = 1,2,3
components. First the zeroth component:

@ (07" et (p) = utN ()7 u (p)
N (1—p’.0'/2m)§>‘/ f —I, 0 (1—p-o/2m)&
- <(1 +p'-0/2m) 6”) ( 0 Iz) ((1 +p-o/2m) 9) (A.21)

P /
~2m [ ~sﬁ ’)‘}

=2m

m
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using the identity (7°)? = I;. Then below the i = 1,2, 3 components:

@ () e (p) = u ()70 u ()

“n(Gr o) (0 D mE) e
~ 2m {2 (sg'ﬂA)Z}

A.5.3 Tensor

Before calculating every component, there are two observations we can make. Note that

i

2

ot

[v*, "] (A.23)
This means that all components for which p = v are zero:
@ (p)o*uM(p) = 0 (A.24)
@ (p')out (p) = 0. (A.25)

Because 0" is the commutator of y-matrices, the tensor is anti-symmetric. Hence, we only need
to calculate the NR-limit for the off-diagonal components ¢ and o7% (j # k, j, k = 1,2, 3):

@ (p)oOut (p) = %ﬂA’(p’) (v, 7T ur(p)

= —iu™ (p')y'u’ (p)

w1 e) (S D) (o)

~ gt [0l (p-o) — (p'- o) 0’|

= —i¢™ [p-%; +io - (% xp) — ' X —io - (P X %;)] €
=2m l— <iq>i§T’/\/f/\ + <P X s’\/’>‘>11
2m m v
@ (p)o M p) = it () Oy p) £k
o i (=P o/2m)EY YO0 g ((1-p-o/2m) e
(1+p'-o/2m)&e i€ k10" 0 (1+p-o/2m)e*) (A.27)
~2m |:2€jkl (Sf:/’)\)l]

Similar to the previous tensor structure, the diagonal components are zero and — using the
asymmetry of o# — we only need to calculate the off-diagonal components ¢* and o7* (j #
k,j,k=1,2,3):

(A.26)

7 (p)o"y"uM (p) =

0
ﬂ)\’(p/)a_ii,y5u)\(p) -0
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M %ﬂx ®) [v'.7°] ¥*u(p)

= —iu™ (' )y M (p)
(=D a/2m) e o\ (-1 (1-p-o/2m) ¢
<= (G mamer) (o 9) (0 2 (G2h Tme)
oo o)
7 (p)o " u (p) = it (W) A N ) AR
. —p -o/2m) N f i€ k10" —p-a/2m)&
—um <8+g’.g/§m;£>"> (—ie?klol /(v)l )(8—&—11;~0'gm§§’\>
~ e o (pro) - (p’ a)o'] &
= e [pr% +io- (ki xp)—p X —io - (p' x %) &

—om |:€jkl ( ) NN 4 M (P " Sig) }
2m m .

7 (p')o v ul(p) =

(A.30)

Q

(A.31)
A.5.4 Contracted Momenta
@ () ku (p) = kuu™Y ()07 0 (p)
= kua(p’ )y u(p)
~ (1 — 2m, h'¢s (A.32)
~ (mi, =k) (PST"S/ES + 2iq X su>

~ 2my,myehe e

A.6 Second Order NR-Limit of Lorentz Structures

The procedure to calculate the limit of different Lorentz structures to second order is the same
as to first order, with only two differences: use the spinor that is expanded to second order and
discard every term that is third order or higher in momentum. Given some structure, go through
the following steps:

1. Write out the term such that all components (spinors and «-matrices) are separated.
2. If necessary, simplify the y-matrices using different identities.

3. Take the NR limit of the spinors, include the second order momentum terms, and write
out the ~-matrices in terms of their matrix representation. Taking the NR limit of the
spinor is, in this section, the same as substituting the expression for the spinor derived in
Appendix A 4.

4. Multiply the spinors and v-matrices and discard all third order and higher order momentum
terms.

5. Separate the relativistic normalization pre-factor from the rest of the expression (not ne-
cessary).
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A.6.1 Scalar
@ (p)u (p) = uP (') u (p)

%m(gl—p’-a/2m+p’2/8m2; g»)*<0 IQ> ((1_p-a/2m+p2/8m2)§>‘>

L+ - o/2m+p?/gm2) e | L2 0)\(L+p-o/2m+p?/8m?) &>
2 12 ’ .
: p°+p” pp i
o 2mg 4 S = S —4m20-(p’><p)] 3
N e q’ N A iAo
=2m [ET’ &+ Wft & - a2 (P x Q)}

(A.33)

A.6.2 Pseudo-Scalar
@ (p)y"u (p) = ut (9')77u (p)
N
o ((1=po/2me p’*/8m?) & ( 0 12) ((1 —p-o/2m+ p?/8m?) gA)
- 1+p -o/2m+p?/8m2) & —I, 0)\(1+p-o/2m+p*/8m?)&
<on [
(A.34)
A.6.3 Vector
7 ()7 M (p) = ul ()74 (p)

~m (él p/'0/2m+P/2/8m2§ fA,)T ((1 — p-o/2m+ p?/8m?) 5’\)

1+ p - o/2m+p?/gm?) e | \(1+p-o/2m+p?/8m?)

p+p?  (p-0) <p~a>] o

~ 2m£T”\/ 1+

8m? + 4m?2

2 12 / .
p°+p~+2p -p i
1+ + 2o'o(p’xp)] &

_ T,
=2me 8m? 4m

/ P2 .. iy
=2m l:fT’A fA + Wgt’A f)\ + 747712 Sz A (P X q):|
(A.35)
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@ (p)y'u (p) = ul ()07 u (p)
N
- 1—p' - o/2m+p?/8m?) e (_gi 0'> (El —p-0o/2m + p?/sm?) f)‘)
L4p -o/2m+p?/em2) ey | \ 0 o')\(1+p-o/2m+p?/8m?) &

/
~ometN | BT L P T il ex
2m 2m

Ip-% i % i )
= 2m¢h? {pzml + TU (%; x p) + P %, o (p’ x Xi)] &

(A.36)

A.6.4 Axial-Vector

7 (p)7°7 " u (p) = ulN (p)y07 0 u (p)
A T
_ 1—p’.0/2m+p/2/8m2 % L, 0 1—p-0’/2m+p2/8m2)5/\>
s 1+p'-o/2m+p”/8m?) Y 0 I) \(1+p-o/2m+p*/8m?)

/ i "o
~ 2mehA {p + p] e
2m

2m
P ’
=2m { . sz ’A]

(A.37)

Py Y et (p) = ut (07 e (p)

AT
. 1—p' - o/2m+p”/8m?) & <ai 0l> ((1—p~a‘/2m+p2/8m2)§>‘)
~ 1+p/.0/2m+p/2/8m2 N 0 o) \(1+p-o/2m+p?/8m?) &

=2m [252/\'% +52A”A% B 47;2 (q N )\) %)
+$ (P . si/vk) (P-x;)+ S#’A‘i (q x P)gng}
(A.38)
A.6.5 Tensor
a ®)ou (p) = (A.39)

0
w (p)o"u? (p) = 0 (A.40)
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T
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(A.41)
2 AT
Y (7)o" (p) ~m 1—-p'-o/2m+p’~/8m?) & ( 0 eijkak> <(1 —p-o/2m+ p?/8m?) f’\>
L+p - o/2m+p?/sm2) ¥ | \egro® 0 J\(1+p-o/2m+p?/8m?) &
2 12 ’ k
~ et | Lk kP P” (P o)o(p-o)| .
R 2mei g o +o g2 Tz’ ~ - 13
’ :E)2 ’ 7 ’ q- SA/’A P . SA/’A
—9 I B PUPY P U uw _p u
m [G KXk < Su "t 4m?2 Su " 8m? o 4m? 4m?2
(A.42)

Note: i # j. For the tensor Lorentz structure with a 4° we will use the identity relating o**~°
to ot

A.6.6 Contracted momenta

@ (p)fut (p) = kyut ()09 u (p)
=k, (p)y"u (p)
- 20 2 2m, TN ¢ + PEIN €N Jam, +is) A - (P x q) /2m,
~ (mir(1+Xk*/2m}), k) ( §T)‘§)‘+21qxsz‘
/ k2 P2 k-P

) X (1 _

mumg 8 ( + Qmi + 8m2 2mumk> +mkzs ( )

— 2tk - (q X sq)‘L/”\)

(A.43)

A.7 Second Order NR-Limit of Operators

Terms that are of higher than second order in momentum are discarded and are not shown in the
calculations below. These calculations are fairly straightforward, since one can just multiply the
Lorentz structures derived in Appendix A.6 (or Appendix A.5 if one only needs the first order
terms). For every operator go through the following steps:

1. Take the NR-limit of the operator by substituting the expressions of the NR-limit of the
Lorentz structures in the operator. Remember that the expressions in Table A.1 and
Table A.2 are only valid in these forms for the DM particle. To obtain an expression for
the SM fermion, take in these expressions P — K and q — —q.
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2. Multiply the Lorentz structures and discard every term that is third order (or second order
if one needs only the first order expansion).

3. Write every term in terms of the building block expectation value (O;).

A.7.1 (Pseudo)Scalar-(Pseudo)Scalar

’ 2
ENala X s =’ T ~ 1,8 ¢s q t,8" ¢s ¢ s'ys
(3 )W) (00 0)) = ammy |66 + et e 4 Tl (K x )
' [gT’fT + 7(122 i —— Fsy - (P x q>]
8my, 4ms

2 2 2 -
s' g5 et er q (mN +m ) ? o
~ dmpym,, |FT7 3 51‘, ¢ <1+ i X ) s" .

me

+

e xapee]

(©O)) (1 L @y +mi)> + B 05y + L 0y)

2 .9
8m Nmy 2mX 2mpy

2
4m3y

CM 4
= ZMNMy

(A.44)

’

.
Smi

(Ns’(k')75]v8(k)) (7 (p/)X'r(p)) ~ dmym, {ngv 'S}e\’],s:| |:§T,r'€r n gh'er

TS (P q)}

2 (A.45)

~ dmym,, {—TSN 'S%7S§T’T/fr]

= 4imNmX <010>

—s’ / / q2 /
(N (k’)NS(k)) (Y (p’)75xr(p)) A dmpymy {f*’s £+ W&“ &

(A.46)

~ —4mym B S I s A
X my N X ( .47)
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A.7.2 (Axial)Vector-(Axial)Vector

(WS/ (k/)’mNs(k)) (Y’”' (p’)v“xr(p)) A Amymy [5* T+ o s g
i Pz
S (P 5o ]

K /
,S_ ( % q) gﬂ’ &
my my
. K 'P L, )
_ZmN,(qXS7>§TS§S ~(qxs§V’é>£T”§r
my

2 my

M
P
~ 4 t,s’ t,r er .
NI [5 &% E( 8m3 8mN 2mN 2mX>

L s, [100 (1+ i) - AN () i

(A.48)
To go from the second to the last equal sign, we used the vector identities Egs. (A.11a) to (A.11c).

vl 5 ATS —r’ r K s',s q
(N (k’)%ﬂ N (k)) (X ()" x (p)) ~ dmnmy {mN sN ,25N + sy Im

1 s'.s s',s s’ ¢s
——(q-sN )q+4 - (K-sN )K—l—WKquT’ g}

4m%;
P ’ ) ’
_75’[,7“ & — T;i % S; 77“:| (A.49)
X X
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my my my

Dt ymy {2 (07) — 2my <09>}
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(7 0078 0) (7 6r”x 0) A, 6160 — Eogi'e
0 X P )Ty X P Ny Sm%,

) K Lo Zq / P ’ ’
_ B K % t,s ¢s N R I ot ) P ot
am% sy ( a), ZmNg 3 M SN ] [mx Sy 748y
9 .
o d 1 ( r’ T‘) 1 ( T 7) ¢ Tl er (A 50)
—s" P-s""\P+— - —P
Sz T gz PSP g s e g aPealte

P ’ ’ K ’ ’ 27: ’ ’
~ dmNm _Sr ret,s' es . ST ety ¢s 4 ST N ( % SS 7s)
M [mx T Ly ST s (A Xy

2 dmymy [2(Og) — 2(0)]
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’

7S 5nTS —r r K s',s s',s s',s q2
(N ()" N () (X7 (0™ (0)) = Ay [N 2SN SN
my amy;

1 K s K 1 q s’y q 1 K q ts' s
AP Wi (N S w 2 gt e
+4 (mN SN ) my 4 (mN °N ) my - 8my mNg ‘

—_ 1 P . srlv'r SS/,S . P + m?v i . ST/’T i . SS/’S (A51)
2 \m X Nom 2m2 \m X m N
X X N N

A.7.3 Tensor

Let us first analyze which parts are needed. For the pure tensor operator:

(3 o N ) (7 0owx @) = (N ) N (h)) (X @) ()
+2 (N (1) "N () (X (0)oiox” (v))
=3 (W W)ewm) (X0 m)) =23 (W ()N (h)) (X' ()o"x" (v)
i,j#i i

(A.52)
And for the o"V~® structures:

(W )05 N (8) (X 0o (5)) = e (W (K)o V() (R ()’ ()

— % {261'0;“/ (ﬂsl(k/)0¢0u5(p)) (XT/ (p’)glﬂ,xr(p)) + ¢linv (NSI (p')CfijNT(p)) (yr’ (p/)U/wXT(p))]

= i [(N" W)oioN* () (7 0)rsur () + (N (0)rigN* () (X (0)rnor” (1) )|

= —jck [(NS/ (k/)UiONS(k)> (YT’ (pl>0'ijT(p)> 4 (NS’ (k')JijNS(k)> (Yr/ (p/)Uk:oXT(p))}
(A.53)
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(Wsl(k’)a””Ns(k)) (7“/ (p')ouw5x7"(p)) = %mam/ﬁew’“ﬁ (WS/(k')U“”NS(k)) (Yr/(p/>"wxr(p))
= 2o (N (K)owsN* () (X' (0o ()
= 2 (B (1)0wsN*(R)) (X7 (o ()
(A.54)
(Ws/(k’)a“”f’N ) (X 00X () = _iﬂummeaﬁ K (NSl(kl)"“"N “®) (X0 )

= T i, (W (K)oas N (0)) (X7 07" ()
= 1 (2632) (W (K)o V() (%7 0)oon” (0))
= S (5367~ 6205) (W (K)o V° () (R 0o )

= (N W) N ®) (7 @ )

/

(A.55)
Using that

i1 i1
o 5j1 o 6]'5
M€k k, =~ = —nldet | 1 . (A.56)
i is
o v 0
This means that only two operators need to be calculated in order to calculate all four operators.
Starting with the tensor-tensor operator:

6i1---isk1-k
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(A.57)
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A.7.4 Contracted Momenta
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APPENDIX B

Loop Integral Calculations

B.1 Loop Integral

After multiplying Eqs. (3.21) and (3.22) and Eqgs. (3.21) and (3.23), simplyfing and writing in
terms of Passarino-Veltman tensor integrals one obtains the loop integrals for the first and second
diagram, respectively.

256in> f 1 = — [X(0') (s — eibr®)* 2 x®)] [30) (ehe = ) 7 u®)| B (—0,mas ma)
+mgcul/(kl7 —q, Mg, My, ma)]

+ 2mem, ((eh)? = (€)) [X(') (e = e7®)* 7 x ()| (k)7 u(k)] Cra (k, =g, m s, )

—my ((eh)? = (e)?) [R0) (X = ™) 7 x() | [k (k)] (B (~ g, mayma)
+(mi —mZ)Cpu(k, —q, ma, me, my)]
o [X0) (¢ = ™) 7 x()] [a) (el + can®)” (k)] [Bu(—a,masma)
+(mi —mg)Cu(k, =g, ma; My, ma)]

)

= m2 X0 (% — e x| [a) (el + eir®)* 7 ulk)]| Cow (b, g, mame, ma)

= 2mye [X0) (e + ™) X)) [7) (el = efan®)” 2 ul®)] [Bo (~g,ma,ma)

+m;Cy(k, —q,ma, My, my)]

+ Amymemued, ((eh)? = (@A)?) [X0) (b + ™) X()] By (k)] Colh, —g,ma, ma, ma)
= 2mymiety ((e6)? = (e)?) [KG) (e + €n®) x(0)] [0k (k)] [Bo(—g, ma, ma)

+(m? - mi)co(kv —q, Mg, My, ma)]

+ Qmeucfx x(p") (c;?x + c¥X75) x(p)] [ﬂ(k’) (CXL + cg75)2 u(k‘)} [Bo(—q, ma,my)

81
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25602 f11,

+(mt —m )CO( _q7ma7mt7ma)]

—2mymiel, [X(0') (¢ + e 7)) x(p)] [ﬂ(k') (el + cinP) ’qu(k)] Cy(ky —q, ma, my,my)
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+m7 Dy (k, —q, —p, M, My, M, My )|
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+m;Cy (=K', —¢,mq, mtvma)]
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+ng;w(_kl> —q, =P, Mg, Mt, Mg, mX)]
= 8mymema(egy)? ((et)? = (c6)?) K@) X ()] [k )y w(k)] Dy (=K', =g, =P, iy Mg, Mg, my)
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(B.2)
Here
(V£ cA75)2 = (") + (M) £ 2V Y0, (B.3)

Summing the two integrals results in the total loop integral and reads
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+2 ((mt - mu)(cﬁf (me + mU)(CﬁL ) (K")u(k)] Bu(—q, ma,ma)

b (m2 = m2) (me = ma)(eh)? — (me + ma)(es)?) [T V()] [Coulh, g, ma ey me)
+Cu (=K', —q,mq, my, my))

—2my, (m? —m?2)el i [*(k’)’ysu(k)} [Cu(k, —q, ma, me,mq) — Cpu(—k', —q, ma, my, ma)] }
= 2myey, ey X7 x ()]

x {((me = mu)*(ct)? + (me +mu)*(c,)?) [k )y (k)] [C (K, =g, may me, ma)

—Cy (=K', —q,ma, mi, my))

—2(m? — mZ)CXLc{L [7(143')757 u k)] [Cy(k, —q, Mg, ms,ma) — Cu (=K', —q, ma, ms, mg)]
+ ((me = ma)(et,)? = (my +ma)(cfy,)?) [@(K u (k)] [230( 4 Ma, Ma)

+(m?2 —m?2)Co(k, —q, maq, mt,ma) + (m —m )C’o( q,ma,mt,ma)]

—2m, (m? —m?2)el, [ﬂ(k’ )} q7ma7mt,ma) — Co(—K, —q,ma,mt,ma)]}
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— ()2 X )" x(p)]

x L ((me = ma)(ct,)? + (my +ma)*(c,)?) [@k' )y uk)]

X [C’W(k, —q, Mg, my,mg) — Cu (=K', —q, mq, my, my) + 4miDW(k, —q, =D, M, My, Mg, My,)
—4m>2(DW(—k’ —q, —p, ma,mt,ma,mx)]

—2(mi — m3)et,ch, [Wk )7y u(k)]

X [Cm,(ki, —q, Mg, me,mg) — Cpu (=K', —q, ma, my, mg) + 4miDW(k, —q, =D, Mg, My, Mg, My, )
—4m§<DW(—k’, —q, =D, Maq, My, Mg, My )|

+ ((me = mu)(el,)? = (me +ma)(cf,)?) [a(K u(k)]

X [2Bu(=q,ma,ma) + (mi —m3)Cpu(k, —¢,ma, me, ma) + (mf —m3)Cpu(—k', =g, ma, me, ma)

+8m>2<C’u(—q, —D;Ma, Ma, mX) + 4mi(mt2 - mi)Dlt(k7 —q, =D, Mg, Mt, Mg, mx)

+4m>2<(mf — mi) (—k;” —q, —p, Ma, mt,ma,mx)]

= 2ma(mi = mi)ey i [wk )7 u(k)]

X [Culk, —q,ma,my, ma) — Cu(—k', —q,ma, me, ma) + 4m2 Dy, (k, —q, —p, M, my, ma, my)

—4miD“(—k’, —q, =P, Mq, M¢, Mg, mx)] }

= 2my (c,)” [X(@)x(p)]

x {((me = mu)*(ct)® + (me +mu)*(c,)?) @k )y (k)] [Co (K, —g, may me, ma)

—Cy (=K', —q,ma, mi, my))

—2(m? — mQ)CZJCﬁL [7(16/)’}/5’)/ u k)] (K, —q,ma, my,mg) — Cu (=K', —q, Mg, mi, mg)]

u

+ ((me —ma)(cf)? — (mt+mu)(ct‘2) ) [k )u(k)]

X [QBO(fq, Ma,ma) + (M2 —m2)Co(k, —q, mq, my, mg) + (M? —m2)Co(—k q,ma,mt,ma)]
_2mu<m§ —m )CXLC{:L [7( ) (kﬂ [ ( _qvmavmhma) - ( k q’ma’mhma)]}
(B.4)

The total loop integral is ordered by Lorentz structure of the DM part.

B.2 Tensor Integral Simplifications

B.2.1 (C-Functions

The three-point functions are dependent on two momenta, one of which is the transfer mo-
mentum. Using the transfer momentum the C' functions in terms of k¥’ can be written in terms
of k and vice versa. First, we do this for C,,:

/
aQ7ma7mt’ma)

Cow (=K', —q,ma,my,mg) = Cpu(k
= Cpw(k, =g, ma, me, ma) — 4, Co (K, —q, Mg, my, M)
— ¢ C,(k, —q, ma, mi,ma) + 409, Co(k, —q, Mma, My, Mq) (B.5)
For the first equality we took £ — —{ and to go from the first to the second line we changed
variables ¢ — ¢ — q. Going through similar steps, we can write

C;L(_k/a _qvmavmhma) = _CH(kI>Qamaamt>ma)
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= _C,Uz(k’ —q, Mg, My, ma) + qMCO(k7 —q, Mg, My, ma)' (BG)
Similarly for the scalar three-point function:

CO(_klv —q, Mg, My, ma) = CO(’% q,Ma, My, ma) = Co(k7 —q, Mg, My, ma) (B7)

B.2.2 Expanding the Top-Propagator
Let us start with the rank-two four-point function.

D,u.l/(k7 —q, —Dp, maamhma’mx) - D,ul/(fkla -4, —D, ma7mtamaamx)

~ Duu(_kaqapy Mq, mtvmtwmx) - Dul/(kly q,DP, maamtvmavmx)

_ i d4€ g,ugu ( 1 B 1 >
- in? [0 —=m2][(t+q) —m2] [((+p)2 —m2] \(—k)2—m] ((+FK)>—m]
S [y 0l et LI O LA
im? [0 —m2][(£+q) = m2] [(€+p)? —m2] [ — m]] 02 —mj 2 —mg
) Gty (K2 =12 + 2+ K) - ()
= ) d4€ 2 (B8)
o [0 = m2][(£+q) = m2] [(€+ p)? = m2] [ — m]]

The up quarks are approximately on-shell and therefore &’ > _ k2 ~ 0. First taking ¢ — 0, it is
easy to see that in the small up quark momenta limit, this integral will be negligible because the
whole integral is proportional to the up quark momenta.

Next we look at a combination of the three- and four-point functions

20#(_617 2 maamavmx) + mtzD/t(k —q, =P, Mg, My¢, Mg, mx) + meM(_k/v —q,—Dp, ma7mt»ma»mx)

= _2CM(Q7p7m(l7ma7mX) me ( k y 4, Dy maamt7ma7mx) m%D,u(k/7Q7p7ma7mtamaamx)

-1 Y4 m? m?
= __ [ d% u t t 2)
i | Ry ) - me] [+ p)? —mﬂ(MMZnﬁ+w+me?+
~ %/d% 2 ( 27 /2 2
i [0 —m2][(¢+q) — [€+p —m2] [(2 — m]]
k2 — 2k - e k’2+2k’ ¢
~ ;z d*e bl 5 (B.9)
i [0 = m2][(£+q) —m2] [(£+p)? — m2] [2 — m]]

Using FeynCalc for the Passarino-Veltman reduction and taking the limit of ¢ — 0, we obtain
the following approximation:

ZCH(_Q7 —pP, Mq, maamx) + mt2DM(k7 —q, =P, Mg, M, Mg, mX) + mtzDu(_klv —q, —D, maamtama7mx)
N IR
it — P

—my(mi —m2)Co(0,p, ma, Ma,my) +myi Bo(p,me, my) + mi Ag(ma) — mi Ao (my)]

2

mg, (mi - 2m?) Bo(p7 mava) + mi (mf - mg) B()(Oamavma)

(B.10)

Third, we look at the rank-one three point function:

1 4 by
ol e ) = 5 [ 4
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NL d4€ gu 17162-1—2/6'5
=1 S T pee) ) (s cppereyy e | o
1 14
~— [ d% v B.11
w? | N E g A =) (B

Using partial fractions and writing the result in terms of the Passarino-Veltman functions we
obtain
1
Cu(ka —q, Mg, My, ma) =5 5 (Bu(_qa my, ma) - Bu(_Qa Mg, ma)) (B-12)
my —myg
The reduction of these two functions is —gq,B;, with the right parameters for each function.
When contracted with the up quark vector currents, this results to a zero contribution.
Last, the scalar three-point function can be done in a similar way

_ 1 [ !
ottt e o) = 27 [ O e
1

Q

1 . k* 42k - ¢
) e 2 _ .2 N2 _ 2172 _ 2 T2 2
im (2 —mZ][(¢£ — )% — m2] [(2 — mj] 2 —mj

~ b a4 1
~in? [0 = m] (€ = q)* — m] [ — m7]
1
= 7 =z Bol=tmima) = Bo(=4, ma, ma)) (B.13)

Taking the limit of ¢ — 0 gives

Co(k, _q7ma7ma7mt) ~ D)

% — Ao(ma)> (B.14)

B.3 Limiting Cases

Starting with the limit m, — 0, we first note that the two-point function contains the factor
Tay. S0 before taking the limit of the two-point function, the limit of this factor r,, has to be
known. It is for now only needed to check whether rq,, is finite and nonzero, such that the terms
containing 7, are also finite:

2 _ 2 _ )2 — Am2m2
m; ze—l—\/(ma i€)2 —4dm2m

. . X
ml(llrgo Tax = 7;3(11130 2mgym,,
= lim [ Ma \/m2/2m2 —1 —id} (B.15)
mq—0 me e X

It is easy to see that 74, is finite and nonzero when the ALP is massless.

. . mem
m]igo Bo(my, ma, my) = mligo {A T2~ log %

2 2
ms —m m m 1
a a
+72X log —* — < — rax> log 74y
m3 Mg My \Tay
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mq—0 m2 My My \Tay

m2 2 1
= lim [A+2-— log——& og%—m<—7“ax>10g7”ax
u? X r

(B.16)

Because 74, is finite and nonzero in this limit, the last term in the last line will be zero. The
second to last term in the last line has the form x2Inz. Although the natural log diverges as
x — 0, 22 goes to zero faster than the natural log diverges. One can also verify this formally
by taking the limit as x goes to zero. This term is therefore also zero in the m, — 0 limit.
The first three terms remain finite in this limit, which was enough to check that the term
m2(m2 — 2m?)By(my, mq, my) is zero in the massless ALP limit. The second term of Eq. (3.48)
is not dependent on m, in any way, so when the ALP is massless only the pre-factor is affected,
i.e. the pre-factor cancels with the factor m; . In the last term the derivative of the two-point
function is taken. Although the two-point function itself is finite at m, = 0, it is not always
guarenteed for an arbitrary function that its derivative is also finite at that point, e.g. /z. It
is for this term also enough to show that the derivative of the two-point function w.r.t. m?2 is
finite, because the pre-factor is zero in massless ALP limit. We know that r,, remains finite, so
next we have to check that drq, /dm, remains finite as well, or rather ma‘é 2X  The derivative is
multiplied by m, before taking the limit, because then it is dimensionless and there is a factor of
m, available as can be seen in Eq. (3.41). Going through similar steps as for rg,, this becomes

_ Mmx
. dra . TaX 2ma (rax Ma )
lim m, = lim mg, |——= +

mg—0 mg—0 L \2
“ Ma “ Ma \/(mg —i€)” — 4m§m§

— Lm | Me _ [o2g2 4 Malax T My
mlcllrgol 2m,, ma/2ms 1+mx m2 —1 (B17)

It is straightforward to see that this remains finite in this limit. Since rq, is ﬁnite and nonzero and

Mg ‘;:;: is finite as m, — 0, and 2% logz — 0 in the limit as = goes to zero, m? m2 By (my, mq, my)
is finite in the massless ALP limit. Therefore, the third line in Eq. (3.48) is zero in the limit
as mg — 0. The only term that survives is Bo(mx,mt7mx). Because the other two two-point
function terms are zero, the integral in the massless ALP limit has the following analytical
expression:

Jim T~ S ()" ((6he) = (6)”) KON @) [ k) By ey (B18)

The loop integral, and thus also the cross section, will become a nonzero constant if the ALP
mass is small or if the ALP is massless.

Instead of the ALP being massless, the ALP could also be very heavy, requiring us to take
the limit m, — co. Again starting with rg,:

. X
lim 74 = lim
Mg —>00 Mg —>00 2mamX
. m m
= lim [— - —=X (B.19)
Ma—00 \ My Mg

S0 Tuy & Mg /My —my /M, in the infinite ALP mass limit. Knowing this behavior, the derivative
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of drqy /dmg can easily be approximated as well:

2 _ Mmx
2mg (raX ma)

lim m, = lim Tay +
me—oo  dmg  ma—o0 \/(mg —i€)? —dm2m3
a 2 a
= lim [—m g My mx] (B.20)
ma—oo | My My Mg

Hence, m, Drox Ma 4 2 iy this limit. Looking at Eq. (3.48) the pre-factors that are dependent
N a

dmg
on the ALP mass will cancel with the denominator pre-factor. The term not dependent on the
ALP mass, m} Bo(my, mg, my)/m2, will be zero as m, — oo. It is, therefore, only needed to
check the behavior of By(m,,mg, m,) and of its derivative w.r.t. m2. After a quick calculation

the proportionality of the two-point function in this limit is

2
mlai§OO Bo(my, mq, my) x miiinoo —log M—g (B.21)
Similarly for the derivative
. , d

ml}gloo 2mad—mgBo(mX, Mg, My) = —2 (B.22)

With this we conclude that )
lim 7 o —log &, (B.23)

mg—>00 1%

This means that the integral has a log-divergence for large ALP masses, which is expected from
the two-point function.

Now looking at the supposed pole at the mass of the top quark. We identify that as m, — m;
the integral Z becomes of the form %, which means that L’Hopital’s rule can be used to evaluate
this limit. Differentiating the numerator and denominator, and simplifying the expression the
limit becomes:

mt 2
2 d(m?2)?

lim Zoc lim | Bo(my,ma,my) + 2m?2

Bo(my,mg,my ) +
Ma—my Ma—my dmg O( X T X)

By (my, ma, my)
(B.24)

All two-point functions and their derivatives w.r.t. m2 are well-defined for m, = m;. Since all

functions are well-defined, we see that the integral is finite for m, = m;.
Next we are taking the limit m, — co. Going through similar steps, in this limit rq,, is finite,
nonzero and independent of m,. This means that

2

m
i — X
m}(ur_}n()o Bo(my, mq, my) o< —log 2 (B.25)
2
lim  Bgy(my, my, my) —log—; (B.26)
My —>00 I
lim  m2——— By (my, ma,my) — 0 (B.27)

My —00 dmg

The overall DM mass dependence of Z is then m, logm3.
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In the limit m, — 0, the factor rqy = 2+ — =X and therefore % =L + 2% The factor
X a a X a
T4, must have the same value, only with m, instead of m,. Then, taking the pre-factor of m,

into account

m2
i 1 Bo (s ma, my) = Ty my | A+ 1= log M;‘] -0 (B.28)
my
A o Bo (i, iy, my) = T imy A+ 1= log 2| 70 (B.29)
. 2
ml)l(rgo mxmad—mZBo(mX,ma,mX) — —my =0 (B.30)

Thus in the limit as the DM particles are massless, the integral goes to zero as well.
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