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ABSTRACT

Despite its success in explaining a wide range of phenomena, the Standard
Model is unable to elucidate the nature of dark matter, that remains yet un-
known, and is then considered to be incomplete.

In this thesis we extensively investigate the parameter space for a light Sub-GeV
hadrophilic candidate of dark matter that couples to the up-quark through a
scalar mediator, exploring its phenomenology and the limits from literature for
this candidate of dark matter.

We study the production from air showers initiated by primary cosmic rays col-
liding with the atmosphere, obtaining the interactions with mesons through chiral
perturbation theory. We consider the decay of the 1 meson both on-shell and off-
shell, allowing us to increase the mass of the mediator freely, covering previously
unexplored regions of the parameter space.

By using Super-Kamiokande, Xenon-1T and KamLAND data we place the world-
leading limits on different regions of the parameter space, where we also derive
sensitivities for JUNO, DUNE, Darwin and Hyper-Kamiokande.

We show that neutrino detectors are particularly important in the detection of
light dark matter with mediators with masses higher than ~ 100 MeV while direct
detection experiments (such as Xenon1T) are more effective when the mediator is
lighter.
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Chapter 1

Introduction

Past astrophysical observations (see [1] in particular) have proved the existence
of a matter non visible through light; this matter has been called "dark matter",
and was studied extensively in the past years to discover its nature.
Measurements by Planck satellite [2] showed that approximately 95% of the Uni-
verse is made either of dark matter or dark energy, which can’t be accounted
for by the Standard Model (SM) of particle physics and General Relativity (GR)
alone, suggesting the need to extend the SM with new particles.

The notion that the standard model is incomplete does not arise only from Dark
Matter however, as the Standard Model currently can’t explain neutrino masses|[3]
or the baryon asymmetry of the universe[4]; this implies the possible existence of
new particles, that could be at the origin of dark matter.

One of the most important techniques used for the detection of particle dark mat-
ter with non gravitational interactions (something that is generally required to
explain their production and is a prerequisite for detection [5]) has been Direct
detection [6] (with the most researched candidate being Weakly Interactive Mas-
sive Particles, with masses from 10 GeV up to 100 TeV [7]). These searches have
however detected no dark matter signal ([8, (g, 10]). In addition, the LHC has
found no clear sign of the physics beyond the Standard Model that would moti-
vate that mass range|11].

Light Dark Matter with a mass in the MeV-GeV range (similarly to ordinary
matter) is in general much less constrained than WIMPs, with interactions to
the Standard Model that must proceed through a light mediator to reproduce
the observed dark matter abundance[r], while also evading the Tremaine-Gunn
bound [12]. If we assume the mass of dark matter as small enough, this class of
candidates could also explain the positron excess from the galactic center[13].
Recently, following the lead of [14], [15] and lately [16] have been studying the
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CHAPTER 1. INTRODUCTION

possibility that dark matter may be produced from the decay of mesons in bary-
onic air showers initiated by the impact of cosmic rays on the atmosphere and
then detected via the recoils it induces at detectors on Earth. Historically, this
is how several particles (examples being the muon[i7], 18] and the pion[tg]) have
been discovered, mainly due to the steady flux produced by atmospheric beam
dumps. In this thesis we critically review this detection technique and extend it
to new motivated regions of the parameter space by studying for the first time
the detection of atmospheric Dark Matter at large neutrino detectors.

The model we consider is an hadrophilic sub-GeV dark matter fermion, that cou-
ples with a single flavour of quarks through a scalar singlet mediator (see reference

[20]).

In the first chapter, we introduce the concept of dark matter, explaining how
it came to be historically; we also expand on the motivations behind Sub-GeV
dark matter.

We then introduce the model of hadrophilic sub-GeV dark matter that we are
considering (following [20]), showing how we obtain meson couplings to the me-
diator from the chiral lagrangian (see [21]), the cross section between dark matter
and nuclei (showing also the form factors we are going to consider, taken from
[22] and [23]) and the phenomenology of this dark matter candidate, including
previous limits from the literature (see [23] for a review of them).

In the third chapter a review of the physics behind cosmic rays and air showers is
presented; we in particular explain how cosmic rays are accelerated [24], how do
they start air showers and how they develop [25].

Finally, in chapter four we show our new limits, explaining how we can obtain
the flux for dark matter coming from the atmosphere and how this dark matter
interacts with nuclei at detectors, focusing in particular on limits from XenoniT
[9], Super-Kamiokande [26] and KamLAND [27].

We also show sensitivities for DARWIN [28], Hyper-Kamiokande [2g], JUNO [30]
and DUNE [31].



Chapter 2
Dark Matter

Currently, it is believed that only 5% of the universe is of baryonic nature, with
approximately 27% being dark matter and the remaining being dark energy [32],
with the latest measures from Planck seeing that the total amount of matter
(baryonic and dark) should be approximately 31.7% of the total energy in the
universe [2].

In 1933 Fritz Zwicky discovered that the mass of Coma Clusters obtainable
from observing the luminous matter was substantially smaller than the mass re-
quired to explain the velocity dispersion relation of said cluster [33]; this discovery
and the name he gave to this new matter ("dunkle (kalte) materie', that roughly
translates to "dark matter") has, erroneously, given Zwicky the paternity of the
term "dark matter" (DM).

The term "Dark Matter" however was first used by Henri Poincaré in 1906 and
the concept is even older, as it was first discussed by Lord Kelvin![13]

It was however only in the 1980s (see [1]) that astronomers became convinced of
the existence of a non luminous matter that made up most of the mass of galaxies
and it was then in the beginning of the 21st century that the the "double dark"
cosmological model (dark matter and dark energy making up approximately 95%
of the energy of the universe) was accepted. Since then the challenge has shifted
to understanding the underlying physics of the constituents of dark matter.

2.1  Evidences of Dark Matter

As seen before, evidences for the existence of Dark Matter (DM) have been grow-
ing up since 1933. We now show those evidences and explain what led to the
acceptance of DM.

For more informations see references 34, [35].
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2.1. EVIDENCES OF DARK MATTER CHAPTER 2. DARK MATTER

2.1.1 Rotation Curves

One of the most relevant evidences for Dark Matter comes from the rotational
velocity v, of stars in galaxies; evidences for a flat velocity distribution started
appearing in the 1970s, but it was in 1980 that the flattening of 21 Sc was first
measured [1].

For a rotational motion around the center of the galaxy we should see that
from newtonian gravity and assuming spherical symmetry

GM(r)

Ve = " (21)

Most of the mass in galaxies is located in the galactic disk. For r > Rpgx (with
Rprsk being the radius of the galactic disk) Gauss’ Law would tell us that the
mass M is constant and, assuming all of the mass is concentrated on the disk, we
would see that v < 7~ /2. The rotation speed is instead seen to flatten at large

radial distances|1], meaning that the mass is supposed to go as M (r) o r, so that

p(r) o 5.

Since baryons can interact among themselves they can dissipate their energy and
collapse into a disk; dark matter in contrast would not be dissipative and would
instead form spherical halos.

Coming to the Milky Way, stellar kinematics allows one to estimate that the
halo has a mass M., ~ 102 M, with a local dark matter density of py ~
0.3 GeV/cm3(see [36]; latest measurements favour higher values, such as py ~

0.4 GeV/cm3, see [37]), so that

Rlhalo

Mualo ~ 47r/0 dr r’p(r) = Ryl ~ 100 kpc (2.2)

Another key parameter is the velocity of the dark matter in our galaxy, that is

obtained using the virial theorem as (v) ~ (/SMale ~ 200 km/s (which means

halo

the dark matter in galaxies is non relativistic). For more details, see [38§].

2.1.2 Bullet Clusters

In 2006 the clash of two galaxies called "Bullet Clusters' was observed (see e.g.
[39]); a spectral analysis shows that the clash caused a separation of the individ-
ual components of the galaxy clusters, with no collisions between stars.

Through weak-lensing analyses done by the Hubble Space Telescope it has been
shown that the gravitational potential’s maximum is not where the visible mat-
ter density (observed through Chandra-X, as shown in [40]) has its maximum,
meaning there must be some matter we can’t see through light[34].
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CHAPTER 2. DARK MATTER 2.2. DARK MATTER PROPERTIES

In theories without Dark Matter (see as an example Modified Newtonian Dy-
namics [41]) the lensing would be expected to follow visible matter, but we see
that this is not the case.

2.1.3 Cosmic Microwave Background Radiation

Cosmologically, if dark matter existed it must have left its footprint on the CMB;
the study of the cosmic microwave background radiation can be used to constrain
cosmological parameters such as the abundance of dark energy and of matter.
As we have already said before, the Planck satellite [2] was able to show that
Dark Matter makes up approximately 27% of the total energy in the Universe.

Another reason the Modified Newtonian Dynamics seems to be disproved by
data is the absence, so far, of a Modified Newtonian Gravity relativistic theory
capable of explaining the CMB (see [42]).

2.2 Dark Matter Properties

Now that we have seen the evidences for DM, it’s time we start looking at possible
candidates.

Before doing this however, we have to specify the properties that all DM can-
didates must follow in order to be viable choices; we follow for this section the
analysis in [7].

The following properties must be satisfied:

o Dark Matter must be dark (or sufficiently weak) with respect to standard
model interactions. This requirement comes from the fact that dark matter
is not luminous, but there are also other arguments, related to the CMB and
the matter power spectrum (where an interaction between DM and SM par-
ticles could suppress the power spectrum due to the radiation pressure of the
baryons and photons, preventing DM density perturbations from growing);

o Dark Matter must be cold and non-relativistic, otherwise perturbations within
an horizon can become washed away due to the motion of DM;

o On large scales DM must be collisionless within its sector, as otherwise there
could be a bath of dark radiation, which could interact with a component of
the non relativistic dark matter delaying growth of density perturbations and
possibly even creating acoustic oscillations;

o Another requirement is that Dark Matter must be stable or close to stability;

o Dark Matter must also preserve results from Big Bang Nucleosynthesis;
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2.3. TYPICAL DARK MATTER CANDIDATES CHAPTER 2. DARK MATTER

2.3 Typical Dark Matter Candidates

Now that we have seen the properties of Dark Matter, we can briefly classify
candidates depending on their masses:

e Heavy Dark Matter and Primordial Black Holes: The largest possible mass
of a dark matter candidate is generally taken as 10* — 10° M, as the least-
massive known galaxies have halos of around 10° — 10° M, (as explained
in [7]). Some models of scalar field Dark Matter can condensate in compact
massive objects such as boson stars or axion stars, with masses up to ~ 10 Mg
(for more informations see [43]).

Another such example is primordial black holes: these objects form suppos-
edly due to inflationary perturbations (as can be seen in [44]) and their masses
that make them hard to produce by accreting stellar remnant BHs(see [45])

o Superheavy Particles: Some particle candidates can be superheavy (with
masses ranging from O(10) TeV to ~ 101¢ g), assuming however they are
produced non-thermally as they could have never been in thermal equilib-
rium with the photon bath (as explained in [7]).

o WIMPs: Weakly Interactive Massive Particles (WIMPs) have been the most
studied candidate of dark matter so far. WIMPs have masses that range
from 10 GeV up to 10 TeV (see [7]) and have been studied in particular due
to them arising from many extensions of the standard model (for example
WIMPs can be a neutralino of the minimal supersymmetric standard model,
as shown in [40]).

o Light Dark Matter: Candidates with masses ranging from ~ KeV to 10 GeV
are called "light", which is a term that generally means they can’t be effec-
tively detected by direct detection experiments [7].

Sub-GeV dark matter is phenomenologically motivated because it could ex-
plain the 511 keV excess from the galactic center detected in [47], as explained
in [48]. You can see a review on DM models that could explain this excess in
[49]-

Another interesting notion to keep in mind is that LHC has still not found
clear signs of the Beyond the Standard Model (BSM) physics that motivates
the mass range of WIMPs [11], which encourages the study of more candi-
dates.



CHAPTER 2. DARK MATTER 2.4. MOTIVATIONS FOR LIGHT DARK MATTER

o Wave Dark Matter: If the mass is lower than 30 eV (down to 1072l eV),
DM can behave as a classical wave [50]; one example that has been studied
extensively is the QCD axion (see [51]).

2.4 Motivations for Light Dark Matter

Since this thesis is centered around a sub-GeV candidate of DM, we briefly explain
the motivations behind light DM.

« Direct Detection experiments such as Xenon-nT[g], PandaX[1o] and LZ[52]
have weak sensitivities to dark matter with masses below ~ 10 GeV due to
their energy thresholds. The lack of detection from these experiments is the
first motivation for lighter candidates, which need different methods to be
detected.

e In [48] it has been shown that the excess of positrons may be related to
the annihilation of dark matter in the inner galactic halo; this excess was
first noticed by [47] through an excess in the 511 keV ~7-line observed by
SPI/INTEGRAL, that was attributed to the positron annihilation in this
region.

They consider the possibility for the decay yx — eTe™ with y being nearly
at rest, so that the positrons and electrons will have an energy equal to the
dark matter mass, and only the eventual positron’s decay will be detectable,
producing a 511 keV ~ ray.

They however also show that such an invisible birth is prohibited by the
emission of internal bremmstrahlung « rays unless 1 MeV < m, < 20 MeV |
which is a constraint independent on the model considered.

While this explanation was excluded in [53], in [49] it was found a way to
avoid this issue by switching on a coupling with the neutrino and using results

from [54], 55]-

We also remind that light dark matter could be consistent with bounds from large
scale structures and Lyman — o measurements, as can be seen in [56].
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Dark matter that couples preferentially to hadrons could be detectable by
experiments, with the catch that they must have concrete cosmological histories,
as light particles (and light mediators) would contribute to the relativistic degrees
of freedom at the time of Big Bang Nucleosynthesis, something we already said
should be avoided. For these reasons, we will now extensively talk about one
possible candidate of light dark matter, assuming in particular that it can interact
with quarks.



Chapter 3
Hadrophilic Dark Matter

3.1  Hadrophilic Dark Matter Model

In this work we look at an Hadrophilic Sub-GeV candidate of Dark Matter with
an interaction to the up-quark mediated by a scalar particle. The theoretical
framework we consider contains a flavour-specific scalar singlet S with mass mg
coupling primarily with the up quark through a dimension-five operator generated
at UV scale M. Notice that the scalar can’t couple to more flavours or it would
result in flavour changing neutral currents, which are forbidden at tree level and
highly suppressed at higher orders (see [57] for a review on experimental searches
of FCNC).

Dark matter is taken as a singlet y, charged under a Z, stabilizing symmetry,
with mass m, as shown in [58]. The relevant terms in the Lagrangian are given
as

1 1 _
L5 = m)x + 50,90°S = Smy?S? - (gXS)_CLXL + JC\ZSQLURHC n h.c.>
1
which leads, considering Q; = (ur,dy) and H. = ic?H* (with H = (h +

being the Higgs doublet), to

. 1 1 _ _
LDix(P — my )X + 5@5’8’“‘5’ — §m5252 — (9SXrXxL + guSurur) (3.2)

with g, = \%X/[ and where v=246 GeV is the Higgs vacuum expectation value; we
assume cg will dominate over other dimension-5 operators|58].

Looking at this lagrangian, we see that the spurion cg (where a spurion is a
symmetry breaking parameter that is treated as a fictitious auxiliary field [59])
breaks the flavour symmetry U(3)? due to the assumption that S couples only
with the up quark, which means that, in the quark mass basis, ¢s o diag(1,0,0).
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3.1. HADROPHILIC DARK MATTER MODEL CHAPTER 3. HADROPHILIC DARK MATTER

Due to its interaction with the up-quark mediated by the scalar S, DM will
be able to also interact with mesons and nucleons, as we will show in the next
section.

3.1.1  Effective Couplings from the Chiral Lagrangian

At low energies, the degrees of freedom of QCD stop being quarks and gluons,
but instead become hadrons.

Chiral perturbation theory provides a systematic framework to study strong-
interaction at low energies (below ~ 1 GeV, where the spontaneous symmetry
breaking of SU(3)r, x SU(3)r x U(1l)y — SU(3)y x U(1l)y gives rise to eight
massless Goldstone bosons 7). A more detailed explanation can be seen in ap-
pendix [E] while for a review of the topic see [6a].

Since we explicitly want to study mesons decaying to dark matter, this low
energy approach seems perfectly fit for our study. If we define 7 = 7#®T* (T, being
the Gell-Mann matrices[61]), f ~ 93 MeV and ¥ = e*™// (see appendix [E|) we
consider, following [20], the relevant terms from the chiral lagrangian

2 2
£5 S Tr[(D,D) D)) + ";Tr (BT +x%)) (3.3)
where
my+9gs,S 0 0
x = 2B 0 mg 0 (3-4)
0 0 ms

is a spurion containing both the usual quark masses and the effective couplings of S
to quarks which transforms as y — LyR' under SU(3); x SU(3)g [60] (L,R being
matrices of SU(3);, x SU(3)g) for g, — 0. B is a dimensionful parameter that
can be determined by expanding the chiral lagrangian, resulting in B ~ 2.6 GeV
[21, 20].

We parametrize the pion matrix as 7 = 7% + npt° (where t* are the SU(3)
generators), which means we can write now

ST+ Tl 5o mt K*
= T —%WO + ﬁﬁs + %770 K (3:5)
K- K° — s + 570

In this matrix 7 are the pions, K are the kaons and, once approriately rotated (as
we will see later), 9 will give the n and 7' mesons.
From the second term on the right hand side of equation [3.3] we see that

LD B (Tr[Sf(my + Sgg)] + hoc.) (3.6)
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with m, = diag(m.,, mg4,ms) and g, = diag(g,,0,0) (as the scalar is only up-
philic). We diagonalize the system through the rotation

ng\ _ [ cos@ sinf\ [n
(7]0> B (— sin @ cos 9) (n'> (3-7)

where 6 is the 7 — 1’ mixing angle, which we take as ~ —20° [62].
For the up-philic scalar S the chiral lagrangian results in the effective interaction

LD BguSWO ((\/gcose — ﬁsin 0)n + (ﬁ cos @ + ﬁSin 9)77/> _

= Bg, St (Coym + Cyy)

where Cyy) = (% cosf F % sin 6).
Finally, at higher energy chiral perturbation theory is ineffective and the cou-
plings between mesons and S are parametrized through form factors

(M (p) M (p")|mtiu + madd|0) = T pr(s)
(M (p) M (p')|m i — madd|0) = Qpr(s)

where M is the meson we are considering and s is a mandelstam variable given
as s = (p+ p')%. These factors contain terms that deviate from the chiral la-
grangian’s results and are generally determined from dispersive analysis and fits
to experiments (see e.g. [63]).

3.2 Meson Decays and Interactions with Nucle-
ons

In our study what we really care about is the decay of mesons produced in air
showers and, in particular, we are interested in the decays of n and 7’ mesons.
Using the aforementioned effective terms obtained from the Chiral Lagrangian
we can obtain straightforwardly (see appendix [G]) the following Branching Ratios

[x5]:

C,2g,2B> mg? Mo’

BR(n — Sn%) = 12 K (1, —o; — 8

(n ™) 16mm,,[, ( T my,? m,72> (3.8)
and 2 212 2 2
Cy 9, B ms~ Myo

(n ™) 16mm,, T, T my? my? (3-9)
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where K is the Kallen Function[64] while I, = 1.31 keV, I';y = 0.188 MeV,
my = 548 MeV, m,y =~ 958 MeV and m o ~ 135 MeV [65].

These branching ratios are of course not valid for mg > 420 MeV for the n meson
and mg > 823 MeV for the ' meson. In that case, the decay will go directly
towards a final state containing a pion and two dark matter fermions yy via an
off-shell S.

The DM produced from these decays arrive at detectors and hit nuclei; we
will dwelve into this later, but for now this means that we need to study the
interactions between nuclei and dark matter. We write the matrix element of the
quark bilinear gq between nucleons N with mass my and initial momentum p;
and final momentum py, so that

_ my _
(N (py)lag|N(pi)) = WquFH(—t)UNUN (3.10)
q
where Fpy is a form factor we will write later and f(fv = %}?M at the leading

order in the expansion for small ¢2. In particular, given the lagrangian containing
the effective interactions

L D YsppSDp + YsnnStin (3.11)

we can see that »
Yspp = Ju(pluulp) = gu fT“Tp (3-12)

and .
Ysn = galnluln) = g, 222" (3.13)

u

where fF,, = 0.014 and f7, = 0.012[66]. If the energy is not enough to resolve the
nuclear structure, we can see that these coefficients come into play in

iM — Z-gx(ySppZ ;‘ ySnT;<A - Z))
(p* — mg)

Fu(—t)XxxNN (314)

which is the matrix element associated to the scattering YN — V.
From this we can compute the cross-section of the interaction YN — x N between
dark matter and nuclei, obtaining:

dg 1 gXQ(ZySpp + (A - Z)ysrm)2 (_t + 4mx2)(_t + 4mN2)

ar K 1675 (mg? — 1) Fi(=)0(K — Kpaz) (315)

where A, Z and my are respectively the nucleon number, atomic number and mass
of the nucleus we consider. T is the initial kinetic energy of the recoiling particle
(either DM or the nucleus), s is a Mandelstan variable given as s = (P, + P)?
(with P, and P, being the initial four-momenta of DM and the nucleus), K is the

12



CHAPTER 3. HADROPHILIC DARK MATTER 3.3. COSMOLOGY OF THE MODEL

final kinetic energy of the recoiled particle while K,,,, is given by reference [67].
For nuclei and nucleons being hit in detectors we consider the nucleus/nucleon’s
frame of reference, where the Mandelstan variable ¢t = 2myTy (T is the recoil
energy given to the nucleus/nucleon by DM), obtaining

d 2(Zyspp + (A = Z)ysnn)? (Tne + 2ma?) (mnTy + 2m, 2
o :gx< Yspp + ( )Ysnn)” (T + 2my*) (maTy + M )FHQ(ZmNTN)@(TNmax_TN)

dTy 8 (ms? + 2myTy)?
(3.16)
in the form seen in [15].
The form Factor F(—t) is taken from [22] as:
3j1(qR1)> 22
Fule?) = ( eI .
1 (q”) R (3-17)
where j; = 3%% — 52 jg 4 gpherical Bessel function of the first kind and
7
Ry = \/02 + §7T2a2 — bs? (3.18)

with ¢ ~ (1.23A4/3 — 0.60) fm, a ~ 0.52fm and s ~ 0.9 fm.
This form factor is obtained by fitting directly to experimental data covering a
range of nuclei with A > 9 [68]; for hydrogen we are going to use the form factor

from [69] given as
1

(1 + (/AP (319)

Fu(q®) =

where A = 770 MeV.

3.3 Cosmology of The Model

A key aspect of any DM candidate is that it must be cosmologically viable.

In this section we show the cosmological impact of hadrophilic sub-GeV DM,
throwing the basics concept that we will use later to derive relevant limits from
cosmology.

3.3.1 Brief Review of Particle Cosmology

Now we review the cosmology of particles in the early universe, for more informa-
tions see [38 [70]. For a review specifically on Dark Matter in cosmology, see [71].
The universe was originally in thermal equilibrium; the various particles inhabit-
ing the early universe were in a thermal bath, in equilibrium with each other.

13



3.3. COSMOLOGY OF THE MODEL CHAPTER 3. HADROPHILIC DARK MATTER

Due to the expansion of the Universe, the density of particles at thermal equi-
librium would decrease in time, meaning the possibility of reactions happening
would decrease too as a consequence. There is then a time for each particle when
they "freeze out" or "decouple" from the thermal bath. This happens when the
interaction rate falls behind the expansion rate of the universe.

In general we can write the interaction rate as

I' = n{ov) (3.20)

where n is the equilibrium number density and it depends on whether we have a
relativistic or non relativistic species:

{ n=g(52)" cap(~(m — p)/T).m > T (3.1

- %ngam LT

where 1 is the chemical potential, g is the degeneracy factor and, if the relativistic
particle is a fermion, there is an additional 3/4 in front of g.

Freeze-out will happen when I' ~ H, where H is the Hubble parameter. For a
radiation-dominated epoch, H ~ /p/My (with M, ~ 2.4 x 10'®) and it scales as

H ~T?/ M, (3.22)

After obtaining the freeze-out temperature (by comparing I' ~ H) we use the
Boltzmann Equation

fy + 3Hny = —(ov)(n,* — (n§1)*)” (3-23)

which we simplify by using Y = n, /s and = m, /T (with Y being the actual
number of particles per comoving volume, s being the entropy density) obtaining

dy  ws(ov)

% - H(m) (Y2 - }/;QQ) (324)

where the "eq" means at equilibrium.
If the relics decouples while hot (z < 3), we will see that

45£(3) gef f
}/eq = 9d s (325)
and if cold (z > 3) then
45 (m\Y2 g 4
Va=ou () o (3-26)
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3
where g.s¢ = g if bosons and g.sf = 3¢/4 for fermions while g.s = Y5 gp (%) +
3
% Y Fgr (%) (where "B" stands for bosons, "F" stands for fermions and 77, is the
temperature of the plasma).
For the current abundance of stable species we can see that

« For hot relics the freeze out occurs when the particle is relativistic and Y,
is not changing in time, in particular we can see that % ~ (0 and so Y, =
Yeq(z¢) (where z is the value of x at freeze-out and Y is the actual number
of particles per comoving volume now).

We can then see that the contribution to the energy density of this particle
v will be given as

Quh® = 7.83 % 107 2(ges7/gus(7)) (m/eV) (3.27)

with Qy = % (with periy = 3H3/8mG and Hy being the Hubble parameter
today) and h = Hp in units of 100 km/s/Mpc, so that h = 0.68]2].

Since we know that Qyh? < 1 we can put a bound to the mass of ¢ given as
m < 12.8(g«s/gerf) €V; notice that this bound depends on the value of g,
at the freeze-out, which means that, if a particles decouples very early when
this value is large, its present number density will be smaller.

o For cold relics Y, instead decreases exponentially with x; the annihilation
cross-section can be parametrized as o4|v| ~ vP with (v) ~ T2 so that
(oalv]) ~ T™ with n = 0 for s-wave annihilation and n=1 for p-wave annihi-
lation.

For this reason we can parametrize

(galv]) = oo(T/m)" = ooz™" (3.28)
so that dY/dzx = —Az ™" 2(Y?~Y2) with A = (%) and Yy, = 0.145(g/ gss) /2.
This equation can be solved approximately, but we just write the solution,
which is 1
n n
Yoo = — i (3-29)

We now obtain the energy density given as
(n+ 12§ Gev!
(9es/9"*) Mg

The smaller the annihilation cross section is, the greater will be the relic
abundance [70].

Q,h* = 1.07 x 10° (3.30)
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3.3.2 Cosmology of the Scalar Mediator

At the moment of BBN the mediator S can contribute to the number of relativistic
degrees of freedom, which is constrained by the primordial element abundance.
Since S can also possibly decay into photons for mg > 2m, it can also affect the
baryon-to-photon ratio, which can decrease the deuterium abundance.

Following [20] it is shown that if the scalar stays at thermal equilibrium until
kinetic decoupling mg > 20 MeV is a required condition to prevent changes to
the BBN results. If the mediator decouples before the BBN, but still affect the
baryon-to-photon ratio, the condition g, > (2 x 107%)(mg/GeV) ™3/ must hold.
We can roughly obtain these limits by making the following analysis: before the
QCD phase transition, the scalar production is driven by uu — S, uu — S¢g and
ug — uS. For small mg, the production rate of S is given as I's ~ ¢2T.

S will reach thermal equilibrium as soon as I' ~ H; by requiring the freeze-out
temperature to be greater than the BBN temperature ([20] considers 7' > 1 GeV),
we can then obtain a limit from 7' ~ M, gu?.

It must be noticed that these conditions won’t affect our results. In particular we
will be mostly interested in mg > 2m, =~ 270 MeV, where S will decay too fast
to produce changes to the BBN.

3.3.3 Cosmology of Dark Matter

If m, < mg (the case we consider), x will annihilate to SM particles.
The DM’s annihilation rate will depend on the decay rate I'g for the mediator S
as

2 2
gxmxvrelrs |m5:2mx

.31
2 <(m$2 —4m3)? + m%F%) (331

<0Urel>>zx—>SMSM =

where FS|ms:2mX is the decay width of S when mg = 2m,,.
Now either mg > Agep and S — uu will lead to I's = Sgﬁms/&r or we need to
consider hadronic effects.

I briefly introduce the fact that, if we considered a mediator S coupled to a
more massive quark instead of the up quark (like the top quark or an even more
massive quark 1), the interactions between the mediator and the nucleons would
be greatly weakened; this may result in a situation where the interactions between
dark matter and the standard model bath are so weak that equilibrium is never
achieved, leading to a production mechanism called 'freeze-in"[72]. See [73] for
an example in a model similar to our.
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3.4 Existing Limits

We now review the phenomenology of sub-GeV hadrophilic DM, in particular
reviewing existing limits from the literature.

3.4.1 Limits from Cosmology

We start with the limits coming directly from cosmology, a topic we already ex-
plored. For more informations on these limits, you can see [23), 20].

Bounds from BBN have already been discussed when it comes to the scalar medi-
ator. For the dark matter candidate, based on the results of section 4.1 of [23], we
impose m, > 10 MeV. This condition can be relaxed if we switch on a coupling
of the mediator to neutrinos.

Another issue is the DM abundance: after the QCD phase transition y will

have to decay into pions otherwise it won’t reach the correct dark matter abun-
dance, which requires m, > m;, to happen.
For masses m, smaller than m, dark matter can still reach the correct abundance
via thermal freeze-out by adding a small coupling to electrons or neutrinos. Fur-
thermore if the dark matter annihilation cross section is larger than the thermal
one (for example if m, is larger enough than m, or if it is coupled to neutrinos) the
symmetric dark matter component annihilate away, leaving only a possible initial
asymmetric component and allowing to reproduce the measured DM abundance
without altering the phenomenology that we will discuss in this thesis.

For the regions of the parameter space allowed and considered in this thesis,
the DM annihilations into mediators (if kinematically allowed), mesons and quarks
are all p-wave suppressed, so no constraint would come from the CMB [23].

3.4.2 Limits from Colliders

Collider searches have no lower limit to the DM masses they are sensitive to and
for this reason they can efficiently constrain sub-GeV dark matter.

One technique involves the comparison of the observed mono-jet events to the
number of events expected from standard model backgrounds; from this one can
derive limits on the suppression scale A of the effective dark matter couplings as a
function of the dark matter mass m,, which can be then converted in constraints
on the dark matter-nucleon scattering cross section [74].
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Dark Matter pairs can be produced at colliders through uu — Sg — xxg
where S can be produced on-shell or off-shell, depending on the mass. By sim-
ulating the monojets [23] finds that, for mg=1 GeV and m, varying between 10
MeV and 10 GeV, g,9, S 0.06.

They also consider the possibility that a coupling to the top quark would
induce at one-loop a bSs (where b is the bottom quark and s the strange quark)
vertex, constrained by B — K S —invisible; constraints on hypothetical couplings
to charm and bottom would come respectively from Y — S+ —invisible and
J/Y — Sy —invisible.

3.4.3 Limits from Astrophysics

By considering the cooling of Supernova Remnants such as SN 1987 A we can
obtain limits on the coupling with nucleons (as is generally done for axions for
example, see [75]).

For an up-philic scalar we would have a bremsstrahlung process NN — NN + S
happening in the core where one of the nucleons takes the role of a spectator,
which has the purpose of allowing the process to happen kinematically.
Following [76] we can see that the differential cross section will be

ks
do[NN — NN + S] ~do[NN — NN]WﬂfygNNx
x (2E:% —m3Es —2ms((ks - B:) — (ks - B5)°) )
mNEE’%

where 3; y are the non relativistic velocities of an initial-state and a final-state
nucleon, ygyy is the previously written coupling between S and nucleons (in
this case neutrons) and the energy is Eg = my (37 — 37), with 3-momentum kg
associated.

The thermally averaged energy loss is

Qs(1) = [ dBiBi (T, 5) [ do[NN - NN +8|Bsn}y (3.3

where ny ~ 1.8 x 103 cm ™2 [20] is the nucleon number density in the core while

fn is the Maxwellian nucleon distribution function.

By comparing Qs(T) to the observational bound [77] Qs < 3 x 10?3 erg cm ™3 571
and using the temperature of the Neutron Stars 7' ~ 30 MeV and do[NN —
NN] ~ 2.5 x 10726 ¢m? (see [76]), [20] finds a limit for ygyy which can translate
to a limit for g,.

Simplifying the core plasma as only made of neutrons due to the small difference

033
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between f7, and fF, one finds that if g, is sufficiently large, the scalars emitted
through bremsstrahlung will be trapped within the supernova core unable to es-
cape, occurring through the absorption NN +S — NN (or the decay of S in dark
matter or in pions if the dark matter decay channel is not available).

We can evaluate the absorption through the effective mean opacity given as

8 43
157TT

= Jog, dBS (1L — m3/ER)o g (eB/T — 1))

kg (3-33)

which we then compare to the neutrino opacity (trapping happens when kg > k,).

If the decay width of S — Y is sufficiently large (large enough so that Ag, the
decay width of the scalar mediator, is smaller than the size of the SN core) this
constraint is governed by y 4+ N scattering rather than the absorption of S; if we
assume a single scattering is sufficient to trap a dark matter particle in the core
we can then compare the associated opacity k, to the neutrino opacity, given as
k, ~ 8 x 10717 ¢m?/g and constraining g,,g,.

The resulting constraint[20] excludes the region with mg < 1073 GeV and
1071 < g, < 107, where gy = 1 and mg = 3m,.

3.4.4 Limits from Direct Detection

For classical wimps, which are assumed to have a speed consistent with the solar
system’s speed (around 220 km/s), the collision with a nucleus with a negligible
initial speed can lead to a final nucleus kinetic energy given as

2

q
FEp =
R 2mN

(3-34)

where ¢ is the momentum transfer given as q=p-p’ (p and p’ are the initial and
final momentum of the WIMP). We can see that for an elastic non-relativistic
scattering

{p P (3-35)
2 2 2 .
QIr)nX - Q%zx + 2£1N

will lead to )
1 My M N 1 5 p

pMAX _ 22 X _ 12 a6

R 2m><vx (mN n mx>2 2vme (3 3 )

where 1 = % is the reduced mass and v,, is the DM’s velocity in the laboratory

frame of reference [78].
In the center of mass frame of reference the velocity of DM will be v} = v, + v,
with v = m,v, /(m, +my). For an elastic scattering the DM will change direction
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after the collision, with |p| = |p’|. For ¢ = p’ — p we see that

2
q
o =0 —p-p = p(1—cosh) = prvy(l - cosf) (3-37)
where p = [p| = m, v}, = pv, and 0 is the angle between the initial and final
momenta of the dark matter in the center of mass frame of reference. Using
Er = ¢*/2my (with Eg taking the value of the lower energy threshold of our
detector in this case) can then obtain the minimum velocity required to have a

recoil
myEr ¢
min — - — .28

with m, << my. For detectors such as XenoniT that use heavy nuclei like Xenon,
the energy threshold of a few KeV makes the sensitivity degrade for m, < 10 GeV,
but makes them optimal when m, ~ 100 GeV([38].

Combining the results from XenoniT ([}, [79]), CRESST-III [80] and Dark-
Sidero [81] one can see the strongest constraints from direct detection. With
CRESST-III we observe limits even for m, ~ 160 MeV, as this experiment oper-
ated 10 cryogenic detector modules with solid CaWW O, crystals optimized for low
energy thresholds.
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Chapter 4

Breef Review of Air
Showers and Cosmic Rays

When high energy cosmic rays strike the Earth’s atmosphere they can start a
cascade of secondary particles, which can interact with the atmosphere and decay,
resulting in what is called an "air shower".

Air showers have been in the past a key factor in the discovery of new particles,
starting with the muon in 1937[17, 19|, initially mistaken for the pion, that was
actually discovered in 1947 [18].

Hadrons were discovered very fast from this moment, with the discovery of the
kaons happening in the same year as the discovery of the pion [82] followed by
the discovery of the A baryon a few years after. For a review on the topic, see e.g.
[83]-

In this chapter we will discuss cosmic rays (CR) and air showers briefly, ex-
plaining in particular how hadronic showers work. We are interested in the idea
that, just like historically the discovery of hadrons happened through cosmic rays
interacting in the atmosphere, we may be able to do the same for dark matter.

4.1 Cosmic Rays

Primary cosmic rays are all the high-energy stable particles like protons, fully ion-
ized nuclei and electrons that continually arrives at Earth and hit the atmosphere.
The vast majority of high-energy CRs are protons, with only 10% being Helium
and 1% being neutrons or other heavier nuclei. Together these all accounts for
99% of the cosmic rays, while the remaining 1% are electrons and photons (with
neutrinos estimated to be comparable to photons) [24].

21



4.1. COSMIC RAYS CHAPTER 4. BREEF REVIEW OF AIR SHOWERS AND COSMIC RAYS

For these cosmic rays we can define their flux per unit area A and time T as

S(E) = d(N/(AT)) particles
~ dQdE  cm?srs GeV

(4.1)

where N/(AT) is the number of particles per units of area and time, df2 is the
differential solid angle and dF is the given energy interval[25].
For a more detailed introduction to cosmic rays, see [84].

4.1.1  Energy Spectrum of Cosmic Rays

The distribution of energy of cosmic rays is described by a power law E~P where p
is between 2.7 and 3.3, with two clear changes in slope around ” around 5x10% eV,
and the “ankle” around 5 x 10'® eV. A strong suppression of the flux can be seen
at 5 x 10" eV, caused by the destructive interaction of high-energy particles
with the Cosmic Microwave Background Radiation (CMB) [24]. The low energy
region is dominated by cosmic rays from the sun, while the higher energies (above
~ 1000 TeV) are dominated by astrophysical sources from our galaxy.

At 5 x 10'® eV there is a change in slope often referred to as the "knee', with
Extragalactic sources supposedly being the origin of these high energy CRis.

For even higher energies, at 5 x 10 eV, there is once again a change in slope,
that is called the "ankle", where the flux becomes less steep.

In figure |4.1 (that is taken from reference [85]) all the features of the cosmic
ray spectrum are shown.

In figure the flux of protons and helium is obtained following the approach
presented in [23]: for energies lower than 100 MeV we took the fluxes from [86], for
energies between 100 MeV and 50 GeV we considered [87] and finally for energies
over 50 GeV we consider [88].

4.1.2 Acceleration of Cosmic Rays

To better understand how CRs can be so energetic, we now review the mechanisms
at the core of their acceleration. We follow for this analysis [24].

Fermi Mechanisms

We first start this section by explaining the mechanisms that can accelerate cosmic
rays. For more informations on this mechanisms, see [89].

Let’s consider a charged particle (like a proton) scattering off against a moving
boundary, for example a gas cloud. The moving cloud has a speed § = V/c (and
associated Lorenz factor ) while the proton is moving with an incident angle 6,
and, after bouncing, an angle 6, with respect to the velocity of the cloud.
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COSMIC RAYS
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Figure 4.2 Flux of Protons plus Helium, presented from [23]
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The starting energy of the proton in the frame of reference of the cloud will be
given as

Ef = Eyy(1 — Bcosbh) (4.2)
which is equal to the energy after the collision (as the cloud is much more massive),
given as E5 = EY. In the laboratory frame Ey = E5~v(1 + 5 cosf3) which means

AE  Ey— E

= 7*(1 — Bcosb + Bcosby — B*cos by cosby) — 1 (4.3)
) Ey

The proton will scatter multiple times inside the cloud, so that (cosfs) = 0. How-
ever, the probability of a scattering between the proton and the cloud happening
is proportional to their relative velocity (with the proton having a velocity v in
the laboratory frame, with v being close to ¢ for high-energy cosmic rays) as
P x (v—Vcosb) x (1 — fcosfy) which means

[T cos 0y (1 — BcosBy)dcos b, o]

0 — ~ — .
(cos ) J1 (1 = Bcosh)d cos b, 3 (4.4)

so that
AFE

(51 =36 (4-5)
This is the second order Fermi mechanism, which is generally not too effective as
the gain in velocity is proportional to 3% with 5 ~ 107%.

Let’s now consider a shockwave (obtained for example when a supernova ejects
a sphere of hot gas faster than the local speed of sound into the interstellar
medium) that is moving towards some gas cloud. In the reference frame of the
shock front, the gas cloud moves towards the shockwave with a velocity u, while
the shocked gas moves away with velocity ug.
If we consider a particle moving back and forth between the shocked gas and
the medium, we will see that the system is dynamically equivalent to a pair
of mirrors bouncing a ball between each other with a relative velocity given as
V = |uy| — |uqgl, where in a supersonic shock in general |u,| ~ 4|ugq].
If we call 6 the angle between the direction of the shockwave and the direction of
the moving proton, seeing that

AE
—~ =2 o .6
7~ 2 cos (4.6)
with —1 < cos# < 0 with a probability of crossing the wave front proportional to
- f?lfcos92dc050

— cos #, so that now (cos @) ~ = —2 and now
< > fi)l —cosfdcosf 3
AFE 4
<f> = g@ =€ (4.7)
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Figure 4.3 The so called "Hillas Plot", showing the comparison between mag-
netic field and size for several astrophysical objects. From http://astro.uni-
wuppertal.de/~kampert

This is called a first order Fermi mechanism. For n cycles we will have that
E = Ey(1+ €)™, predicting that the energy spectrum will be a power law with an
almost constant index as observed above.

Acceleration Sites

Since we have explained how CRs are accelerated, it’s only natural to also look
at possible sites where this acceleration could take place. You can see references
[24}, ©0] for more informations.

In order to effectively accelerate particles, a sources must have at least a size R
of the order of the particle Larmor Radius, v = 25 (with Z being the atomic
number of the CR, B the magnetic field, e the charge of the electron and p the
momentum of the CR).
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This relation R ~ ry, can be rewritten as

E B o R
1PeV — 1uG  1pc

(4-8)

where E is the energy of the particle.

Notice that static magnetic fields can’t accelerate particles, while static electric
fields would get neutralized very fast. For varying magnetic fields however we see
that they can induce variable electric fields that can accelerate cosmic rays.
Possible acceleration sites that satisfy these conditions are listed here:

e Supernova Remnants are the structure left after the explosion of a star at
the end of its life cycle, very often resulting in a Neutron Star (NS). Due to
the conservation of angular momentum, NSs (with a radius of approximately
only 20-30 km) can have a very short period of rotation, while the magnetic
field is increased due to the gravitational collapse. For a typical value of
Bgrar ~ 1 kG the magnetic field of the NS can be 10! G.

o The shockwave from a supernova can heat the interstellar material it encoun-
ters, leading to a magnetic field of about B ~ 10 uG up to 1 mG.

o Pulsars slowing down their rotation can produce a relativistic magnetized par-
ticle wind, which radiates synchrotron photons which might possibly undergo
Inverse-Compton scattering

e Around 10% of Active Galactic Nuclei exhibit relativistic jets due to the
accretion of the black hole’s disk. These objects emit photons over a wide
range of wavelengths from v to radio and cosmic rays up to much higher
energies

4.2 Air Showers

The Earth is constantly hit by high energy cosmic rays. When an hadronic par-
ticle enters the atmosphere it will interact with a nucleus, producing a shower of
secondary particles.

Showers can in general be of electromagnetic nature or hadronic nature. For more
informations on air showers, see [g1].

To know more about air showers simulations (something that is very important
for this this work) see reference [92].

For this section on air showers we follow mainly [25].
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4.2.1 Atmosphere Model

The flux of any standard model particle propagating through the atmosphere is a
function of the so called "atmospheric depth", given as the integral in altitude of
the density above the observation level h:

X, / (h')dh' (4.9)

The pressure can be written as p = "¢ = £ [;° p(h')Sdh’ = g [;;° p(h')dh" (with m
being the mass of the column of atmosphere above h), so that

p=gX, (4.10)

dX” (the minus sign represents that the density decreases as h in-

where p =
creases).
If the atmosphere is a perfect gas, we can use its equation of state pV = NkpT,

rewriting it so that p = pkBT and finally obtaining
M Mp
11
P = T (4.11)

where kp is the Boltzmann constant, M is the molecular mass of air (which is
made mainly of molecular nitrogen, 78%, and oxygen, 21%, so that (A) ~ 14.5
and M = 2A,,, X m, = 4.8 x 1073g[25]).

We can write the temperature as a function of the atmospheric depth, obtaining

M  gX,

" kpdX,/dh (412)

While we know the temperature slowly decreases with height in the atmosphere,
we can assume it as constant as a first approximation, so that

X, = Xotme=h/ho (4.13)

where X%™ = 1030 g cm~2 and hg = kgT /M g; assuming we are at the surface of
the Earth (where T' ~ 290 K) we can see that hg ~ 8.4 km.
We can also define a new quantity, called the "slant depth", which is given as

X(1,0) = /loo p(h(l,0))dh (4.14)

where

h(l 9 = \/R%ARTH + 2lRpapTH COSO + 12 — REARTH (4.15)

So that, for 6 < 60°, we can see that X ~ 2 and p = X” ~ X,CLCO’SQ; Rparrn =~
6370 km is the radlus of the earth [25][03].

27



4.2. AIR SHOWERS CHAPTER 4. BREEF REVIEW OF AIR SHOWERS AND COSMIC RAYS

4.2.2 Hadronic Cascades

Protons, neutrons and heavier nuclei can initiate hadronic showers by hitting
nuclei in the atmosphere. The number of charged hadrons increases as n., o E8'2
(as found from pp and pp data in [94]), where Ej is the laboratory energy of the
cosmic ray.

The produced n; = %nch of total hadrons, which are mainly pions[g5], carry
a fraction k of the initial energy that is called "inelasticity" and is generally taken
as k ~ 0.7 for the initial primary cosmic ray.
Inelasticity takes into account the fact that a significant fraction of the energy is

taken away by a single massive leading particle, such as
Ey— E

= 16
Eo+ Mr (420

where Mr is the mass of the target nucleon and E’ is the residual energy of the
nucleon after the collision. The energy E’ is then used by the leading particle to
interact again and generate another shower.
After n interactions, the leading particle will have a fraction (1 — k)™ of the initial
energy Fjy. Interactions will continue until the hadron energy falls behind a certain
interaction threshold.

Let’s consider now a particle P with a decay length dP’ (which is the decay
length in P’s frame of reference). We can define the decay length considering the

density of the medium p as
dP,=dP"-p (4.17)

Notice that this is not a real length, but it has the units of a column depth.

We also consider the interaction length Ap such that a particle P will either decay
or interact depending on whether dP, is bigger than Ap (which means it will
interact) or not (which means it will just decay). For pions (the main hadronic
product), A; ~ 120 g cm™2.

As a first approximation we follow [96], saying that the particle P interacts if the
energy is above a threshold Fg.. and decays otherwise. We can derive this energy
by requiring that

EGC
ApzdP’-pz( d2>c7'p-p (4.18)

mpc

where 7p is the mean lifetime of particle P. Using p ~ 1072 g cm 3, equation
leads to E; ~ 20 GeV for pions.

Part of the energy is transfered to the electromagnetic component of the shower
and we can see that the fraction remaining to the hadrons after n generations is
E, = (2/3)"Ey (in each interaction ~ 2/3 of the energy is transferred to the
hadronic component[25]), meaning the electromagnetic shower has EFgy = Ey —
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E}.
After n* generations, the energy will eventually become smaller than Fy,.., so that
the particle will be unable to interact and will decay; this value n* is[25]

. ln(E()/E ec)
no= ln(nh;{ (4-19)

Flux of Particles in Hadronic Showers

The flux for any particle P in an air shower will be given as

dop _ ¢p  ¢p N ZNPQLN N ZPP¢P

dX ~ pdP  Ap Ay A (4:20)

with X being the column depth, dP being the decay length of particle P in the
laboratory frame of reference, ¢pp = dE being the differential flux of P, ¢ the
differential flux of nucleons, \; the particle interaction length of hadron k and

/\(E P) dFE

where is the number of hadrons h produced with energy between
E and E+dE in the scattering between the nucleus A and the hadron k [g3].
In equation the first term on the right-hand side is the decay term, which
accounts for the possible decays of particle P during its propagation in the at-
mosphere. The second term represents the interaction length, accounting for how
likely it is that particle P will interact in the atmosphere. The last two terms
are respectively the production term (accounting for the production of particles
P in the atmosphere) and the regeneration term (that accounts for interactions
involving particles P and nucleons which result in the production of more particles
P).

dn(kN —hY ;Ep,E)
dE

We are finally ready to see how DM could be produced from hadronic air
showers. In particular we can now obtain the DM’s flux that will arrive at neutrino
detectors.
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Chapter 5

New Limits from Meson
Decays in Air Showers

The decay of mesons from air showers in an hadrophilic light dark matter candi-
date was first studied by [14], who made a model-independent analysis considering
the decay n — S7° and S — yx. They also consider the possibility of the decay
70 — vy, which is however uninteresting in our model as the pion does have no
decay at tree level (from the chiral lagrangian we don’t have any decay channel
for the pion) or at 1-loop involving a scalar mediator (while for a vector mediator
the decay could proceed similarly to the decay 7 — ~7v).

Following this study, [15] studied new limits for sub-GeV up-philic DM by con-
sidering the decay of n and 7’ mesons, producing dark matter that is detected by
direct detection experiments (such as Xenon1T and Darwin).

More recently, limits for this model have been studied at PandaX-4T [16].

In this chapter we are going to repeat these analyses by considering signals at
neutrino detectors such as Super-Kamiokande and KamLAND and sensitivities
from JUNO, Hyper-Kamiokande and DUNE. We are also going to consider the
possibility of mesons decaying off-shell (n — 7%y x) so that the mass of the medi-
ator can be taken more freely and we can evade other strong limits, for example
from collider physics or supernova cooling, as done in s[23].

5.1 Dark Matter Upscattered by Cosmic Rays

Before talking about our results, we briefly explain the basics of [23].
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In [23] it was considered the possibility for cosmic rays (such as Hydrogen
and Helium) to upscatter hadrophilic sub-GeV dark matter in the galaxy. This
dark matter would then arrive at Earth, where it can be detected with several
experiments.

They consider the cross section given in equation [3.15, which will now be used
initially for High Energy CRs colliding with DM, resulting in a flux given as

d¢ dpa do py
2¢ L[k, 22457 Px .
i %:/zd [ i K, my (53)

where A is either protons or helium, with their fluxes given as d¢4/d€) given in
figure [4.2] In this case, K4 is the kinetic energy of particle A, K, is the kinetic
energy of DM, p, is the DM’s density and m, its mass.

We can define the J-Factor separately as

J(b7 l) - ./l.o.s. deX (52)

where b and 1 are respectively the galactic latitude and longitude, "l.o.s." means
we need to integrate on the line of sight (assuming the integration is bounded by
the leaky cylinder in this case) and p, is given as the NF'W profile

ro(re + re)?
r(r+re)?

with ro = 8.5 kpc being the distance of the Sun from the Galactic Center, r. =
20 kpc and p(r = re) = 0.42 GeV/cm?.

They then compute the recoil event spectrum as we will show in section [5.3]
leading to new constraints and sensitivities, that are shown in figure [5.1]
We directly take from [23] the limits and constraints from collider physics and
direct detection. BBNs limits are shaded as they require m, > 100 MeV for
our model, but can be relaxed to m, 2 MeV by considering a coupling of the
mediator to neutrinos, which is why we don’t include them.

Py = Po (5-3)

5.2 Dark Matter from Meson Decays

We now devolve our attention to the relevant instruments for our study, starting
in particular with the flux of DM from meson decays.
The flux of a particle S produced during an air shower is

__dds donm
dE E 0, X .
dEgdQdX / M, AM(EM) dEMdQ( M, cos b, X) x (5-4)

—(Fy, F
XdES( , Es)
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Figure 5.1 Constraints and sensitivities on g,g, obtained by fixing mg = 1 GeV
and allowing m,, to freely float. From [23]

where M stands for "mesons" (in this study we will consider only the  meson, but
[t5] considers also the 7' and K mesons), Eg s is the energy of the mediator S
or the meson M, A\, is the decay length of the meson M in the laboratory frame
of reference and dn/dFEg is the particle distribution (the number n of particles S
produced in the decay of M with energies between Eg and Eg + dEg). For the
flux of 1 mesons, dg‘ﬁ%, we consider the results from [g7].

For the on-shell decay n — S + 7¥ equation will be the flux of the mediators,
followed by S decaying almost entirely as S — xx. This results in a Dark Matter

production rate given as

_doy dos dn
dE Eg, E .
dE,dQdX / SdESdeX dES( 5 Ex) (5-5)

This equation implies that y and y are produced at the same height as the scalar
mediator. If the coupling between the mediator and the dark matter isn’t strong
enough, the mediator may be a long-lived particle affecting the production of dark
matter, which will not be the case for the coupling values of interest for this thesis.
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Figure 5.2 Flux of dark matter from n meson decays on-shell as a function of DM
kinetic energy T . In this plot the mediator mass has been taken as mg = 0.2 GeV,
while m, = mg/3, g, =1 and g, = 1073,

The distribution of particles for a 2-body decay P — P, P, is given as

dn  BR(P - P + P)
4B~ parJK (L 3% (5)P)

(5.6)

where M; with ¢ = 1,2 is the mass of particle P;, M is the mass of particle P and
K is the Kallen function. For more informations, see appendix [B.1]

In the case of a three-body off-shell decay x will be directly produced by the
n (or ' or KT, depending on how many meson species we are considering) meson
decaying as 7 — yx7’. In that case, in equation @ the meson will decay directly
to DM (instead of the mediator S), with a distribution j—g that is given by following
the instructions of appendix [B.2]
You can see the flux of DM produced from the decays of 7 mesons both on-shell

(figure and off-shell (figure [5.3]).
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Figure 5.3 Flux of dark matter from 7 meson decays off-shell as a function of DM
kinetic energy 7). In this plot the mediator mass has been taken as ms = 1 GeV,
while m,, has been taken as 1, 10 and 100 MeV; in this plot ¢,g, = 1073,
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Figure 5.4 Recoil Event Spectrum for Xenon, Argon, Oxygen and Hydrogen. Here
we assume ¢, = 1073, gy =1, mg = 0.2 GeV and m, = mg/3. In this figure no
minimum energy for y (that would come from the heavyside theta in the cross
section) is included

5.3 Recoil Event Spectrum

The flux of DM will traverse part of the Earth and arrive at detectors, where it
may interact with nuclei (or nucleons, depending on the DM energy) and produce
signals. The differential event rate for a detector with N, targets is given as

AN do . doy
dT, dT, dT,

_ N, / dT,e(T}) (5.7)

where T, is the recoil energy of the nuclei after the interaction, T}, is the initial

kinetic energy of the dark matter, € is the efficiency of the detector LI given

' dT,

in equation [5.5/ (if the mesons decay on-shell, otherwise equation [5.4)) and dg%fv is
given in equation (3.16| [23], 15}, [14].
For an exposure of 1 year and 1 ton of nuclei with efficiency of 1 we obtain figure

In figure we can see the importance of KeV recoil energies in direct de-
tection experiments that uses heavy nuclei (such as Xenon), while the Hydrogen
spectrum tells us that higher recoil energies can be considered.
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Figure 5.5 Integrated number of recoil events above a given threshold Fr. We
assume mg = 0.2 GeV, ¢, = 1073, gy = 1 and mg = 3m,, we still didn’t include a
minimum energy for y in this plot

In figure [5.5] we finally see the integrated spectra for Xenon, Oxygen and
Argon.

5.4 Attenuation

Normally any particle traversing an interacting medium will lose energy by inter-
acting with the medium (the rock above and below the detector), resulting in an
attenuation of its flux [15], [14]. This process can cause direct detection experiments
to lose their sensitivity drastically (but we also highlight the possibility that some
constraints may get stronger, as shown in [23], if the maximum energy threshold
of the detector is smaller than the peak of the flux).

The energy loss is described by the equation

dT T'ma”c dO_XN
X ==Yy [ i AT (5.8)

where ny is the number density of target nuclei inside the Earth while the maxi-
mum energy is given as

T2 4 9m, T,
Ty + (my +my)?/2myn

mar __

(5.9)
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We can take the density of the Earth as p = 2.7 g/cm? [98] and assume that all
nuclei inside the Earth are Oxygen, which is the dominant component (considering
A =12,20,24 wouldn’t make a change [23]).
The form factor can have relevant effects on the attenuation, in particular the
form factor that we consider suppresses large momentum transfer [15].

The DM flux at a depth z is related to its value at the surface through

éx(z)dfxcz) = ¢y (2 = 0)dT\ (2 = 0) (5-10)

While we have developed the machinery for attenuation, we will present the results
without considering it because attenuation turns out to be negligible for the small
values of g, that we will constrain.

5.5 Detectors

Once DM has traversed the Earth it will reach detectors, where it could interact
resulting in detectable signals. But what detectors are we considering?

And what properties do they have?

In this section we talk about the relevant detectors and experiments considered
in this study.

5.5.1 XENONiT

Built for direct dark matter searches, Xenon1T is an underground detector, oper-
ating at INFN Laboratori Nazionali del Gran Sasso, in Italy (see [g9]).

The first WIMP search conducted in 2005 with Xenon1o had a target mass of 15
kg (with a fiducial mass of 5.4 kg) and was operational until 2007. It was then
followed by Xenonioo with its 62 kg of target mass (and 48 kg used as fiducial
volume) and lastly Xenon1T, with a target mass of 3.2t.

It is located at a depth of 3600 m water equivalent, and it was designed to detect
WIMPs with masses around 50 GeV with an exposure of 2.0 t-year.

Xenon1T uses Liquid Xenon as its target due to its property of self-shielding
power against external background sources (as Z=54, Xenon has a strong stopping
power against external v rays) and the presence of an A? scaling for the cross-
section.

To study the spin-dependency of the WIMP-Nucleon cross section, the isotopes
of Xenon used are generally Xenon-129 and Xenon-131 (due to Xenon-129 being
a spin 1/2 fermion and Xenon-131 having a 3/2 spin).

Finally, Xenon is a scintillator, which means it will emit light from excited dimers
with a wavelength of 175 nm; it is also transparent to scintillation light, enabling
good signal detection efficiency.
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Dual-phase time projection chambers filled with liquid Xenon measure light

and charged signals independently allowing for the reconstruction of position and
energy while also identifying the particles. Tipically they are built with a polyte-
trafluoroethylene (PTFE) frame for high reflectivity, with top and bottom planes
covered with arrays of light sensors (photomultiplier tubes).
When a particle hits the Xenon and deposits energy on the nucleus, light and
electrons are produced, with the light being detected by the top and bottom of
the detector while electrons are drifted upwards in an electric field in order to
produce a secondary scintillation light.

Lastly, Xenon1T has been upgraded to XenonnT, which started operating in
2020 with 5.9 t of target mass for a total mass of 8.6 t and a fiducial mass
of 4.0 t [100]. Another future upgrade to this experiment wil be the DARWIN
experiment, with a fiducial mass of 5o t.

For the purposes of this study, we consider a fiducial mass of 1.3 t for Xenon1T,
with an exposure of 278.8 days and a number of event observed as Nggycr, = 3.56
(where "9go%" stands for a 9o% confidence level)[i]. The energy thresholds are
taken as T7 = 4.9 keV and T, = 40.9 keV, while the efficiency is taken as the
detection efficiency from [g].

5.5.2 KamLAND

The Kamioka Liquid Scintillator Antineutrino Detector (KamLAND), located at
the Kamioka Observatory in Hida, Gifu, Japan, is an underground neutrino de-
tector situated in an old mine-shaft in the Japanese Alps. For more informations
on its purpose see [101].

It consists of 1200 m? liquid scintillator as active neutrino target, with a
balloon of transparent Nylon/EVOH(Ethylene Vinyl Alcohol) film to hold the
liquid scintillator and 1800 m?® of buffer oil to cancel the background of v rays.
There are also 1325 17 inch-aperture Photomultiplier Tubes (PMT) and 554 20
inch PMT to measure the scintillation light, a thick stainless steel tank, and a
cosmic-ray anti-counter made of 3000 m? of water.

It is located at a depth of 1000 m underground, surrounded by 53 nuclear reactors
which emit v, with typical energies of a few MeV.

These v, will interact with a proton, producing a positron which emits scintillation
lights when it goes through the liquid scintillator.

The neutron produced together with the positron thermalises by colliding with
protons and is eventually absorbed by a proton (producing deuteron), emitting a
2.2 MeV ~-ray.
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The liquid scintillator is made by 80% of normal-dodecane and 20% of pseudo-

documene+1.52 g/L of PPO, where the percentages stands for "percentages in
volume'[102]; since in this work we are interested in the amount of free protons
(hydrogen nuclei), we use this information to compute the number of free protons
for each kton of target mass.
We will follow [103] to compute limits from KamLAND data [27]: in particular,
KamLAND observed one event in the bin 13.5 MeVee — 20 MeVee (with eVee
standing for "electron equivalent") within an exposure of 123 kton-days, where
each ton of KamLAND contains approximately 8.8 x 103! targets of Hydrogen.

5.5.3 JUNO

The Jiangmen Underground Neutrino Observatory (JUNO) is a medium baseline
experiment designed to determine neutrino mass hierarchy and to precisely mea-
sure neutrino oscillations by detecting reactor neutrinos from the nuclear power
plants of Yangjiang and Taishan, located 53 km away. It is located in Kaiping,
Jiangmen in Guangdong province in Southern China at a depth of around 700 m,
including 270 m of granite to reduce muon background [104), [30].

JUNO consists of a water Cherenkov detector, the central detector (submerged
in a water pool to be shielded from natural radioactivity from the surrounding
rock and air) and a muon tracker. The central detector contains 20 kton of liquid
scintillator in a spherical acrylic vessel with an inner diameter of 35.4 m supported
with 590 connecting bars.

17612 20-inch PMTs and 25600 3-inch PMTs watch the light emitted by the
liquid scintillator. For the bigger PMTs the photon detection efficiency is 29.1%
while it is > 24% for the smaller ones[30].

The Liquid Scintillator is made out of linear alkylbenzene, generally known as
'"LAB", due to its excellent transparency, high flash point, low chemical reactivity,
and good light yield[to4].

For JUNO we are going to consider as fiducial mass 20 kton (where each kton
has ~ 8.0 x 103! free protons), an exposure of 5 years and the same background
event rate as KamLAND[23].
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5.5.4 DUNE

The Deep Underground Neutrino Experiment (DUNE) is a neutrino experiment,
currently under construction, consisting of two neutrino detectors located at the
Fermi National Accelerator Laboratory in Batavia, Illinois, and at the Sanford Un-
derground Research Laboratory in Lead, South Dakota, located at approximately
1 km underground [31]. The purpose of this experiment will be the investigation of
neutrino oscillation, neutrino masses, supernova neutrinos and the possible proton
decays.

The accelerator in Illinois will produce a beam of neutrinos so that it will be
possible to study neutrinos in the place they are produced with one detector and
approximately 1300 km away, where the second detector is located.

The far detector will consist of 4 modules, each of 10 ktons of fiducial mass, 2
of which are expected to be complete by 2024 and start operating in 2026 while
the other two will be operational by 2027. We assume 5 years of data-taking with
a lower threshold of T, > 50 MeV while the higher energy threshold can be chosen
arbitrarily as long as it’s much bigger than 50 MeV.

Since at these energies the DM sees nucleons, we consider for the number of targets
NRN = 2.4 x 103 and assume that DUNE will be able to put limits on number

of events as low as N7 = 30 with a signal efficiency of 1[23].

5.5.5 Super-Kamiokande

The Super-Kamioka Neutrino Detector Experiment, also called "Super-Kamiokande",
is a neutrino observatory located under Mount Ikeno in Hida, Gifu Prefecture,
Japan. It’s a 5o t water cherenkov detector (contained in a stainless steel tank
42 meters high and 39.3 meters in diameter, with the tank volume divided in an
inner detector and an outer detector) located at a depth of about 1000 meters,
with 11,146 20-inch photomultiplier tubes (PMT) in diameter that face the inner
detector and 1,885 8-inch PMTs that face the outer detector [107].

In 2020 13 tons of gadolinium sulfate octahydrate (Gds(SO4)s - 8H20) were dis-
solved into the water tank, improving Super-Kamiokande’s neutron detection
efficiency while also increasing its sensitivity to the diffuse supernova neutrino
background flux[26].
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In this work, following [23], we are going to consider an exposure of around
2287.3 days, with 22.5 kton of fiducial mass (for a total number of N2K =
7.5 x 1033 targets), using as thresholds FE,,;;, = 0.485 GeV and E,,,, = 3.17 GeV.
The efficiency is taken as egx = 0.55.

In this time frame, Super-K measured N; = 16 downgoing and N, = 13 upgoing
events; since we expect a downgoing signal from DM we assume a limit Neyepis =
(Na — No) +2¢/Ng = 11[23].

In 2027 Hyper-Kamiokande[2g] will succeed Super-Kamiokande. It will be at
a depth of around 650 m and we can use ey = 0.55 (just as Super-K), while
NHE = 6.2 x 103* targets for a run of 5 years.

We assume for Hyper-K the same background event rate as for Super-K, which
means an expected limit to the number of events given as Neyents = 19.6[23].

5.6 Detection

Now we finally introduce our results for the detectors considered up until now.

We can obtain new limits and sensitivities by comparing the expected num-
ber of events at a certain detector and the number of events that the detector
effectively observed, a condition that can be translated as

doyn doy,
— < Neven S .
dT, dT, = (51)

NiaysNs [ T, [ dTye(T,)

with Ngqys being how long the detector has been running, N; the number of target
nuclei/nucleons and Neyenss 1S the number of events observed by the detector,
defined for each detector in the previous section.

We first consider a parameter space with mg < 1 GeV, where m, = mg/3 and
gy = 1 [20], 15}, 16]; by requiring g, ~ 1 we ensure the mediator will decay only as
S — Xxx (see figure for a comparison between branching ratios of S) and will
be fast enough so that S is not a long lived particle.

Part of this parameter space is already constrained (as can be seen in figure 2
from [20]), so we aim to constrain the region shown in [15].

We also consider a three body decay n — yxm with the production of the
mediator S off-shell. This allows us to fix mg freely, as long as mg > ,/m% —m2.

From figure we can see that, while direct detection experiments such as
Xenoni1T dominate in the low mediator mass region, increasing the value of the
mass of the scalar mediator S leads to stronger constraints for the neutrino detec-
tors.

This can be explained by noticing that the cross-section in equation contains
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Figure 5.6 In this plot we fixed mg = 3m, and g, = 1; sensitivities are given
by dashed lines, while constraints are given by thick continuous lines. Neutrino
detectors generally give limits weaker than direct detection experiments for small
mg, but they get progressively stronger, leading us to believe they dominate at
higher mediator masses.
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Figure 5.7 In this plot we compare XenoniT limits from the decay of 1 mesons
assuming the production of the mediator as a virtual particle with the analogous
limits from on-shell decays of 77 mesons. we see that including results from ' decay
on-shell gives stronger limits in this small range of the mediator mass between
m, — My and m,y — my
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Figure 5.8 Limits and sensitivities we obtained for DM produced from atmospheric
decays by fixing mg = 1 GeV and allowing m, to float freely. Limits from
monojets with g, = 1 are displayed as the top grey band and limits from direct
detection as the right gray band [23]. We didn’t include limits from BBN; as they
can be pushed to m, 2 MeV by assuming a small coupling to neutrinos (see
reference [23]).
If compared to figure[5.1}, one can see that these limits are far stronger, with Super-
Kamiokande being the world leading limit, upon which Hyper-Kamiokande and
DUNE are expected to improve sensibly

a term (2myT;, +m%)~2; for experiments such as Xenon1T, with very low energy
thresholds, mg starts dominating earlier leading to a change of g, as a function
of mg, which means these experiments will become less effective faster.
In particular, while Darwin is expected to give improvements over XenoniT,
DUNE would give stronger sensitivities than Darwin for mg = 100 MeV. The
same happens for Xenon1T and Super-Kamiokande for mg = 300 MeV.

If we fix mg = 1 GeV and allow m, to vary, we can consider new constraints,
stronger than the ones obtained in [23]. As can be seen in figure [5.8| we obtain the
strongest constraints yet for this region of the parameter space, that was mostly
uncostrained prior to [23].

We see in figure [5.8] that neutrino detectors give the strongest limits possible,
with Super-Kamiokande being the most efficient in constraining DM (with Hyper-
Kamiokande and DUNE that should improve in a substantial way over Super-
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Figure 5.9 Limits and sensitivities we obtained for DM produced from atmospheric
decays by fixing mg = 3 GeV and allowing m, to float freely. Limits from
monojets with g, = 1 are displayed as the top grey band and limits from direct
detection as the right gray band [23]. We didn’t include limits from BBN; as they
can be pushed to m, 2 MeV by assuming a small coupling to neutrinos (see
reference [23]).

If compared to the results from [23] we see that we can put limits on a region
previously unconstrained

Kamiokande’s limits).

It is also worth mentioning that in figure [5.9] we are able to put new limits in a
region previously unconstrained from [23] by fixing mg = 3 GeV and allowing m,,
to change freely.

We briefly comment figure [5.7}, as it makes clear how considering the 7’ results
may change our results in the regime where mg > m,, — m,. This would however
not impact significantly the results of figure [5.8] as in [15] the flux of dark matter
from n’ meson decays is much smaller than the one from 7 meson decays.

It is imperative to notice that limits suffer from uncertainties related to the
hadronic models used in the cascade equations; in particular, a possible difference
of 50% could impact the flux of mesons considered, as noticed in [97].

Other possible changes could come from attenuation, as we expect our limits to
be slightly weaker. However, by considering the correct form factor as [15] does,
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the effect of attenuation should be small.

Since the DM signals scale as (g,g,)* (as they enter both in DM production and
detection) the impact of these uncertainties on our limits in figure and figure
[5.9]is expected to be very mild.
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Chapter 6

Conclusion and Discussion

The search for candidates of dark matter too light for direct detection experiments
has lately attracted a lot of interest; one possible search includes the situation
where this dark matter may be produced in air showers (which are the conse-
quences of cosmic rays colliding with the atmosphere)[i4], resulting in possible
observable experimental signatures even at direct detection experiments such as
Xenon1T[r5] or PandaX][16].

Previous researches have shown however that neutrino detectors can also be ef-
fective in the detection of sub-GeV hadrophilic dark matter. In particular [23]
obtains new limits from Super-Kamiokande and casts sensitivities for DUNE and
Hyper-Kamiokande by looking at the component of the flux that would be up-
scattered by cosmic rays.

Following this approach, in this work we are able to present the strongest con-
straints for a sub-GeV candidate of dark matter coupled to light quarks, resulting
from the decay of n mesons in the atmosphere (while [15] considered also 1’ and
K™). We show that neutrino detectors are more effective than typical direct de-
tection experiments in constraining regions of the parameter space for increasing
values of the mass of the scalar mediator.

In particular, by considering Super-Kamiokande data for protons detected by
Cherenkov emission we are able to obtain new limits stronger than the one pre-
sented in [23] for a region of the parameter space previously unexplored by [15]
and [16]. We also show that if mg = 3 GeV we are able to put limits while [23]
previously couldn’t. It is possible to cast sensitivities for Hyper-Kamiokande and
DUNE, which are expected to improve substantially over Super-K (with DUNE
giving the stronger sensitivities so far).
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CHAPTER 6. CONCLUSION AND DISCUSSION

These results motivate the realisation of the proposed searches at Super-Kamiokande,
Hyper-Kamiokande and DUNE. We also remind that, for mg < 100 MeV, searches
at Xenoni1T and Darwin could be more succesful, as direct detection experiments
give stronger limits and sensitivities in that regime.

To see how we obtained these limits see chapter [5} We took the flux of 7
mesons in air showers from [97] and used it to obtain the flux of DM following
[15], obtaining figure and figure [5.3]

Using the cross-section obtained in section (in particular from equation
and the flux previously seen, we could derive the event rate at detectors (see figure
5.

It should be noticed that for neutrino detectors the DM energies required to have
a detectable signal are also enough to resolve the entire nuclear structure, so we
needed to look at free protons in the detectors.

New limits and sensitivities from neutrino detectors for the region of the param-
eter space considered in [15] can be seen in figure , where we fixed g, = 1 and
mg = 3m,.

For the region of the parameter space where mg = 1 GeV new limits and sensi-
tivities can be seen in figure [5.8]

We also show limits for the region of the parameter space where mg = 3 GeV in
figure [5.9]

Our results are the strongest constraints yet and show the importance of large
neutrino detectors in the study of light dark matter with massive mediators.

We expect to improve this results in the future by introducing the 7" meson decay,
which would allow us to study the region of the parameter space with m, —
my < mg < m% — my, where decays of the 1 into DM proceed via an on-shell
mediator S. We then expect the resulting limits from neutrino detectors to be
more constraining than those from off-shell 7 decays, as already seen in figure [5.7]
for Xenon1T.

It will also be interesting to include new effects in the future, such as the direct
production of dark matter from primary cosmic rays interacting in the atmosphere.
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Appendix A

Maximum Energy

A.1  2-Body Decays Maximum Energy

In this appendix we compute the energy of a two body decay in the Center of
Mass frame of reference. Let’s assume we have a particle with 4-momentum P =
(M,0,0,0) which decays into two particles with 4-momentum P; = (E;, p;,0,0)
(i=1,2), so that

P=P+P — P—-P=PF (Al)
Upon squaring the previous equation, we see that, using the fact that P? = m?:
M? +m? —2ME; = m} (A.2)

which implies that
_ M?*4+mi—m3

Ey = A.
1 Wi (A.3)
From which we can compute the momentum p; as
pi =\ Ef —m; (A.4)
so that
M m3? m3
= —— K |1;,—;—= A.
b1 9 \J ( ) MZ’ M2> ( 5)

where K is the so called "Kallen Function'[64], such that
K(a;b;c) = a® + b* + ¢* — 2ab — 2ac — 2be (A.6)

We can now change frame of reference, so that we can go into the laboratory
frame, in which the decaying particle has an energy of E. Its Lorentz Factor will
be v = % and the speed will be given by 8 = £ (notice that we are using c=1).
Assuming a motion on a xy plane in which the speed is decomposed as (5, =
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A.2. 3-BODY DECAYS MAXIMUM ENERGY APPENDIX A. MAXIMUM ENERGY

pcos(f) and B, = Bsin(f) we write now the Lorentz matrix

ot By cos(0) By sin(0) 0
A |PY cos(f) 1+ (y—1)cos(0)? (v —1)cos(d)sin(d) 0 (An)
Bysin() (v —1)cos(d)sin(d) 1+ (y—1)sin(f)? 0 '
0 0 0 1

At this point we care only about the energy, so we compute it by applying AP,
obtaining:
L p
E} = E1— + p1~— cos(f
1 Y b1 Wi (0)
As one can easily see, this is maximized when ¢ = 0, so that the maximum energy

will be

(A.8)

1 M? + m?2 — m?2 M m2 m3
E = 1 2VE+VE2Z - M2— |K(1;—L. 2 A.
1,max M (( IM ) + 9 < " M2 M2 ( 9)

In our specific situation, we need to compute the Maximum Kinetic Energy,
knowing that

E=T+M (A.10)
so that
= VE? = M? =VT? +2MT (A1)
Then
/ 1 M?+m? —m m2 m2
Tl,max(E7M7m17m2):M(<2]\}2> T+M +\/JW \/ 1 ]\4127]\422)) —M
(A.12)

For more informations see reference [106].

A.2 3-Body Decays Maximum Energy

Following the same approach, we now compute what happens for the decay of a
particle with mass M into three smaller particles with masses m; (i=1,2,3).
Let’s consider as before the conservation of 4-momenta given as:

P:P1+P2—|—P3 (Alg)

which means P — P, = P, + Ps.

We can see that the maximum value for the energy of particle 1 is achieved when
particles 2 and 3 are moving in the same direction, opposite to the one of particle
1’s motion. In that case we take the minimum value for their invariant mass from

52



APPENDIX A. MAXIMUM ENERGY A.2. 3-BODY DECAYS MAXIMUM ENERGY

[i07], the value of (P — P1)* = (mg + m3)?, so that

vax  M?4+mi? —mo? — m3? — 2mams
1 prm—

E A.
i (A.14)
from which we can compute the momentum as
MAX __ MAX?2 M “my? mo? mg?
P1 - \/El —my? = 2\JK (17 M2 M2’ M2 (A.1s)
We now go in the laboratory frame of reference, obtaining:
EMAY =y MAX 4 MAX gy (A16)

so that

1 2 EEMAX  JEZ )2 2
EiMAX - (E.ElMAX +p\/E1MAX _ m12> _ 1 Jr\/ \/EIMAX —my?

M 2
(A.17)

where E and p are respectively the energy and the momentum of the decaying
particle (as v = E/M and By = p/M).
For a reference where m; = mq = 0 see [93].

Notice that for any couple of particles, we have that Fs + F3 = F ,
so that F — ElMAX —Fy < B3 < EgMAX, with the smallest energy F3 can assume
always being the maximum value between F — Fy and ms.

_ g MAX
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Appendix B

Energy Distributions

If we want to compute the energy distribution for each particle, we first of all need
to compute the decay amplitude, given by the formula

M|?

dU'pp 4 pPytpy = udHLJPS (B.1)

2m,,
where dll;;pg is the Lorentz Invariant Phase Space.
We can computes this phase space easily, knowing that for the three body decay
of a particle P decaying into particles 1,2 and 3:

1 d3py d®py dp3

o4 (P —-P,—P,— P B.
8(271')5 E1 E2 Eg ( ! 2 3) ( 2)

dllrrps =

where we use the delta to remove the integral over d®ps, obtaining

1 d’py dpy
8(27’(’)5 E1 E2E3

(5(E—E1 —EQ—Eg) (BS)

We now develop d®ps = dad cos a1p22dps, choosing for simplicity particle 1’s
direction of motion as the z-axis.

We can now see that E3® = ms? + ps? = ms® + (pi + p3) - (pi + p3) = ms® +
P12 + pa? + 2p1pa cos Baq, so that 2E5dEs = 2p1pad cos 091, which means that, after
integrating over ¢9 and using the remaining delta:

1 d®py padps
8(2m)* Eipr Es

(B.4)

We now develop d®p; = d¢1d cos01p12dp; and we integrate over the solid angle,
so that we get
L pidpi p2dps 1

— EydE B.
12 B B, apmpirik (B-5)
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B.1. DISTRIBUTION FOR A 2-BODY DECAY APPENDIX B. ENERGY DISTRIBUTIONS

For a reference see [107].

To compute I'p_,p,+p,+p, Wwe would now need to integrate over the energies.
To simplify the integration we can change the variables of integration to reduced
energies (as done in [108]) or to dalitz variables (as done in reference [107]). For
our specific study, we can keep using energies as our variables since we need to
compute the energy distribution of particles which, following [93], is given as

di _ BR(P — P1 + P2 + Pg) de_>p1+p2+p3
dE Lpopipp dE

(B.6)

where E is the energy in the laboratory frame, given as £/ = ~E+ Bvpcos b (where
in this case E and p are the energy and the momentum of the particle of interest
in the center of mass frame).

B.1 Distribution for a 2-Body Decay

For a 2-Body decay, the differential distribution is flat on the energy in the cen-
ter of mass frame, for this reason we can see that, defining I' = I'p_,p,+p, for
simplicity:
ldi_l dl’ dcos6 B.)
TdE  Tdcosf dE (B7

where dE = [vypdcosf (where p is constant and we keep ~ constant), so that if

we consider 3y = B

dn  BR(P — Pi+P)dl'  BR(P — P + P,)

1E L E K (138 58)

(B.8)

as shown in [93].

B.2 Distribution for a 3-Body Decay

For a 3-Body decay what we see is that the energy in the rest frame E is not
constant. Following [10g] we can however see that, defining I' = I'p_,p, 1 p, 4 p, for
simplicity:
1 dl’
TdE

where the integration is Welghted by the presence of a box distribution of width
E* — E~ and height

/dE N Bor(El) (B.g)

Et—E- E_
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Appendix C

Decays of the Scalar
Mediator

For m, < mg/2 the decay S — xx is assumed (as long as g, isn’t too small) to
dominate the decays of the mediator. In this work we never consider the possibility
for m, > mg/2, but in this case the mediator would exclusively decay to photons
and hadrons, depending on its mass (if mg > 2m, it will decay to pions, otherwise
it will decay to photons). For more informations on the decays of the mediator,
see reference [20].

The decay to photons happens at 1-loop (as there is no available tree-level

decay), with a width given as
4m;
F 1/2 m%

where V. is the number of colors, a the fine structure constant, m, the mass of
quark q with the sum over q accounting for the possibility of the mediator to be
coupled to more quarks (in this work, we however only consider the up-quark)
and @), being the charge of said quarks. The loop function is given as

Fipo(r) = 327 (1 +(1=7) <sm—1 %)j (C.2)

2
T 1ddmdm2

(Ca)

If the mediator can decay to pions the vertex S7m leads to

2 2 2

9. B dmz
| S — C.
5 167mg m¥ (€:3)
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APPENDIX C. DECAYS OF THE SCALAR MEDIATOR

BR
1.0+
08"
— Photons
0.6 - :
Pions

04" Chi
02"

— — s mS (GeV)

0.2 0.4 0.6 0.8 1.0

Figure C.1 Confrontation of the three discussed decays; in this case we consider
m, = 200 MeV to show that, as soon as it becomes available, this is the dominant
decay channel assuming g, = 1 and g, = 1073

This decay is significant until kaons are kinematically accessible, as the mediator
will decay through the f3(980) resonance[20]. After mg 2> 1.3 GeV we lose pre-
dictive power on the hadronic decays of the mediator, as more hadronic decays
become accessible. Also keep in mind that other subleading terms (neglected in
this width) may appear after mg ~ Agep.

For the decay to dark matter, the decay width is simply given as

2
9
FS—))(X = éms (1 - 2X (C4)

In [20] you can find this same analysis, but with also subdominant chiral terms
taken from experimental datas.
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Appendix D
Birk’s Law

Low energy protons will lose energy very fast due to ionization inside of liquid
scintillators. There is an efficient transfer between the ionization loss of a charged
particle and the detectable scintillation light, but for highly ionizing particles like
low-energy protons, the light output is reduced.

This so called "quenching" follows the Birk’s Law[110], which can be written as

T 1

Eoienched(T) = dE D.
auenched(T) /o 1+ kp(2E) + ko (4E)2 (D)

where we call dE /dz the energy loss rate and kg the "Birks Constant'. Sometimes,
to obtain a better fit, another term k¢ is added in the denominator, but in this
study we consider ko = 0.

We take for KamLAND kp = 0.015 cm/MeV [110] and for JUNO we consider
kp = 0.0098 cm/MeV [104], obtaining for the bin [13.5 MeVee, 20 MeVee] a recoil
equivalent of [22.5 MeV,30.7 MeV] for KamLAND and [20.0 MeV,27.7 MeV] for
JUNO.

Lastly, we show in figure the proton quenching at JUNO.
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Quenched Kinetic Energy (MeV)

0.020 -
0.015+
0.010

0.005

b L 0 1L L Kinetic Energy (MeV)
0.005 0.010 0.015 0.020 0.025 0.030

Figure D.1 Light Output from a recoiled proton at JUNO
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Appendix E

Chiral Lagrangian

At large momentum transfer, QCD can be treated as a perturbative theory due
to its asymptotic freedom; in the infrared however, this is not the case.
What this means is that light mesons don’t look like a collection of quarks, so
we need to consider the effective field theory for the interactions of the lightest
hadrons. In this appendix we explain the infrared approach to QCD following
[21], but for more informations you can also see [60].

Let’s consider the QCD lagrangian given as

& 1
L= (@ilg—miga;) - 5 GG (E.1)
i=1

with the covariant derivative given as D), = 0, + igA,, A, = AJT, (T, are the
generators of SU(3)) and G, being the gluon field stength.

We can clearly see that there is an invariance under U(3), x U (3) g, with U(1) 4
(where ¢; — €®¢;) being a combination of these transformations that is not a
symmetry of the quantum theory due to anomalies, leaving U(1)y x SU(3)r X
SU(3)r.

U(1)y is just the baryon number, while SU(3);, x SU(3)g is the so called "chiral
symmetry", which is actually a broken symmetry due to the fact that the masses
of quarks are not all equal.

The entity of this symmetry breaking depends on the differences between the
masses, so that SU(2)r x SU(2); (for up and down quarks) is not broken as
badly as SU(3)g x SU(3); for this reason, we can consider the isospin symmetry
SU(2)y as a decent enough symmetry.

Additionally, the complexity increases if we consider the QCD vacuum spon-
taneously breaks the chiral SU(3); x SU(3)r symmetry down to a Gell-Mann’s
SU(3)y through the quark condensate

(01R,jqr:]0) = A®0;; (E.2)
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APPENDIX E. CHIRAL LAGRANGIAN

where A has the dimension of a mass.

We can redefine the quark field through a chiral transformation §;; — (LR);; =
Yij; if L = R then X;; = 0;, otherwise ¥;; represents a different vacuum from
equation and, if SU(3), x SU(3)g wasn’t explicitly broken by quark masses,
these two vacua would be degenerate.

By Goldstone’s Theorem there would have to be 8 massless Goldstone bosons,
which we can parametrized as

N(x) = 2@/ (E.3)

with 7 = 7%T, (T, being the SU(3) generators in the defining representation,
with a=1,...,8) and f which has the dimension of a mass related to the pion decay
constant.

The effective theory for the interactions of pions will have to exhibit the same
chiral symmetry as QCD (invariance under ¥ — LY. R for arbitrary matrices L,R
in SU(3)r x SU(3)r) and it must be an expansion of local operators suppressed
with a cut-off A, set by the scale of the physics we are ignoring, so that A ~ 1 GeV'.
The lowest dimension chirally symmetric operator is

2
LD ZTW?X]@ZT (E.4)

We find f by either considering the 77 scattering or through the semi-leptonic
operator %GFVud(ﬂfy“(l —5)d) (i1, (1 —75)v,) + hec., so that the matrix element
will be (0](@y"(1 —~s)d)|7~(p)) = iv/2frp" and we can determine f from the pion
lifetime, with f = 93 MeV.

To include the effects related to the quark masses, we need to include the
quark mass matrix M, given as

m, 0 0
M=|0 my O (E.5)
0 0 mg
so that :
LD A2f2(ﬁTrMZ + h.c.) (E.6)

where ¢ is an unknown dimensionless coefficient with cA = B = O(A).
By expanding to second order in 7 we get that m2 = B(mu + md) so that
2
B=—7"T— E.
my, + Mg (£7)
We now have all the tools required to finally understand how the chiral lagrangian
works|[21].
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Appendix F

Nuclear Form Factor

In direct detection experiment, limits are generally given on the spin-independent
cross section between nuclei and dark matter, which we can write as o°!. Given
the mass m of dark matter and the mass M of the nucleus, we can see that the
differential rate can be written as

dR  po! 9 f(v,t) 4
— = F —d F.
dE 2mu2| (@) /v>q/2u v v (F1)

with F being the energy of the recoiling nucleus, p the local halo dark matter
density, ¢ = V2M E and f(v,t) the dark matter velocity distribution in the frame
of the detector.

A correct determination of the form factor F'(q) is of vital importance to obtain
the shape of the differential rate, as it contains the nuclear physics uncertainties.
In this appendix we study form factors following [221 [68]. We can take the nuclear
form factor to be the Fourier transform of a spherically symmetric ground state
mass distribution normalized so that F'(0) = 1 given as

Fla) = 37 f s ()07 (F.2)

where piqss(r) represents the mass density of the nucleus, which is difficult to
probe and is generally taken so that mass and charge density are proportional,
which means

M
pmass(r) - ?epcharge<r) (FB)

with penarge(r) being the charge density, determined through elastic electron scat-
tering. Due to the normalization at ¢ = 0, the proportionality establishes that

Frnass(q) = Fenarge(q) everywhere in q.
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APPENDIX F. NUCLEAR FORM FACTOR

An expression of this form factor comes from [111], where the form is given as
in equation [3.17} the parameters are obtained through a fit to muon spectroscopy
data[z22].

New approaches to determine these parameters have been explored in the past
years, fitting nuclei from °Be to 2" Bi, as shown in [68].
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Appendix G

Branching Ratios for Meson
Decays

We now show how to derive the branching ratios from section (see references
[15, 20]), starting from the effective interaction derived in section [3.1.1] Keep in
mind that the decays n — S7¥ and 7' — S7¥ are obtained in the same way.
From section we see that the matrix element will be given as

iM =ig,BC, (G.1)

which means |[M|* = g2 B*C?.
For a 2-body decay the Lorentz Invariant Phase Space will be given as
1 d’pid’py

4 —_—
271‘)6 SE2F, (271‘) 5(P1 + Py P) (G2)

dllrrps = (

where P, = (E;, p;) is the 4-momentum associated to particles i=1,2 (pion and
mediator), while P = (m,;, 0) is the 4-momentum associated to the n meson.

By using the delta function we can remove d*ps, while d®p; = p3dQdp; (p; = |ps|).
We then have

dS2 p?dzh
1671'2 E]_E2
and we know that py = po = p1dp; = E;dE; with i=1,2.
We define X = FE; + Ey —m,, so that dX = pldpl% (which means we can

now change p1dp; = dX E’?:LEEZ))

We now use the results from equation to finally have

dlprps = (B + By —my) (G.3)

dQpy m2 m%
dlIrrps = W\l K (1; 2 m2 (G~4)
n 'ty
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APPENDIX G. BRANCHING RATIOS FOR MESON DECAYS

If we now consider equation (that holds also for a 2-Body decay) and integrate
over df) we see that

2 22,12 2
g:B=C m2 mg
T, ymog = 2420 | (1,0 TS .
oS 16mm,, \l ( ’ m%’ m3 (G-5)

and finally we obtain the branching ratio as BR(n — 7°S) =T, _05/T,.
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