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Abstract

Dark matter as a laboratory for new ideas
in physics beyond the Standard Model

Krzysztof Jodtowski

One of the most puzzling features of our Universe is that for each unit of mass of
ordinary matter, there are five units that are invisible. The nature of this so-called
dark matter (DM) remains mysterious and efforts to detect it have been one of
the most intense lines of research in physics. This thesis is dedicated to studying
popular candidates for particle DM, focusing on models that can be related to
other puzzles of the Standard Model (SM) and that will be tested in experiments
in the near future.

The underlying cosmological framework is the Standard Cosmological Model
(ACDM), and we introduce the DM problem as a part of this successful theory.
We discuss the mechanism of DM thermal production, which applies to a broad
class of DM candidates often predicted by well-motivated extensions of the SM,
including most of the DM candidates discussed in this thesis. We also discuss the
well-developed experimental program devoted to the searches for such particles,
among them the celebrated Weakly Interacting Massive Particles (WIMPs) which
could be naturally related to the electroweak scale of the SM, as shown by the
numerical coincidence called WIMP miracle. However, current searches for elec-
troweak scale WIMPs have so far yielded null results, which motivates exploring
other possibilities.

Among the other possibilities are beyond the SM scenarios involving new light,
sub-GeV particles which naturally extend the WIMP miracle scenario and can also
be related to some other puzzles of the SM. In particular, realistic models of this
type often include unstable particles, which - due to small values of their masses
and coupling constants - are generally long-lived. Such particles are of particular
interest and, due to their unique properties, they are often present in cosmology
and particle physics. Therefore, it is desirable that beyond-the-SM scenarios pre-
dicting long-lived states (and DM) should be thoroughly probed, preferably from
complementary angles of experimental testing, as in the case of WIMPs. In this
thesis, we describe efforts in this direction based on a variety of searches: the
emerging forward physics experiments, such as FASER that will soon take data at
the LHC; indirect searches for cosmic rays produced in DM annihilations near the
Galactic Center and surveys of CMB radiation, among others. While the search
for generic WIMP DM and long-lived particles in the simplest SM extensions has
been largely explored in the literature, we illustrate a number of interesting phe-
nomenological effects that appear in more elaborate dark sector scenarios which
can be studied experimentally in the coming years. Taking into account such ef-
fects can have important implications for the physics case of both current and
proposed future experiments.
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Streszczenie

Ciemna materia jako laboratorium nowych idei
w poszukiwaniach fizyki spoza Modelu Standardowego

Krzysztof Jodtowski

Jedng z najbardziej zagadkowych cech naszego Wszechswiata jest fakt, ze na
kazdy atom zwyktej materii przypada pie¢ innych, ktore sa niewidoczne. Natura
tej tak zwanej ciemnej materii (CM) pozostaje tajemnicza, a proby jej wykrycia sa
jednym z najbardziej intensywnych kierunkéw badan w fizyce. Niniejsza rozprawa
poswiecona jest badaniom popularnych kandydatek do bycia czastka CM, skupia-
jac sie na modelach, ktére moga by¢ powiazane takze z innymi problemami Modelu
Standardowego (MS) i ktore beda wkrotce testowane w eksperymentach.

Wspotezesna kosmologia opisana jest poprzez Standardowy Model Kosmolog-
iczny (ACDM) i w ramach tej udanej teorii wprowadzamy problem CM. Omaw-
iamy mechanizm produkcji termicznej CM, ktory dotyczy szerokiej klasy kandy-
datek na czastke CM, ktore sy czesto przewidywane przez dobrze umotywowane
rozszerzenia MS, w tym wiekszosci kandydatek na czastke CM omawianych w tej
pracy. Omawiamy réwniez dobrze rozwiniety program eksperymentalny poswie-
cony poszukiwaniom takich czastek, wsréd nich masywnych stabo oddziatujacych
czastek (WIMP), ktore moga by¢ naturalnie zwiazane ze skala oddzialywan elek-
trostabych MS, jak pokazuje numeryczna koincydencja zwana WIMP miracle. Jed-
nak dotychczasowe poszukiwania WIMP-6w w skali elektrostabej nie przyniosty
rozstrzygajacych rezultatow, co sktania do rozwazania innych mozliwosci.

Wirod innych mozliwodci sg scenariusze fizyki wykraczajace poza MS, w ktorych
wystepuja nowe lekkie czastki o masach ponizej 1 GeV, co w naturalny sposéb
rozszerza mechanizm WIMP miracle i moze by¢ zwigzane z innymi zagadkami
MS. W szczegdlnosci, realistyczne modele tego typu czesto zawieraja czastki ni-
estabilne, ktore - ze wzgledu na mate wartosci ich mas i statych sprzezenia - sa na
og6t dtugozyciowe. Takie czastki sa szczegdlnie interesujace i ze wzgledu na swoje
unikalne wlasnosci sg czesto obecne w kosmologii i fizyce czastek elementarnych.
Dlatego pozadane jest, aby scenariusze fizyki spoza MS przewidujace stany dtu-
gozyciowe (i CM) byty dokladnie zbadane, najlepiej pod komplementarnymi ka-
tami badan eksperymentalnych, tak jak w przypadku WIMP-6w. W niniejszej
rozprawie opisujemy wysitki w tym kierunku, oparte na réznych poszukiwani-
ach: rozwijajacych sie eksperymentach umieszczonych wzdtuz osi wiazki zderzaczy
czastek, tzw. fizyka “do przodu”, takich jak detektor FASER, ktére wkrotce beda
zbiera¢ dane w LHC; posrednich poszukiwaniach promieniowania kosmicznego
wytworzonego w anihilacjach CM zachodzacych w poblizu Centrum Galaktyki,
oraz badaniach promieniowania CMB, miedzy innymi. Podczas gdy badanie pod-
stawowych scenariuszy CM typu WIMP i czastek dtugozyciowych w najprostszych
rozszerzeniach MS zostalo w duzej mierze omoéwione w literaturze, w niniejszej
rozprawie przedstawiamy szereg interesujacych efektéw fenomenologicznych po-
jawiajacych sie w bardziej rozbudowanych scenariuszach ciemnego sektora, ktore
moga by¢ zbadane eksperymentalnie w najblizszych latach. Uwzglednienie tych
efektow moze miec istotne implikacje dla zakresu badan zar6wno obecnych, jak i
planowanych w przysztosci eksperymentow.
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Chapter 1

Introduction

The Universe has fascinated human beings since the beginning of our existence,
but modern scientific efforts did not begin until five hundred years ago with the
formulation of the scientific method by Galileo Galilei, while detailed studies
devoted to the fundamental nature of the Universe did not begin until about 1-2
centuries ago. Research conducted since then has allowed scientists to formulate
and extensively test theories of very small scales that describe interactions of
elementary particles - the Standard Model (SM), and very large scales, like those
characteristic of the entire Universe - the ACDM. Although both of these theories
agree very well with almost all observational data, it is widely believed that they
are not a definitive description of the Universe valid up to arbitrarily high energies
and to the earliest moments of our Universe’s history.

One of the greatest puzzles is the fact that invisible dark matter (DM)
outweighs ordinary matter by a ratio of five to one, while its nature is not yet
known. The research described in this thesis is motivated by this problem and
focuses on scenarios beyond the Standard Model (BSM) and phenomena that: (i)
are well motivated, e.g., they also address other problems of the SM and (ii) can
be tested in near-future experiments.

The phenomenological aspects of DM are particularly important because any
realistic BSM theory should provide a DM candidate, along with its production
mechanism and possible means of detection. Although all unambiguous evidence
for the existence of DM is gravitational, it does not follow that a DM particle
(assuming it is a particle) has to interact only gravitationally, with no connection to
the SM particles. Such gravitationally secluded DM would be a highly undesirable
scenario because it would render any hope of direct or indirect DM detection
unsuccessful. These detection strategies are based on DM scatterings with SM
nuclei in deep underground detectors and DM annihilations into SM particles
taking place near the center of DM galactic halo, respectively. However, a generic
BSM theory, on top of explaining the nature of DM, is expected to preserve the
successes of the SM while providing a solution to at least some of its other problems,
such as: (i) the hierarchy problem, (ii) the CP-problem, and (iii) the neutrino mass
problem - which requires the introduction of some form of connection with the SM.
In the following we briefly review the main extensions of the SM that are discussed
in more detail further in the thesis.

We start with the most simplified approaches, e.g., those in which one
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Standard

Model

Figure 1.1: Cartoon showing the SM and a dark (hidden) sector connected by a
portal mediator.

introduces a mediator (portal) particle connecting the SM particles to a
hypothetical set of yet unobserved particles, a so-called dark sector (DS), as shown
in Fig. 1.1. The phenomenology of BSM scenarios of this type is easier to analyze
because of their relative simplicity, but still illustrates the most important effects.
Moreover, such portals may be an effective description - or low-energy limit - of
some ultraviolet (UV)-complete BSM theory that is defined at energies higher than
those currently achievable experimentally, such as the grand unification energy
scale, ~ 10'®GeV, or even the Planck energy scale, 10 GeV. We discuss an
example of such a theory - supersymmetry (SUSY) - in Chapter 6.

It turns out that the minimal portal scenarios can be realized in only 3 ways,*
assuming that the operators are renormalizable? and gauge invariant. Although
such minimal DM models are too simplistic to constitute a viable BSM theory,
they are useful because: (i) they can capture important aspects of complex physics
connected to DM, (ii) they can be viewed as toy models in which the structure
of the theory is clear and calculations become feasible, and (iii) they provide
important benchmarks for detection capabilities in direct, indirect and collider
experiments. In fact, such most simplified scenarios have already been thoroughly
discussed in the literature - both from the theoretical and experimental sides.
However, it is understood that simplified models must eventually be replaced by
more fundamental approaches.

In light of this, while the research described in this thesis is largely motivated
by simplified models of this type, we actually focus on less simplified models
that introduce more degrees of freedom. Such models can lead to additional
experimental signatures - making them an interesting frontier for the upcoming
searches for new physics - and provide a description that is correct up to very high
energies. In particular, we will highlight such new effects in the following, as the
detection of any associated signature of this type would indicate the existence of
a richer dark sector than is often assumed.

In this context, we devote a large part of the thesis to light so-called new physics
- which consists of BSM species connected to the SM - as illustrated in Fig. 1.2.
We explore the impact of such light new physics models from the perspective

'We discuss them in detail in Chapter 4.

2Tt means that their mass dimension is 4. In this thesis we work in natural units, cf.
Appendix A.1, therefore every dimensional quantity will be expressed in appropriate powers
of mass.
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Figure 1.2: Tag cloud of topics covered in this thesis.

of both particle physics and cosmology. We introduce basic aspects of modern
cosmology and astroparticle physics related to DM studies in Chapters 2 and 3.
We then discuss new experimental effects expected in rich dark sector scenarios
with long-lived particles (LLPs) in Chapters 4 and 5. We put a particular emphasis
on the relevant collider searches at the Large Hadron Collider (LHC), including
its far-forward region and in proposed future experiments.

We also discuss a UV-complete model - the Minimal Supersymmetric Standard
Model (MSSM) where we explore the prospects for indirect detection (ID)3 of
the lightest neutralino (electrically neutral, fermionic particles made from the
mixing of the supersymmetric partners of the Z boson, photon and the Higgs
boson) DM, as discussed in Chapter 6. Although searches at the LHC and direct
detection (DD) have largely limited the possibilities for this DM candidate, we have
found excellent prospects for a ~ 1 TeV scale DM particle which we project to be
largely within reach of the Cherenkov Telescope Array (CTA). ID experiments
may be particularly suited for searches for heavy, multi- TeV Weakly Interacting
Massive Particles (WIMPs) due to the Sommerfeld enhancement (SE) effect? and
the formation of bound states that can dramatically amplify the signal coming
from annihilations of WIMPs. In the mass regime we consider, the first effect
dominates and we fully take it into account in our analysis by dedicated numerical
procedures, improving over previous studies.

In Chapter 7 we discuss a rich BSM scenario with heavy WIMPs, long-lived
particles, and a light scalar mediator. There, we focus on the interplay between
searches for light new physics done at colliders, future CBM surveys constraining
late energy injections, and ID searches for heavy DM annihilating into LLPs -
unstable particles characterized by a significant decay length; here compared to
galactic scales. Among other things, we found distinctive signatures in ID searches

3Such searches look for cosmic rays produced by annihilation of DM particles in the galactic
halo.
4See discussion in Section 3.1.
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arising from the effective long-lived nature of the WIMP annihilations that proceed
through a cascade with an intermediate LLP. As a result, there are non-local ID
effects that have been largely unexplored in previous studies, and which strongly
distinguish such a scenario from ordinary WIMPs.

Finally, in Chapter 8 we explore another BSM scenario consisting of both
light and heavy new species which could lead to novel phenomenological effects.
Specifically, we focus on cosmological impact of self-interacting dark matter
(SIDM) which is produced by late decays taking place after the recombination.
We find several interesting regimes for such a scenario, including one that could
simultaneously resolve the small-scale problems of ACDM® and the recently
uncovered anomaly in the early and late Universe measurements of the present-day
rate of the expansion of the Universe (the Hubble tension).

We provide our conclusions in Chapter 9, while Appendices A to E contain
results that are complementary to the main discussion.

The thesis is organized as follows. We present:
e the ACDM model, focusing on DM in Chapter 2,
e thermal production of WIMP DM in Chapter 3,

e secondary production of LLPs in less-simplified scalar and vector portals in
Chapter 4,

e probing non-standard neutrino interactions in the far-forward region of the
LHC in Chapter 5,

e supersymmetric DM candidate - the lightest neutralino - detection at CTA
in Chapter 6,

e ID of LLPs in a less-simplified scalar portal model in Chapter 7,

e new production mechanism of SIDM connected to the Hubble tension in
Chapter 8,

e finally, our conclusions are in Chapter 9.

5See Section 2.3.2 for brief discussion of these problems.



Chapter 2

Standard Cosmological Model and
the dark matter problem

2.1 Background Universe

Modern cosmology' is based on Einstein’s Theory of General Relativity and the
assumptions of homogeneity and isotropy at large scales of the Universe. This
is the basis of the so-called “Cosmological Principle”. An example of the validity
of this principle is the Cosmic Microwave Background (CMB) where deviations
from ideal blackbody radiation due to anisotropy occur only at a relative level
of ~ 0.01%. We discuss the CMB in some detail in Section 2.3.2. Under these
assumptions, one can derive the unique solution to Einstein’s equations, called the
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric [10-12]

dr?

1 — kr?

ds? = dt? — a?(t) ( + T2dQ2) : (2.1.1)
where k € {—1,0,1} is a discrete parameter that corresponds to open, flat and
closed universe, respectively, and df) = d¢d cos 6 is the angular volume element in
spherical coordinates. Due to assumptions of isotropy and homogeneity, the scale
factor a depends only on time t. Using it, one introduces the Hubble parameter

a
H=- 2.1.2
°, (212)

where the dot denotes the derivative with respect to time. Experimentally, it is
more convenient to parametrize the scale factor by a redshift z

Qo 1
a = ey
1+2 1+2

(2.1.3)

where we use the convention that the scale factor now, denoted ag, is equal to 1.

Since the Wilkinson Microwave Anisotropy Probe* (WMAP) observations [13],
the expanding flat Universe model is better reconciled with the data which

!Extensive discussion of the topic can be found in the textbooks [8, 9].
2Tt was a NASA probe which operated from 2001 to 2010 and measured the anisotropy in the
CMB with exquisite precision.
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simplifies the metric to the following form:
ds® = dt* — a*(t) (dr® + r2dQ?) . (2.1.4)

The flat geometry of the Universe is also favored because it is one of the
predictions of the theory of inflation, a leading theory of the origin of cosmological
perturbations, see recent review [14].

The dynamics of any metric tensor g, is governed by Einstein’s equations,

R, =8mGy (TW — %Tg,w) , (2.1.5)
where Gy is Newton’s gravitational constant, R, is Ricci’s tensor, and 7}, is the
energy-momentum tensor which trace is 7: 7),,g"” = T. See, e.g., textbook [15]
for detailed exposition of General Relativity.

The matter content of the Universe can be modeled as a perfect fluid, whose
energy-momentum tensor has the following form, due to the assumptions of
isotropy and homogeneity

T} = diag(—p, p, p,p), (2.1.6)

where p is the fluid’s energy density, while p is its pressure.

For g, given by Eq. (2.1.4), Einstein’s equations lead to the following
equations, first derived by Friedmann [10]:

H? = %Cp,
H + H? = =452 (p + 3p), (2.1.7)
p=—3H(p+p)

Assuming that the fluids obey an equation of state (a relation between
thermodynamic state variables) which takes the following form

p = wp, (2.1.8)

where w is a constant, allows one to find an analytic solution of the last equation of
Eq. (2.1.7) which is equivalent to the conservation of energy condition. Its solution
is of the form

p ox a0+, (2.1.9)

Some special cases are:

e non-relativistic matter (dust): w = 0, p = 0, and p,, < a~3. Cold DM and
non-relativistic SM particles are described by this equation of state.

e Relativistic particles (radiation): w = 1/3, p = p/3, and p,, < a %

Describes photons and any other relativistic components of the Universe
(e.g., neutrinos in the early Universe).

e Dark energy: w = —1, p = —p, and p,, ox a® = const. It is also known as

vacuum energy density which is believed to cause an accelerating expansion
of the Universe at late times, cf. recent review [16].
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e Kination: w = 1, p = p, and p,, o< a~%. Describes the hypothetical period
in the early Universe after inflation ends, in which the energy density is
dominated by the kinetic energy of the inflaton [17].

For further discussion, it is useful to introduce the following dimensionless
energy density parameter — often called abundance — of species :
pi _ 8nGp;

= 2.1.10
Pe 3H? ( )

Q;

where p. = 3H?/(87@) is the critical density of the Universe which corresponds
to the total energy density of the flat Universe, and

=1, (2.1.11)

where we sum over all the contributions to the energy density of the Universe. At
present, the biggest components are: dark energy (~ 78%), dark matter (~ 27%),
and ordinary, baryonic matter (~ 5%), while the radiation (all relativistic degrees
of freedom) contribution is negligible [18].

We are now ready to rewrite the Eq. (2.1.7) into a simple form describing the
redshift evolution of the Hubble parameter

H?*(2) = Hy (%14 2)" + Q14 2)° + Q) . (2.1.12)

It describes the Universe filled with radiation €2,, non-relativistic matter €2,, and
dark energy Q4. In particular, at present (z = 0) the measured value of the
present-day Hubble rate® is Hy ~ 67km/s/Mpc [18]. We also introduce the
reduced (dimensionless) Hubble parameter h = Hy/(100km/s/ Mpc) ~ 0.7.

2.2 ACDM model

The Standard Cosmological Model, also known as the Concordance Model or
ACDM model is the leading theory describing the main fundamental components
and the evolution of the Universe. It is based on the “Cosmological Principle”,
Friedmann’s equations, Eq. (2.1.7), and a set of just six parameters. Despite
its simplicity, it is remarkably successful and provides an impressive agreement
with various observations. Although several serious discrepancies between the
predictions of the concordance model and observations have recently been
identified, cf. [19, 23-26| for recent reviews, the consistency of the model is not
(yet) in question.

The aforementioned six free parameters are determined by a fit to the
observational data. In the literature, one can find multiple equivalent
parameterizations with different sets of parameters. However, the most common

3Tts determination from various cosmological observations has recently reached astonishing
precision, revealing a potentially serious tension in the ACDM model [19]. We discuss this
problem in Section 8.1 of Chapter 8 where we study a SIDM model that could address this,
so-called, Hubble tension.
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Figure 2.1: Temperature power spectrum of the CMB measured by Planck [20].
The best-fit within the ACDM model is plotted in light blue on the top, while
residuals are shown on the bottom.

- used by, e.g., the Planck collaboration [20] - is the following: the baryon energy
density Q,h?, the cold dark matter (CDM) energy density Q.h? approximate
angular size of the sound horizon fyc, the reionization optical depth 7, the
logarithm of amplitude of primordial scalar curvature perturbations In(10°A,),
and the scalar spectral index n.

Put simply, the first two parameters determine the amount of the dominant
components of the Universe at present, as one can determine the energy density
of dark energy at present using the relation 2y = 1 — €, — Q.. We used
the fact that the Universe is flat and that due to faster than matter redshift,
pr o 1/a*, radiation energy density is negligible at present. The parameter
Ovic determines the geometry of the Universe, while 7 indicates the degree of
reionization experienced by the Universe due to the formation of the first stars.
The last two parameters describe the power spectrum of primordial fluctuations
which are the origin of structure in the Universe.

The latest Planck |20] fit to the CMB acoustic peaks - shown in Fig. 2.1 - result
in the following best-fit values:

Qph? = 0.02254, Qpyph? = 0.119, 100 Opie = 1.042

7 = 0.0578, In (101°4,) = 3.0479, n, = 0.9705. (2:2.1)

Finally, let us note that in spite of the aforementioned possible discrepancies
between the observational data and the ACDM, its main assumptions, such as: (i)
the existence of DM which outweighs the baryonic matter by roughly 5:1 and (ii)
the accelerating expansion of the Universe, have only been strengthened in the last
decade [23]. This impressive improvement in observational cosmology is shown in
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Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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Figure 2.2: Preferred regions in the (£2,,, Q4) plane obtained as a ACDM fit to
various cosmological observations (assuming the Universe is flat). Note significant

reduction in error regions and improvement of overlap of best-fit regions achieved
in the last decade - compare data from 2011 [21] (left) and from 2020 [22] (right).

Fig. 2.2 where the ACDM fit is shown in the (Q,,, Q) using data from the past
(left) and present (right).

In the rest of this chapter, we focus more specifically on the DM sector of the
Universe and the observational implications of its existence.

2.3 Evidence for the existence of DM

2.3.1 Astrophysical evidence

Galaxy dynamics evidence The first hints that non-luminous matter exists
and is abundant in the Universe, came from astrophysical observations made in
the 1920s. One of the first papers to suggest the existence of dark, non-luminous
objects was? [31], in which James Jeans analyzed data on the vertical motion
of stars in the galactic plane collected by Jacobus Kapteyn and concluded that
there should be at least “two dark stars for every bright star” to provide enough
gravitational pull for high stellar velocities.

Next, in 1933 Fritz Zwicky noted that by applying the virial theorem to the
dynamics of the Coma cluster, one obtains an estimate of its mass that is
roughly one hundred times greater than the sum of the masses of all the luminous
matter contained in the cluster [32]. His conclusion was that there is a form of
matter that manifests itself only through gravitational interaction which he called
dark matter (“Dunkle Materie”).

Despite those works, interest in DM was limited until the 1970s when Vera

4Based on the history of DM reviewed in [27]; see also other reviews [28-30].
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Figure 2.3: Rotation curve for the Messier 33 galaxy. The expected shape of the
curve is indicated by the gray dashed line, while the solid line corresponds to the
scenario where the DM halo surrounds the galaxy. The yellow and blue dots denote
the observational data. Taken from [35].

Rubin and Kent Ford showed that the dependence of the rotation velocity on
distance from the galactic center in spiral galaxies does not follow the expected
Newtonian relation v o 1/4/r at large radii, but instead it saturates to a
constant [33, 34|, as shown in Fig. 2.3. It was quickly realized that such a
dependence can be easily explained if the visible galaxies are embedded in much
larger DM halos that provide additional gravitational pull.

Galaxy clusters evidence Evidence for DM can also be found at much larger
scales. For example, large gravitationally bound objects like galaxy clusters
contain large amounts of baryonic matter that does not emit light in the visible
wavelength range. Interstellar gas is a common example of such matter and is
often found in deep gravitational potential wells which causes the gas to heat up
to high temperatures, leading to X-rays emission that can be easily detected. An
example of a cluster of galaxies - Abell2029 - is shown in Fig. 2.4.

X-ray observations allow one to reconstruct the gas temperature which in
turn permits reconstructing the total mass profile of the cluster by using the
following formula [38]:

M(r) (2.3.1)

~ kgTr dlnp dInT
B GNmproton dlnr dinr )’

where T'(r) and p(r) are the temperature and density profiles of the cluster,
respectively.

It turns out [39, 40] that the total mass of the clusters determined by this
method is roughly 20 times larger than the mass of baryonic matter - hot
interstellar gas and galaxies. Moreover, at large distances from the galactic cluster
center the mass comes primarily from the non-luminous matter - without which
the hot gas would evaporate - consistent with, e.g., the galactic rotation curves.
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CHANDRA X-RAY DSS OpTICAL

Figure 2.4: Cluster of galaxies Abell2029. On the left, the distribution of X-ray
gas is shown, while the distribution of galaxies is on the right. Credit: X-ray:

NASA/CXC/UCI/A.Lewis et al.; Optical: Pal.Obs. DSS.

Additional evidence comes from gravitational lensing where light is deflected
by large masses between the observer and the source that emitted the light. This
effect was one of the spectacular predictions of the general theory of relativity, and
its first detection due to a solar eclipse in 1919 [41] contributed to the widespread
acceptance of Einstein’s theory. In 1937 Fritz Zwicky proposed [42]| that galaxy
clusters will act as gravitational lenses, and the first observation using this so-called
strong gravitational lensing effect was made in 1979 [43]. Another particularly
spectacular example of this effect is shown on the left side of Fig. 2.5. As reviewed
in [44], the strong lensing effect crucially depends on the total mass of the heavy
object, and thus it can be reconstructed, as shown on the right side of Fig. 2.5. In
this observation, [36], the ratio of the total mass to the visible mass was found to
be roughly 200, and furthermore the reconstructed DM distribution was found to
be relatively smooth, in contrast to much less regular, peaky, distribution of the
visible matter - precisely as expected in the ACDM model.

In addition, a similar weak gravitational lensing effect (cf. [44]) allowed one to
directly map the spatial distribution of DM in galaxy clusters [45, 46] which was
also found to be consistent with the ACDM model.

Another spectacular piece of evidence comes from observations of the Bullet
Cluster,’ [50-52|, shown in Fig. 2.6 where two galaxy clusters collided. After the
collision, shock wave cones formed by the hot gas of baryonic matter present in
both clusters (red) which formed due to electromagnetic interactions. On the other
hand, the collisionless matter of the clusters (blue) passed by each other unaffected.
As a result, the luminous and non-luminous parts of the cluster became separated
from each other. Moreover, the total mass of the cluster was reconstructed by

5Some years ago doubts were raised about the DM interpretation of the Bullet Cluster
dynamics [47] due to the expectation that Bullet Cluster like systems are too rare in the ACDM
model to be observed. However, subsequent works [48, 49] showed that the probability is actually
much higher and the existence of the Bullet Cluster does not pose a challenge to the ACDM.
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Figure 2.5: Left: duplicated images of the galaxy marked in light blue which were
produced by gravitational lensing of the foreground 002441654 cluster (yellow,
at the center). Right: Mass reconstruction of the lens which shows peaks of
baryonic matter embedded in a smooth background of non-luminous matter.
Taken from [36] and Hubble Space Telescope website.

gravitational lensing and it mostly follows the collisionless part of the clusters, not
the hot baryonic gas which means that most of the cluster’s mass is in the form of
invisible matter.

Such an astonishing spatial separation of total and visible masses has been
observed in many more cases [53]. This is consistent with the idea of a large DM
abundance that outnumbers the visible matter, and poses a challenge to alternative
proposals such as modified gravity theories like Modified Newtonian Dynamics

(MOND) [54].

2.3.2 Cosmological evidence

Cosmic Microwave Background In the early universe, baryons and photons
were tightly coupled due to electromagnetic interactions, causing them to behave
as a single fluid - for a review of the physics, history and significance of the CMB,
see [9, 55-57|. The pressure exerted by this fluid opposes gravity and prevents
the growth of matter perturbations, but causes them to oscillate, an effect that is
called Baryon Acoustic Oscillations (BAO).

About 370 thousand years after the Big Bang photons stopped scattering
efficiently with electrons and protons because they became bounded into
electrically neutral atoms, causing the photons to decouple from the plasma. This
effect is called recombination. Photons that were the last to scatter and form
the last scattering surface were accidentally first detected in 1965 by Penzias and
Wilson [58], who used a horn antenna to detect the electromagnetic radiation
reflected from the Echo balloon satellites. This required the removal of all
other signals which they successfully did by considering all known sources, but a
thermal noise with 7' ~ 3K persisted. The significance of this discovery was soon
understood by Dicke’s cosmology group [59] as a remnant of the early Universe,
predicted by the hot Big Bang theory.
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Figure 2.6: Optical, X-ray (pink), and weak gravitational lensing (blue) image of
the Bullet Cluster (1E 0657-558). Taken from the Chandra X-Ray Observatory

website.

Around the same time, theoretical work on the CMB spectrum was conducted
and it was realized by Sakharov [60], Peebles [61], Zeldovich [62], and Silk [63]
that the deviations from the blackbody spectrum (anisotropies) also must have
formed due to the oscillation of photons in the photon-baryon plasma. An
important feature of the CMB is that, although by that time DM has already
decoupled from the plasma, it provided a significant gravitational pull, affecting
the photon spectrum. Indeed, the plasma was embedded in the gravity well
formed by DM, leading to gravitational clustering of baryons. In regions where
the baryons were more dense than average, called overdensities, electromagnetic
interactions were very efficient, resulting in a repulsive pressure. The interplay
between gravitational attraction and repulsive pressure resulted in oscillations in
the temperature power spectrum, as overdense regions became cold spots in the
CMB map, while underdense regions became hot spots. Since these oscillations
are similar in nature to ordinary sound waves, they are called acoustic oscillations.

The anisotropies were first detected by the Cosmic Background Explorer
(COBE) satellite in 1992 [64]. It was found that they occur only at the relative
level of ~ 107, as predicted by, e.g., Peebles [65]. The shape of the temperature
power spectrum coming from the latest measurement done by Planck in 2018 [20]
is shown in Fig. 2.1. One can clearly see the series of the acoustic peaks. The
location of the first peak determines the geometry of the Universe [9], and the
Planck measurement points towards the flat Universe.

The relative amplitudes of the second and third peaks are determined by the
relative abundances of baryons and DM, since these two matter components are
out of phase. This causes DM to enhance odd peaks and suppress even ones.
The Planck measurement determined the visible matter abundance to be Qh% =
0.02254 and the DM abundance to be Qpyh? = 0.119.

The precise measurement of the CMB is one of the pillars of modern cosmology,
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Figure 2.7: Left: comparison of observations and simulations of N-body
simulations of structure formation [37]. Right: the cosmic web obtained in The
Millennium Simulation. Taken from [30].

as it provided a snapshot of the early Universe, and its understanding contributed
to the development of the ACDM model. It is an interesting exercise to determine
what the shape of the CMB spectrum would look like in a universe of a different
composition. One can use online CMB power-spectrum plotters Powerspectrum
and LAMBDA for a quick check.

Similarly to the BAO found in the CMB spectrum (which describes the
directional dependence of temperature fluctuations in the sky), one also finds those
oscillations in the matter power spectrum - which represent the matter density
contrast of the Universe - [66] in the form of overdense and underdense regions. The
characteristic BAO scale allows for the determination of the combined baryon and
DM density, Q,, = Q,+Qpu, called matter density. Numerous observations [67-70)]
are in remarkable agreement with the values obtained through CMB - cf. Fig. 2.2.

Structure formation The formation of structure in the Universe depends
critically on the total abundance of matter. A simple intuitive argument that
modified theories of gravity are not satisfactory and at least a small fraction of
invisible matter is necessary comes from a qualitative description of the growth of
perturbations [38]. It is well known that in a universe with no DM perturbations
of ordinary matter grow only linearly with the scale factor. There was not enough
time for the growth of the observed structures in our Universe, which indicates the
need for nonlinear perturbations. Moreover, for the theory of structure formation
to fit the data, one must introduce, e.g., gravitational potential wells deeper than
those produced by baryons before the recombination. Non-baryonic matter which
does not interact with either baryons or photons, decouples from the baryon-
photon fluid much earlier than the time of recombination and produces the desired
effect. Moreover, it reproduces the oscillatory pattern (BAO) found in the matter
density spectrum which is a challenge to MOND theories [71].

A qualitative description of structure formation requires numerical N-body
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simulations. The large-scale structures of galaxies and clusters are thought to arise
from initial over-densities that grew by clustering in gravitational wells created by
DM. Consequently, simulations are performed assuming that gravity is the only
interaction between particles. Such, “DM-only” simulations, e.g., [72-74] show
excellent agreement with large-scale observations from the galaxy surveys [75, 76|
- see Fig. 2.7.

It is worth noting that, despite the great success of simulations in fitting to data
at large scales, they seem to fail at smaller, galactic scales — for a recent review
see [77]. At those scales, the “DM-only” simulations predict much richer structure
than has been observed — e.g., a “missing satellite” [78] and a “too-big-to-fail” [79]
problems. Moreover, the DM density profiles predicted from simulations of cold,
non-interacting DM appear not to match observations - “cusp vs. core” |80, 81],
and “diversity” [82] problems.

However, it is not clear whether these discrepancies are indeed a problem for
the ACDM model or whether they are due, for example, to the lack of proper
modeling of non-linear baryon interactions in the simulations. It has been shown
that, e.g., supernova feedback can transform cuspy DM density profile into cored
one [83, 84], and simulations that include baryonic feedback, e.g., [85, 86], indeed
seem to predict less structure but simulations including such effects fully are yet
to be done.

2.3.3 DM candidates

In this section, DM candidates will be discussed. Several major classes of them
are shown in Figs. 2.8 and 2.9.

Composite objects One of the simplest scenarios for DM is that it consists of
Massive Compact Halo Objects (M ACHOSs) - small, massive objects made of
baryonic matter which do not glow. Examples include black holes, neutron stars,
free-floating planets, brown dwarfs, and possibly any other such objects that drift
unbound through the interstellar space and escape direct observation.

Explaining the nature of DM solely with MACHOs, however, is not possible. It
has been known since the 1980s [88, 89| that large amounts of baryonic MACHOs
are in tension with Big Bang Nucleosynthesis (BBN), as they would point toward
different relative abundance of light elements. Moreover, precise CMB observations
by WMAP [13] have completely ruled out such a scenario. MACHOs made of
non-baryonic matter have also been strongly constrained by the MACHO [90] and
EROS [91, 92] projects which used the microlensing effect proposed by Bohdan
Paczyniski [93]. This phenomenon is based on gravitational lensing of background
stars’ light which would be enhanced if a MACHO object passed through the line
of sight. Roughly a decade of observations and the lack of such signal determined
that MACHOs may represent only a small fraction of the total DM abundance.

A way to circumvent the BBN constraints is to form a compact object before the
initial nucleosynthesis has occurred. Carr and Hawking showed [94] that primordial
density fluctuations in the early Universe may have gravitationally collapsed and
formed primordial black holes (PBHs). If they were massive enough, they
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Figure 2.8: A cartoon of particle and composite DM candidates as a function of
their mass. Also shown are the general constraints for each class of candidates.

Figure credit: Sophia Andaloro.
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Figure 2.9: Multiple particle DM candidates complementary to those shown in
Fig. 2.8 as a function of their mass. Taken from [87].
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would have survived till present, accreting more mass, all without the need to
invoke a new form of matter. A recent LIGO discovery of gravitational waves
from black hole mergers (possibly of primordial origin) [95] has initiated a second
wave of interest in those objects as DM candidate. As a result, the constraints on
PBHs have been re-evaluated and such objects appear to be a viable option [96],
especially in the multi-component DM scenarios. However, even such scenarios are
subject to stringent constraints, e.g., in a mixed WIMP-PBH DM scenario, the
WIMPs would form spiky density profiles around the PBH, leading to their very
efficient annihilation into SM products which is not observed, and thus imposes
severe bounds on such a scenario, see [97-100] for recent works on the topic.

Particle candidates Before discussing some well-motivated particle DM
candidates, let us list some general properties that such a particle must have -
cf. also [101] for a ten-point test.

DM particles must be:

e Non-baryonic - observations of the Bullet Cluster, BAO in both CMB and
matter power spectrum, and BBN imply that DM cannot be made of baryons.

e Stable - the lifetime of an unstable DM particle must greatly exceed the
present age of the Universe [102].

e Electrically neutral - CMB, DD and astrophysical constraints imply that DM
can only be millicharged [103].

e Non-relativistic - the main part of DM has to be non-relativistic at the
time of structure formation, otherwise DM would free-stream and erase the
structure [104].

e Produced in sufficient quantity in the early Universe - CMB, BBN and other
observations are all consistent with the DM abundance of Qpyh? = 0.119 -
see Fig. 2.2.

An important classification of DM particles is based on the velocity they had
when they reached their relic density: hot (relativistic), warm (semi-relativistic),
and cold (non-relativistic) DM. Since the determination of matter power spectrum,
hot DM has been excluded [105] and can only correspond to a small fraction of the
total DM relic density, Q%% < 0.00245 [106], while both warm and cold DM are
possible scenarios. In fact, warm DM scenario is among the proposed solutions to
the small-scale structure problems of ACDM [107].

A list of possible particle DM candidates that have proposed in the literature
is very long, and still growing. In the following we present candidates and classes
of candidates which have attracted much attention over many years.

Axions The strong CP problem of Quantum Chromodynamics (QCD) is based
on the observation that the symmetries of the theory allow for the CP violating
term in the Lagrangian

Locp D —— T [GWG‘W] , (2.3.2)

3272

17



CHAPTER 2. STANDARD COSMOLOGICAL MODEL AND THE DARK
MATTER PROBLEM

where G* is the field strength tensor of QCD and GW is its dual. This term
leads to CP-violating interactions in QCD that are not observed, leading to the
bound # < 1071°. Such an unnatural suppression can be explained by introducing
a new global U(1) symmetry that is spontaneously broken by a complex scalar
field [108-111]. The resulting naturally light pseudo-Nambu-Goldstone boson is
called an axion.

In addition to solving the CP problem of QCD, the axion can also be a good
candidate for non-thermal® DM [112]. Searches for axions and, more generally, a
class of particles featuring axionic interactions — called axion-like particles (ALPs)
— are extensively discussed in [113].

Wave dark matter Axions and ALPs belong to a general class of very light DM
candidates, called wave dark matter, which are characterized by large de Broglie
wavelength,

2 10-22 250 k
Ap = —2 =O.48kpc( y eV) ( 20 m/s), (2.3.3)

mpmv mpwm v

where we assumed a standard DM velocity from the Standard Halo Model [114].
Wave DM, although composed of single particles, is not described by a single
particle equation, but instead behaves effectively as a collective wave for mpy <
30eV.” On the other hand, observation of small DM halos leads to a lower bound,
expressing the simple observation that the wave DM must fit into the halo [38]

leV
App = 0.3 cm (e—> <3 x 10?" cm, (2.3.4)
m

leading to mpy = 10722 eV.

The ultra-light DM in the lower end of the wave DM range is called fuzzy DM
which was introduced to solve small-scale structure problems of the ACDM model
by wave properties of the DM stabilizing the gravitational collapse responsible for
DM halo formation [115]. For an extensive discussion, see recent reviews of fuzzy
and wave DM [116, 117], and more generally, ultra-light DM [118].

Sterile Neutrinos Neutrino flavor oscillations, predicted by Pontecorvo [119]
and observed for the first time in the Homestake experiment [120], definitely proved
that neutrinos are not massless but have small masses, a property that is missing
in the SM description. A simple way to resolve this problem is to introduce a heavy
sterile neutrino which explains the small mass values of SM neutrinos through the
seesaw mechanism [121]. As mentioned in Chapter 1, the heavy neutrino is called
“sterile” due to the fact that it has only a right-handed component and thus is
uncharged under the SM gauge groups.

Moreover, a heavy neutrino could be a DM candidate when it is produced
via a non-thermal Dodelson-Widrow mechanism [122, 123]. We will sketch this
mechanism, for simplicity assuming that the sterile neutrino N; mixes only with

6We discuss thermodynamics of the early Universe, including DM production, in Section 3.1.
"Defined as the mass for which the de Broglie wavelength exceeds the average inter-particle
separation in the DM halo.
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the electron SM neutrino flavor v.. The mass eigenstates of the sterile and light
neutrinos are vy, vy, respectively, and they are related to the flavor eigenstates by

|v1) = cos @ |v.) — sin@ | Ny)

2.3.5
|vg) = sinf |v.) 4 cos @ |Ny) , ( )

where # < 1. Sterile neutrinos are produced out of equilibrium due to their small
coupling to the thermal bath and their abundance gets accumulated over time,
with the production rate given by

T, ~ (G3ET?) 0*(T) - T°. (2.3.6)

Because the mixing angle depends on the temperature, calculating the total relic
abundance requires numerical methods. It turns out that the peak production

occurs near the QCD phase transition, Tpeax ~ 170 (%)1/ * MeV, and the

approximate relic density of sterile neutrinos obtained by oscillations is [124]

‘92 mq 1.8
Q,, h* ~0.1 . 2.3.
wh”~ 0 (3 X 10—9) <3keV> (2:3.7)

In recent years, there has been much interest in sterile neutrinos due to the ~
3.5keV line discovered in XMM-Newton observations of galaxy clusters [125, 126]
which could be naturally explained by the decay of a sterile neutrino with a mass of
~ TkeV. However, such mass values could be in tension with the Lyman-« forest
data [127]. More details on sterile neutrinos can be found in recent reviews [128—
130].

WIMPs A particularly important class of DM candidates is a WIMP which is a
particle that was in thermal equilibrium with the SM plasma in the early Universe.
The WIMP obtains its relic density from annihilations into SM particles - which
is the celebrated freeze-out mechanism - first studied in [131-133].

Due to the thermal nature of the DM production, the relic density of WIMPs,
Qwvp, depends only on the strength of the thermally averaged annihilation cross
section, (ov), (defined in Eq. (3.1.12)) which in turn depends only on particle
physics parameters, such as interaction strength couplings and masses, and not
on cosmological parameters. Neglecting order-one factors, one can estimate (view
recent review [134] for an extensive discussion of WIMP freeze-out, as well as other
DM production mechanisms that are beyond the scope of this thesis)

QWIMP 10_9 GeV_2 10_9 GeV_2
0.24 <O”U> g%VIMP

MwWiMPpP

(2.3.8)

which is remarkably close to the observed value, Qwmp ~ 0.24, for mwmp ~
Myeak ~ 100GeV and gwivp ~ Gweax =~ 0.65. This remarkable numerical
coincidence is often called a WIMP miracle because it seems to point towards
new interactions around the electroweak scale which are in any case also expected
due to, e.g., the hierarchy problem. The fascinating (open) question is whether
this phenomenon is just a coincidence or whether it is part of an explanation of
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the origin of the electroweak scale which is otherwise quite mysterious, given it is
so much smaller than the Planck scale.

Due to the importance of WIMPs, we describe their main properties in detail in
the next chapter where in particular we discuss extensions of the WIMP paradigm
to other scenarios - which will be needed in later chapters - in Section 3.1.

The most prominent class of WIMPs models is based on supersymmetry which
we introduce in the next paragraph and then extensively study in Chapter 6. A
thorough discussion of WIMPs can also be found in recent reviews [135, 136].

SUSY Supersymmetry was introduced in the 1970’s as a new type of symmetry
relating fermions and bosons [137, 138| but with time it became strongly motivated
by, among other things, unification of fundamental interactions at high energies,
string theory, and the hierarchy problem.

Evolution of gauge couplings with energy scales of interactions which is
governed by renormalization group equations, does not lead to a unification of
gauge interactions® in the SM [139]. By adding new, heavy degrees of freedom,
in SUSY the situation improves, and under generic assumptions this leads to the
unification occurring at the ~ 106 GeV scale [140, 141].

One can promote supersymmetry to a local symmetry which unifies all gauge
interactions with gravity [142, 143]. Such a theory is called supergravity and
at some point was considered a viable “theory of everything”.? Supergravity
introduces a supersymmetric partner of the graviton (spin 2 particle responsible for
gravity interactions), called gravitino [145] which is a natural DM candidate, and
it can obtain its relic density in both thermal [146] and non-thermal ways [147].

There are also well-motivated supersymmetric models of axions which naturally
provide a non-thermal DM candidate - the axino [148-150].

Since no supersymmetric particles (called sparticles) have been found so far,
it is clear that SUSY is not an exact symmetry and must be broken at some
high energy. From a phenomenological point of view, an important step was a
formulation of the low-energy supersymmetric version of the SM which was named
the Minimal Supersymmetric Standard Model [151]. It doubles the number of
SM particles, and solves the DM and proton stability problems by introducing a
discrete symmetry, called R-parity.!® A comprehensive review starting from the
SUSY algebra and ending with the MSSM can be found in [152].

The MSSM provides more than one thermal DM candidate that can naturally
obtain the correct relic density - see an early SUSY WIMP DM review [153]. One
of the most well-motivated candidates is the lightest neutralino [154, 155] which
obtains its relic density via thermal freeze-out. In Chapter 6 we discuss in detail
the prospects of this important DM candidate.

For extensive discussion of SUSY DM candidates, see recent reviews [135, 147|
which discuss the experimental status of the DM candidates we mentioned above.

8 A theory providing such an unified framework is called a Grand Unified Theory (GUT).

9In fact, while the developments in supergravity has shown that the theory does not appear
to be a complete description of nature [144], it has led to further development of similar ideas in
string theories, also based on supersymmetry which appear to be a more promising path.

10Tn generic SUSY theory, one would expect sizable interactions leading to efficient proton
decay which is not observed.
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Chapter 3

Thermal dark matter

A particularly important class of cold, thermal DM candidates is the WIMP which
we introduced in the previous chapter. Because of its importance - and the fact that
all the BSM scenarios discussed in this thesis involves WIMPs or other thermal DM
particles - we devote this chapter to their thermal history and detection methods
employed in WIMP searches.

Thermal DM is a particle that was in thermodynamic - chemical and kinetic
- equilibrium with the thermal plasma in the early Universe. It means that the
DS and the SM share the same chemical potential and temperature, due to the
presence of efficient number and energy exchanging processes.

Thermal DM is a particularly motivated and developed class of DM candidates
because: (i) it’s relic density does not depend on initial conditions of the early
Universe before the radiation domination era,! (ii) it can be naturally implemented
in many BSM scenarios, while also seemingly pointing towards new physics
near the electroweak scale, as the numerical coincidence, Eq. (2.3.8), indicates,
and (iii) because of the fundamental assumption of thermal equilibrium - which
requires efficient annihilations of WIMPs into SM particles - similar processes like
scattering of WIMPs with SM particles or production of WIMPs in high-energy
collisions of SM particles, can be detectable; this leads to the well-developed and
complementary program of WIMP detection searches.

3.1 Relic density of thermal DM candidate

In the previous chapter we discussed the gravitational influence of the DM on the
evolution of the Universe, but in fact DM interactions within the DS and with the
SM may be much richer. In this section we start the discussion of such interactions
of thermal DM by discussing the thermodynamics of the early Universe.

!This is the case in the standard cosmological history of the ACDM model which assumes that
the Universe went through a rapid period of inflation ending with the high-temperature reheating
process, which initiated the radiation era. On the other hand, modifications introduced to this
scenario, e.g., due to low-temperature reheating [156-158| or the kination period present in the
early evolution of the Universe [159], can impact the predicted value of the DM relic density.
However, this does not change the main mechanism, which is based on the decoupling of DM
from a thermalized plasma in the early Universe.
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Equilibrium thermodynamics Given the phase-space distribution function
1i(F,p,t) of the species denoted with index 7, its number density is given by?

d3
w7, 1) = g, / G ). (3.1.1)

where the factor g; denotes the degeneracy for the ¢ DM species. For example
g = 1 for real scalar or Majorana fermion DM.
The equilibrium distribution for bosons/fermions is

1

f(Evﬁ):f(E): eXp(%)ﬂ:lj

(3.1.2)

while for classical particles it is given by the Boltzmann-Maxwell distribution,

F(B.7) = f(E) = exp (ZF%).
Given Eq. (3.1.2), one can asymptotically compute Eq. (3.1.1)

~

nqu ~

aT? when T > m; (relativistic limit
{ 2 i ) (3.1.3)

i (m—iT)S/ 2 emmif T when T < m; (non-relativistic limit).
Time evolution of the phase-space distribution function is given by the

Liouville equation:

i (w9 a9\ e _org
dt - (p axu FVpp p aplu fl - C[fl]? (314)

where the Christoffel symbol is given by

I, = 9™ (Gavp + Gapw = Gvpa) /2 (3.1.5)

and the quantity on the right hand side, C[f;], is the collision term which takes
into account the scatterings and annihilations of ¢ DM species with other particles.

For ACDM metric given by Eq. (2.1.4), Eq. (3.1.4) takes the following form,
called the Boltzmann equation,

dfi ~ 0fi 4 _.0fi ..

where E = /|p|>+m?.
Multiplying Eq. (3.1.6) by % oo and integrating over the momentum d3p;2
results in

Cf
=L By, 1.
5 4P (3.1.7)

. g (1B, 8 . 9i /
i — H d’p; = n,; Hn;, = —=
" (27r)3/ E, Opfd’pi =n; +3Hn ok

where in the first equality we integrated the second term by parts.

2This section is based on the textbook [8] and Refs. [160, 161].

3Formally, this is the zero’th moment of Eq. (3.1.6). Full phase space solution of the
Boltzmann equation requires dedicated numerical computations [162]. Those are necessary, for
example, when the kinetic decoupling happens before the chemical one [163], however, they are
not needed in the generic case we discuss.
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The right hand side of Eq. (3.1.7) is the collision term which for the process
142 = 3 4 4 takes the following form [161]:

/ /H(dp” ?)9(1?3—7%))(%)45 (01 + 2= ps =) D IMP

X (fsfs(Lx fi) A£ fo) = fif2(LE f3) (L £ fa)).
(3.1.8)

In the absence of a quantum degeneracy,* the second line can be rewritten as

[fa(QEfi) (A E fo) = fifo (L £ f3) (1L fa) = fafa— fife (3.1.9)

— o (E1+ER)/T [e(u3+u4)/T _ e(u1+u2)/T] )

Introducing the number density in the absence of the chemical potential,

n\? = e/ T, (3.1.10)
allows us to put Eq. (3.1.7) to the common form used by numerical packages, such

as, e.g., micromegas [164, 165| and DarkSUSY [166, 167],

n; +3Hn;, = <av>n§ )ngo) e T : (3.1.11)
0,0 00
1 " 3 T

where the thermally averaged annihilation cross section (ov) is given by

(o) = 57 / i / o / S / Ep1_ —prernr
2000 | @mn2E, | en2E, | @nE | @nnE,

X (2m)'6° (p1 + p2 — ps — pa) 6 (B + By — B3 — Ey) [MJ?.

(3.1.12)

Restricting the general case to the identical initial and final states, y + x &
SM + SM, leads to

n; +3Hn; = —(ov) [n2 — (ngco))ﬂ . (3.1.13)
The thermally averaged annihilation cross section can be expressed as one

dimensional integral [168|

21T [, dso (s — 4m?) /sK (%
(ov) = i 47 nf) \/2— ( ) : (3.1.14)
(4mrm3 T, (7))

where K, Ky are the modified Bessel functions of the second kind [169].
In the non-relativistic regime, one can perform this integral analytically - the
formulae are recapitulated in Appendix A.5.

4Which holds when, e.g., a gas of particles is very dilute, which we assume.
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Freeze-out In the early universe, the entropy defined as

272
=" g1 3.1.15
T ( )
is conserved,
5 | ams— 0 (3.1.16)
— s =0. 1.
dt

It is convenient to use this fact and recast Eq. (3.1.13) into

dY  (ov)ds

%_3—[{%(Y2—Y2), (3.1.17)

eq
where Y = n/s is the comoving yield and x = m/T is the dimensionless inverse
temperature.

In the very early universe and for large enough couplings between the DM and
the SM, x was in thermal equilibrium with the plasma, i.e., Y = Y,,. After some
time, when the annihilation rate, defined as I'y,, = n (ov), dropped below the
Hubble rate, I'ynn S H, the yield Y almost stopped changing and saturated at
a value Y;. This process is referred to as freeze-out (also known as the chemical
decoupling). Notably, in the radiation dominated epoch, the Hubble rate is given

by H = \/%QGTQ /Mp,, where g. denotes relativistic energy degrees of freedom

and Mp; = 1.22 x 102 GeV is the Planck mass. The freeze-out process typically
takes place when = = m, /T ~ 20 — 25, almost independent of the WIMP mass
m,.° Example evolution of Y as a function of the x parameter is shown in Fig. 3.1.

Because both the entropy density and comoving yield are conserved, it is easy
to relate the present x energy density to Y,

p?c = mxn?( = My SoYo = MySo Y, (3.1.18)
where 5o = 2970 cm 2 is the present entropy density.

Using the relation defining the decoupling, I',,, ~ H gives us the estimate of
Yie [170]

873
V 90 9p TQ/MP1<O'U> 1
N ~04— 3.1.19
f 27r2g T3 MP]<UU>Tﬁ- ( )

45 IS

Finally, the present-day relic density reads

Q0 P _ soYaeM 6887 TE Vi M 0 22X 1072 cm?/s (3.1.20)
X pe 3HZ/STG 1485 M2 H} ' (o) ' “

Coincidentally, a particle x which interacts with SM via weak gauge boson
would naturally lead to such annihilation cross section

4 /100 GeV'?
(o) ~ <0i1> (—e) 2.2 % 10726 cmd /s, (3.1.21)

my

°In fact, the corrections to the relation x &~ 20 — 25 depend on the mass m, logarithmically.
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Figure 3.1: Evolution of the comoving yield of thermal relic of mass m; = 150 GeV
as a function of the dimensionless inverse temperature z. Three lines are shown,
indicating from the top: solid line - the observed relic density obtained for the
canonical annihilation cross sections, dashed line - a magnitude smaller relic
density resulting from equally larger annihilation cross sections, and dotted -
equilibrium yield. Freeze-out happens around x ~ 25.

where 2.2 x 10726 cm?®/s = 1.88 x 107 GeV 2. This is an expression of the WIMP
miracle, introduced in Section 2.3.3. As can be seen in Fig. 3.1, larger values of
annihilation cross section lead to suppressed thermal DM relic density.

It should be noted that the canonical value of the thermally averaged
annihilation cross section (ov) = 2.2 x 10720 cm?®/s can be also obtained for masses
and couplings much smaller or larger than the electroweak ones. We describe below
some examples of such generalized WIMPs.

Variations on the theme So far we have discussed the basic mechanism
of freeze-out, however, in specific implementations several important departures
occur, first noted by [171]. While these effects introduce changes to the WIMP
paradigm, they also mean that thermal freeze-out can be extended in a number
of ways, broadening the scope of thermal DM production mechanisms. We briefly
discuss those effects below:

e Resonant production = Whenever the WIMP mass is close to half the
mass of the s-channel mediator, the annihilation cross section is resonantly
enhanced, which means that the observed DM relic density is obtained
for much smaller couplings than the electroweak scale. This results in
suppressed DD and collider signals, making DM detection even more difficult.
A common example is the Higgs funnel region where mwmp ~ mpy/2 =

125/2 GeV = 62.5 GeV [106], which will be discussed in Chapter 6.

e Sommerfeld enhancement Another enhancement of the annihilation
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Figure 3.2: Sommerfeld enhancement for wino DM annihilating into photons - see
Chapter 6 for discussion of this effect which significantly influences DM ID signal.
Taken from [177].

cross section comes from the exchange of light mediators, which effectively
leads to a long-range force of significant strength for slow-moving DM
particles [172-175].% Tt will be discussed in Chapter 6 in the context of heavy
neutralino DM, mwmvp ~ 2TeV. In the case when the neutralino is mostly
composed of heavy superpartner of the neutral weak gauge boson (wino),
there are sizable couplings of neutralino to much lighter SM gauge bosons,
leading to formation of “ladder” diagrams shown in Fig. 3.2. A resummation
of such diagrams leads to the Sommerfeld enhancement.

e Coannihilation If there are many particles in the dark sector that survive
until DM freeze-out and their masses are similar to the lightest one, their
contributions to the annihilation cross section Eq. (3.1.14) must also be taken
into account. It requires the use of (ov)eg in Eq. (3.1.13),

nfqnjq
(oV) g = 5 —( 5 (0350) (3.1.22)
w7 (Mea)

where i, j are the indices of the coannihilating particles. Coannihilations
often occur in models with a compressed spectrum, e.g., SUSY and may
even be the main mechanism for DM production. For example, in models
with dominant inelastic coupling between two dark sector states where only
the lighter one is stable and constitutes the DM - so-called inelastic DM [178|
- coannihilation naturally leads to the observed relic density, while avoiding
the stringent CMB constraints on the energy injection from DM annihilation
that heats the photon-baryon plasma.

e Forbidden dark matter’ In discussing freeze-out we assumed that DM
annihilates into lighter particles in the thermal plasma because the DM is
non-relativistic when decoupling. One can also consider the inverse mass
hierarchy, mpy < mgw, in which case the DM particles are very light. By
the principle of detailed balance, we can relate the “forbidden” annihilation
cross section of two such light DM particles into the SM species, (ov)pypu,

6A similar effect also potentially significantly increasing the DM annihilation cross section is
based on DM bound-states formation. It is expected to take place efficiently for heavy, multi-TeV
DM - see [176] and references therein for thorough discussion.

"It was first introduced in [171] under the name of “threshold effect”, while a detailed discussion
and the name of “forbidden dark matter” comes from [179].
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to the one relevant for the “allowed” inverse process, (ov)svsm

neq 2 e
(ov)pmpm = (0V)smsm (eié\/l) ~ (o) gugpe2msu—mon)/T
NpMm
2
3 2imsummon)/T (3.1.23)
mpm

(07

Y

where in the last step we estimated the thermal annihilation cross section
assuming DM particles annihilate into a pair of SM species. As can
be seen, the velocity-averaged cross section for the forbidden annihilation
channel is exponentially suppressed which follows from the conservation of
energy. Annihilation into heavier particles is only allowed for fast-moving
DM particles that correspond to the tail of the non-relativistic Maxwell-
Boltzmann distribution. Comparing Eq. (3.1.23) to the WIMP estimate,
{(ov)prpm ~ 1077 GeV ™2, one can obtain the DM mass for which the correct
relic density is obtained in the forbidden regime [134, 180]

e—(msm—mpwm) /Ty ap
1092 GeV 2

where T is the temperature of freeze-out. Note that such DM mass ranges
are exponentially smaller than the mass ranges of WIMPs.

mpwm < TeV, (3124)

e WIMPless miracle Although Eq. (2.3.8) is naturally satisfied for a WIMP
with mass at the electroweak scale, many other values of the (mpy, gpwm)
parameters also lead to the correct relic density beyond the weak-scale mass or
weak interaction ranges [181]. This is particularly true for SUSY models with
gauge-mediated supersymmetry breaking, where mwmp ~ gamp [182, 183],
and also for light DM candidates - with mass in the range ~ 10 MeV —10 GeV
- where we lower both the DM mass mpy and the coupling gpy [184, 185].

We discuss scenarios where the DM production is directly based on this
mechanism in Chapters 4 and 5.

Non-thermal production mechanisms Although in this thesis we focus
on thermal DM candidates, it should be noted that alternative, non-thermal
production mechanisms have been proposed and investigated, including notably:
asymmetric production [186], freeze-in [187], the misalignment [112], and
Dodelson-Widrow [122] mechanisms. A thorough discussion can be found in recent
reviews on the topic [134, 147].

3.2 Detection methods

As we discussed in the previous section, thermal DM would be efficiently produced
in the early Universe if there are sizable interactions between the DS and the SM.
Interestingly, the processes that are responsible for DM thermal freeze-out also lead
to sizable interactions with the SM particles taking place at present. It allows for a
complementary programme of experimental searches, shown in Fig. 3.3. Below, we

27



CHAPTER 3. THERMAL DARK MATTER

ANNIHILATION
) Indirect searches
SM DM
U 8 a
<
E % Self-interactions
<A '
SM DM
PRODUCTION '

LHC searches

Figure 3.3: Complementary program of three main search strategies for WIMPs:
collider searches (bottom), direct detection (left), and indirect detection searches
(top). Moreover, astrophysical observations, e.g., the Bullet Cluster can constrain
internal interactions within the DS, like DM self-interactions. Modified figure
taken from [188].

describe them in some detail, while we also note that, given weaker experimental
bounds in the DS, DM can scatter with itself quite efficiently [189] and such DM
self-interactions lead to interesting modifications of the ACDM model, which we
discuss in Chapter 8.

Direct detection (DD) searches In the early 1980s it was realized that there
was a viable route to direct detection of neutrinos through coherent scattering off
nuclei [190]. This had first been theoretically proposed a decade earlier [191].
It was soon realized that a similar method could be used to search for DM via
nuclear recoils [192, 193]. Scattering of a WIMP of mass ~ 100GeV in liquid
noble gas detectors will result in recoil energy of the SM target nucleus in the range
10—100keV. This is at least an order of magnitude smaller than the corresponding
signal of the coherent neutrinos scattering off nuclei which in 2017 was detected
for the first time by the COHERENT experiment [194]. This illustrates both the
promise and difficulty of such DM searches. For a more detailed discussion of the
development of DM DD searches, see, e.g., the recent review [87].

Despite great progress in DD experiments, there is no conclusive direct signal
of DM to date.® Instead, exclusion limits were derived, as shown in Fig. 3.4,
which presents spin-independent WIMP scattering cross section with SM nuclei.

80ver the years, there have been several claims of DM direct detection. The most notable
of which came from the DAMA /LIBRA collaboration [195] which claimed to observe an annual
signal modulation, due to the Earth’s orbital motion around the Sun (first discussed in [193]).
However, other experiments, e.g., the COSINE-100 collaboration [196] have not observed this
modulation, calling into question its putative origin from DM.
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Figure 3.4: Current exclusion limits for spin-independent WIMP scattering cross
section with SM nuclei in direct detection experiments. The limits shown are from
current (region filled in green) and near future observations. Note the gold dashed
line denoting the irreducible neutrino floor which we discuss in the text. Taken
from the recent APPEC Committee Report [87].

Important features of DD shown in this plot are: (i) coverage of the ~ 5GeV
WIMP region has already reached the irreducible neutrino floor [197]° and (ii)
experiments lose sensitivity to the low DM mass range due to insufficient nuclear
recoil.

To address that problem, many new detection methods were proposed, which
are based, e.g., on scattering off electrons in atoms or crystals - resulting in
atomic ionization [199] and Migdal effect [200] - inelastic nuclear recoils [201], and
collective excitations (phonons) of the atoms in the medium which DM scatters
off [202]. For extensive discussion, cf. recent reviews [203, 204|, which - in addition
to the above methods - also discuss proposals involving Dirac materials [205],
semiconductors [206], superfluid helium [207], and many others.

Indirect detection (ID) searches ID searches are based on observations of
primary or secondary gamma and cosmic rays or neutrinos produced by the
annihilation or decay of DM particles [208-210]. Current limits on present-day
annihilation cross sections obtained in such a way are shown in Fig. 3.5.

DM ID processes: (i) may be related to the DM freeze-out, meaning that ID is
naturally suited to study such DM production mechanism and (ii) should lead to
distinctive signatures that could not be easily mimicked by ordinary astrophysical

9The neutrino floor is expected to be caused by a large flux of solar and atmospheric neutrinos
interacting with detector nuclei. For ~ 5GeV WIMP mass scattering off nucleus with the same
mass, the solar neutrino with incident energy of E ~ 2MeV is expected to produce the same
recoil, mimicking the DM signal. The gold line shown in Fig. 3.4 marks the region where the
WIMP DM signal is expected to be buried in the neutrino signal - but also see [198] and references
therein for a discussion how this limit can be overcome.
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All ID constraints
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Figure 3.5: Plot summarizing upper bounds on the DM annihilation cross section
as a function of the DM mass for different SM channels using state-of-the art
observations. Conservative bounds were chosen when few were available. The
benchmark value of the thermal annihilation cross section is indicated by the
dashed gray line. Updated plot taken from [211].

processes. Therefore, the targets of ID searches are regions in the sky with high
DM density and well-understood astrophysical background. These are, e.g., the
selected regions around the Galactic Center (GC) [212, 213], and less bright dwarf
spheroidal galaxies [214, 215], which involve much smaller background than the
GC.

However, even in the presence of significant astrophysical background,we can
search for signals of DM also based on non-standard features in the spectrum
induced by DM annihilations. This is, e.g., employed in searches for DM-induced
antimatter cosmic rays, which - as can be seen in Fig. 3.5 (the AMS p line)
- can be strong enough to exclude light ~ 10 — 100 GeV WIMPs with the
thermal annihilation cross section [216, 217]; see also corresponding analysis using
positrons [218]. Lighter DM can be further constrained by the DM annihilations
and decays into SM particles, which would significantly modify the CMB spectrum.
Other methods of DM ID involve searches for DM-induced neutrinos [219], X-
rays [220, 221], and 21-cm hydrogen line observations [222].

Similarly to the DD searches, several anomalies potentially involving DM were
identified, e.g., the Galactic Center excess [223], cf. also recent review [224], where
leading explanations involve either annihilation of DM or milli-second pulsars. For
extensive discussion of DM ID anomalies cf. [208, 210].

From Fig. 3.5, one can see that the benchmark value of the thermal annihilation
cross section for the WIMP with the mass m < 10GeV is covered by CMB
observations, assuming s-wave (velocity independent) annihilation cross section. In
addition, the ~ 10—100 GeV range is also covered by Fermi-LAT [225] observations
of dwarf galaxies and AMS [226] p observations. In addition, the corresponding
searches towards the GC can constrain thermal DM up to mass of the order of
several hundred GeV - Fermi-LAT ~-ray [213]|, and AMS [226] positron search.
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Figure 3.6: Comparison of exclusion limits for spin-dependent WIMP scattering
cross section with SM particles obtained in direct detection and collider searches
(LHC and Tevatron). Taken from [227].

Those limits, however, depend on less well understood quantities, such as the DM
halo density profile and also potentially numerous astrophysical background, which
could relax them.

Furthermore, it should be emphasized that, with the exception of CMB
observations, ID experiments can only constrain present-day DM annihilations,
and not the DM annihilations occurring during the freeze-out process unless the
DM annihilates dominantly via the s-wave process with the velocity-independent
annihilation cross section. If the DM relic density is obtained, e.g., thanks to p-
wave annihilations or coannihilations, they do not directly constrain such scenarios.

Missing energy searches at colliders and beyond Collisions at high energies
are expected to copiously produce BSM states, which may also be related to the
DM problem. One major signature is the search for events with missing transverse
energy where the background for such signatures involves SM scattering and decay
processes producing neutrinos. In light of that, detailed analyses are necessary to
account for the background and isolate the DM signal.

At present, no unambiguous DM signal has been observed, and model-
dependent limits were obtained. In Fig. 3.6 we show a comparison of the sensitivity
of collider (Tevatron and LHC) and DD searches (DMTPC [228], KIMS [229],
PICASSO [230], and XENON [231]) within the effective field theory (EFT)
approach to DM-SM particles scattering following [227]. The results shown for
illustration correspond to the axial current dimension-6 operator (labeled DS)
between quarks and DM. As one can see, the collider searches can be used to
obtain stringent limits, especially for the smaller DM mass below the TeV scale. As
we do not discuss standard collider DM searches in further chapters, for extensive
discussion of such searches we refer to the recent reviews [232, 233].

Missing energy or momentum searches are also employed to search for sub-
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GeV, very weakly interacting DM at lower energies, as a part of the rapidly
developing program of intensity frontier searches for new physics [234-236]. Among
the current and proposed such experiments are: BaBar [237, 238|, Belle-1I [239],
LDMX [240], M? [241], and NA64 [242].

Direct DM accelerator-based searches DM, possibly along with other DS
particles, can also be directly studied via their scatterings off SM particles in
dedicated detectors after being produced in beam-dump, neutrino, or collider
experiments. These include recent neutrino experiments, e.g., MiniBooNE [243],
as well as direct detection type detectors, e.g., the proposed BDX [244|, FLArE
[245], SND@SHiP [246], and SNDQLHC [247| detectors; cf. recent community
review [244] for details.

The strategy employed by these observations differs from both the missing
energy collider searches and the DD searches because it relies on detecting boosted
DM scatterings, which occur in the relativistic regime. Let us also note that the
results of past experiments have been reinterpreted in this way, e.g., [248, 249].

Astrophysical probes Finally, DM can be probed by astrophysical observations
(i) in which DM gravitational imprint can be constrained, using, e.g., astrometry
like the Gaia space mission [114] - cf. recent review [250] and (ii) also self-
interactions within the DS can be constrained.

The constraints on the DM self-interactions are expressed as a bound on the
transfer cross section defined as

do

Oty = /dQ(l — cos Q)dQ’ (3.2.1)

where dQ2 = dcosfdg, and (1 — cosf) is the weight factor corresponding to the
forward momentum transfer in each of the scattering events [189].19 Observations
put stringent bounds on DM self-interactions

ouw/mspm < 0.13 em? /g, (3.2.2)

which is determined from observation of the Bullet Cluster [251], other cluster
mergers [53], data from strong lensing of clusters [252], and observed halo surface
densities of DM halos [253].

Interestingly, a similar range of self-interactions, 0.10 cm?/g < o/msmpm S
10 cm? /g, is invoked as one of the leading solutions to the small-scale problems of
the ACDM [189]. Solving the small structure problems while avoiding galaxy
cluster bounds might require velocity-dependent self-interaction cross section
which becomes suppressed for the increasing DM velocity. We note that typical
DM velocities in dwarf galaxies correspond to v ~ 30 km/s, Milky-way-size galaxies
to v ~ 200km/s, and in clusters of galaxies to v ~ 1000km/s [189]. Finally, we
also note that there are additional constraints on SIDM models from structure
formation [254] and model building [255] perspectives.

10This quantity is commonly used in the literature and simulations, but alternative choices are
also adapted [189].
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Although the thermal DM production mechanism discussed in this chapter is
robust and far from being excluded even at the GeV scale [256], experiments to
date - such as the LHC - have not found any clear signs of a ~ 100 GeV WIMP.
This motivates the search for lighter and even weaker interacting particles than
WIMPs, which we study in the next few chapters.
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Chapter 4

Looking for long-lived particles
using secondary production

4.1 Introduction

After a detailed introduction to the DM problem, we devote this and the next
chapter to the study of models with light DM or other sub-GeV dark sector
particles. We focus on both the most simplified models and scenarios that
extend them. The motivations for such studies are multiple: (i) the lack of
experimental confirmation of DM WIMPs at the electroweak scale,! (ii) the fact
that straightforward generalization of the WIMP DM miracle to the WIMPless
one - introduced in Section 3.1 - takes place for much lighter and sub-weakly
interacting particles, and (iii) the existence of a general class of BSM scenarios,
e.g., the “Hidden Valley” scenario [257| - see also reviews [235, 258] - which predicts
at least one LLP within a low mass dark (hidden) sector.

If the light new physics particles exist in nature and are coupled to the
SM, they might be the most convenient sector of the full BSM model to be
probed experimentally. This is first due to their relative accessibility even in low-
energy searches, but it is also driven by a possible simplicity in their theoretical
description. The simplest but effective way to study BSM scenarios predicting
LLPs is through the EFTs. There, one generically expects a decoupling of the
heavier fields from the dynamics occurring at low-energy scales. In result, only the
light degrees of freedom remain, which in turn can be described by the simplified
models. Such bottom-up theoretical considerations are both simple and universal,
see, e.g., [259], as they considerably simplify the analysis while being easily
extended to various UV-complete theories. Let us also note that due to the interest
of the high-energy community in such BSM scenarios, extensive experimental
efforts in probing new light physics [234, 235, 244] has been developed.

The contents of this chapter is based on: K. Jodlowski, F. Kling, L. Roszkowski and
S. Trojanowski, Fztending the reach of FASER, MATHUSLA, and SHiP towards smaller lifetimes
using secondary particle production, Phys. Rev. D 101 (2020) 095020, [1911.11346].
'Let us note that while general electroweak scale WIMPs are hardly excluded, as we discuss in
Chapter 6, the most optimistic such theories, e.g., those based on naturalness or those postulating
grand unification of interactions, are disfavored, if not completely ruled out [135].
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4.1.1 Renormalizable portals

In this section, we introduce the simplified models of new physics that rely on
renormalizable and gauge invariant portals connecting the SM and a DS, as
illustrated in Fig. 1.1. It turns out that while there are only a few such possibilities,
they can lead to quite rich physics. Moreover, the DS within them can be naturally
extended, leading to further interesting phenomena.

Vector portal In particular, BSM physics models often extend the gauge
symmetry group of the SM to larger ones. In the simplest scenarios, an additional
U(1) gauge symmetry with a corresponding gauge boson, A’ - which is typically
called dark photon described by the field strength tensor Fj, = J,A; — 9,4, - is
postulated; cf. recent reviews on the topic [260-262].

The dark photon can be connected to the SM A, gauge boson,? described by
ordinary electromagnetism theory with the field strength tensor F),, = 0,4, —
0,A,, by the kinetic mixing operator

€
»Cvector portal — _éFl/“,F“y‘ (411)

The kinetic mixing parameter, ¢, is generically generated at the loop level in
many theories BSM [263, 264|, which leads to decays of the dark photon into
kinematically allowed SM states, see also recent review [265],

M2
IL92 1 (—2> , (4.1.2)

T 1

where ¢y, g2 are the gauge couplings of the SM and the additional U(1) groups,
M is the mass of the particle flowing in the loop, and u is a renormalization scale.
This typically leads to € < 107*. As a result, the relevant unstable dark vector
particle can have a sizable lifetime, see Eq. (4.2.2).

We discuss a few DS models based on the vector portal in later sections of this
chapter.

Scalar portal introduces the following coupling between a new gauge singlet
scalar S and the SM Higgs doublet H:

Escalar portal — 0415HTH + @SZHTH, (413)

see recent reviews [258, 266, 267|. The coupling a; leads to mixing of the dark
Higgs (DH) S and the SM Higgs boson H, parametrized by the mixing angle 6 ~
(a1vsar)/m%;, where vgy = 246 GeV and my = 125 GeV [106]. This expression
assumes that the DH is much lighter than ordinary Higgs boson.

We discuss an extended realization of such a scenario in Chapters 7 and 8.

2One can also consider connection to the SM Z,, gauge boson, which is typically considered
for dark photon heavier than the Z,, gauge boson.
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Neutrino portal couples the new gauge singlet fermion N to the €q, Lo Hj term?
Eneutrino portal — FE (Gabzé,aHb) N7 (414)

where L, is the SU(2) lepton doublet and ¢, is absolutely antisymmetric tensor
in 2 dimensions; cf. recent reviews [128, 268]. The name “sterile neutrino” comes
from the fact that neutrino portal interactions fixes N to be uncharged under the
SM gauge groups, as only the right-handed part of N interacts with the active
neutrinos from the SM. As a result, sterile neutrinos are also often called right-
handed neutrinos.

We discuss a particular realization of such a scenario in Chapter 5.

Dark matter within the renormalizable portals can naturally be produced

in the early Universe with the correct amount in scenarios with a light DM particle

and a light mediator thanks to the WIMPless mechanism introduced in Section 3.1.
For example, a scalar DM with mass mpy < mys coupled to the dark photon

can efficiently annihilate into SM fermions through an exchange of an off-shell dark

photon, yx* — A™* — ff

2 &ngD m%)M

ov ~7v 1
mA/

, (4.1.5)
where « is the SM fine structure constant. Notably, this annihilation cross
section is p-wave suppressed, as it depends on the square of the velocity partial
wave expansion - see Appendix A.5 - which allows it to evade stringent CMB
bounds [269, 270].

For opposite mass hierarchy, mpy > my - called the secluded DM [185, 271] -
the dominant annihilation channel is xx* — A’A’. The relevant annihilation cross
section has the following form:

2
ov ~ a%maM, (4.1.6)

mA/

i.e., it depends only on the dark gauge coupling constant gp and the masses
of the DM particle and the dark vector. It is worth noting that for a GeV-
scale DM mass and for sub- GeV dark vector, the correct relic density is obtained
for ap ~ 1075 which leads to negligible scattering rates in DD searches as well
as negligible present-day annihilation cross section, also making ID searches not
possible.

Further details and other related scenarios are discussed in, e.g., [272]. For
fermionic DM - either Majorana or pseudo-Dirac fermion - a similar thermal
freeze-out mechanism can also take place with suitably modified annihilation cross
sections.

4.1.2 Intensity frontier searches for light long-lived particles

In recent years, there have been dedicated experimental, e.g., [234-236] and
theoretical, e.g., [244, 273| efforts in this direction which lead to, among other

3The fermion N is also known as heavy neutral lepton (HNL) or sterile neutrino.
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intitiators
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Figure 4.1: Schematic structure of the detectors considered. From top to bottom,
clockwise: FASER (taken from [274]), MATHUSLA (taken from [275]), and SHiP
(taken from [258]).

things, recasting of limits from previous experiments into the LLP models, and
many proposals of new-generation detectors (see Fig. 4.1 containing a few of the
CERN based ones relevant to our discussion), including those that would take
data at the LHC - see the aforementioned reviews [234-236, 244, 273| and the
LHC Long-lived Particles Working Group initiative.

A promising and well-motivated signature involves highly displaced LLPs
decays in distant detectors that are (i) spatially separated from the primary
interaction point and (ii) well shielded from the SM background (BG). Such
separation makes this search a very promising avenue to potentially uncover BSM
physics, as the observation of only a few such events would be sufficient.

Among the experiments that have been proposed to employ such strategy are
the LHC experiments, FASER and MATHUSLA, as well as the CERN-based
beam-dump experiment SHiP which we illustrate in Fig. 4.1. We will focus on
them, as they will probe the strongly boosted light and long-lived particles in
different, complementary regimes in the near future. We also note that there are
other experiments whose goal is to search for such particles: neutrino experiments
like Super-Kamiokande [276], B factories like Belle-II [277, 278|, and experiments
using e*e” collisions, e.g., BaBar [279].

4.1.2.1 FASER

The FASER experiment was proposed [280] to search for LLPs abundantly
produced in the forward direction of the LHC and then decay in the distant
detector [280-284]. The experiment was approved to collect data during LHC Run
3, while a larger version of the detector, named FASER 2, was also proposed [284]
that could collect data during the HL-LHC era. This could be hosted in the
future Forward Physics Facility at CERN [6] which would also contain many other
detectors dedicated to searches for light new physics. In what follows, we present
results for both FASER and FASER 2 experiments, as well as for the small version
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Figure 4.2: Schematic illustrations of LLP secondary production that occurs
upstream of the detector, allowing intensity frontier searches (this is a broad class
of searches that look for light and very weakly-interacting particles that may have
escaped detection so far due to lack of sufficient luminosity) to also probe shorter
lifetime regime. Top: primary (blue line) and the secondary production (right
line) of the light long-lived particle LLP,, followed by its decays in the decay
vessel. Bottom: signatures related to LLP scattering with electrons inside neutrino
emulsion detectors, here shown for the SND detector at SHiP, while a similar, more
extended analysis dedicated to the study of neutrino non-standard interactions is
described in the next chapter for the FASERv detector. See also Fig. 4.1.

of FASER left for the entire HL-LHC era.

The FASER detector consists of a decay vessel in the shape of a cylinder with
length A and radius R, followed by a spectrometer and calorimeter. The muon-
induced BG is vetoed by the layer in front of the detector. The detector is located
at the LHC TT12 tunnel about L = 480 m from the ATLAS IP along the axis of
the beam. Moreover, it is shielded from the ATLAS IP by 10 m of concrete and
about 90 m of rocks, on top of various LHC infrastructure elements. The detector
geometries and integrated luminosities corresponding to all three versions of the
FASER experiment are as follows:

e FASER A=15m,R=10cm, £ =150 fb~},
e FASER (HL) A=15m,R=10cm, £L=3ab
e FASER2 A=5m R=1m, £L=3ab "

In addition to the main FASER detector, an additional detector will be taking
data during LHC Run 3 [285], named FASERv,* which is an emulsion detector
made of about a thousand 1-mm-thick tungsten layers interleaved with emulsion
films. It will be placed in front of the main detector with the main role of studying
high-energy neutrino interactions.

4In fact, a prototype of this detector has recently observed first neutrino candidate
events [286], which is the first such measurement at the LHC or any other particle collider.
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4.1.2.2 MATHUSLA

Like FASER, the MATHUSLA experiment has been proposed [287, 288| to exploit
the potential abundant production of LLPs at the LHC that could have avoided
detection so far. It will use a large-scale hodoscope detector placed above the CMS
IP to take data during the HL-LHC era.

We use the proposed MATHUSLA100 design [289]. The main part of
MATHUSLA is a decay volume of 20 m x 100 m x 100 m size followed by a
tracking system covering the entire detector. In addition, layers of scintillators
are placed at the bottom and sides of the decay volume to veto charged particles
entering the detector. The geometry of the decay volume that we use is

80m <z <100 m,—50 m <y <50 m,68 m < z < 168 m, (4.1.7)

where we set the origin of the coordinate system at the CMS IP, z denotes the
upward direction, while z is the direction along the LHC beam pipe.

4.1.2.3 SHiP

The proposed SHiP detector 258, 290] is a beam dump experiment that will use a
beam of 400 GeV protons incident on a target made of titanium-zirconium doped
molybdenum alloy and tungsten. As the expected number of protons on target is
Npot = 2 x 10%°, a large number of LLPs could be produced.

The most important part of SHiP from the point of view of secondary LLPs
is the Scattering and Neutrino Detector (SND), its surrounding magnet, and a 50
m long decay vessel.> The scattering processes occurring at SND can lead to LLP
production just a few meters in front of the decay vessel. The SND consists of an
emulsion detector followed by the SND muon system. The latter can partially act
as a veto for the decay vessel, thus we exclude all scattering events occurring in
the material lying in its close vicinity, within 3 Ahadronic,interactions-

4.1.3 Secondary LLP production

The presented searches for light and long-lived particles are limited by the lifetimes
of the LLPs which must travel the entire distance from the production point to
the detector. Importantly, however, LLPs with smaller lifetimes driven by larger
couplings to the SM are often interesting targets for new physics searches. This is
both due to their larger production rates and the fact they might also more easily
be related to various experimental anomalies that can be attributed to such BSM
particles.

In realistic BSM scenarios, we actually expect there to be more than just a
single new particle, in particular there can be more light new species (which,
however, do not need to be long-lived). Furthermore, in less simplified models
with particle spectrum containing at least two LLPs, coupling between the BSM
species naturally leads to additional production modes in the BSM interactions in
the material surrounding the detector. Below, we provide specific examples of such
scenarios. If such secondary LLP production occurs much closer to the decay vessel

SFor detailed discussion of SHiP detector - and its many updates - see [2, 291].
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than primary production, then one can also probe LLP lifetimes much smaller than
usual, while still searching at essentially zero BG. We illustrate this in Fig. 4.2,
where we also show the main signatures of new physics considered by us: the
displaced decay of LLPs inside the decay vessel and LLP scattering with electrons
in neutrino emulsion detectors.

In the following sections, we analyze the prospects for such searches in
the complementary experiments, we have already introduced, i.e., FASER,
MATHUSLA, and SHiP which could naturally employ the secondary production
mechanism to increase their discovery potential. FASER will collect data during
the upcoming Run 3 of the LHC. It is planned to be extended (FASER 2) to a
larger decay vessel toward the high luminosity (HL) LHC phase. Around this time,
MATHUSLA, and SHiP are also planned to start taking data.

4.2 Models

We study popular extensions of the massive, light dark vector portal associated
with the kinetic mixing, Eq. (4.1.1), between the SM hypercharge gauge boson
and the dark vector A’ associated with the new U(1)p symmetry group. The
mass term and the interactions between the dark vector and the SM fermions f
after removing the non-diagonal kinetic mixing term by the field redefinition are
as follows:

1 , .y
ﬁDimi,A2—eequfA f, (4.2.1)
f

where ¢y are the electromagnetic charges of the corresponding fermions in the units

of elementary charge e.

We focus on the mass range may < MeV — GeV and the kinetic mixing
parameter € ~ 1072 that are one of the main targets of intensity frontier searches
and lie below current bounds on this scenario [234-236].

After such dark photons are produced, they decay mainly into SM particles with
the corresponding decay length given in Eq. (B.1.9) which leads to the following

decay length:

10—4H Ex HSO Me\/r, (42.2)

s~ 1
(emB7)ar > Ln { 100 GeV || ma

€

where E 4 is the energy of the dark photon. As one can see, this regime indeed leads
to a boosted A" with lifetimes that can be probed in intensity frontier detectors if
the dark photon is produced right in front of the detector at a close distance to
the decay vessel of the order of 1 m.

More LLPs with similar masses arise in models with light DM, or in connection
with the generation of A" mass through the spontaneous symmetry breaking of the
U(1)p by a Higgs-like scalar - the so-called dark Higgs mechanism. In turn, in such
scenarios, dark photons decay either into SM or into DS particles, depending on
the exact mass hierarchy of the species. We briefly discuss several such scenarios.
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4.2.1 Dark bremsstrahlung

New light sub-weakly coupled particles may play an important role in cosmology
and astrophysics, acting as mediators between the SM and DM (see Section 4.1.1
and, e.g., [244]). In particular, a light dark photon is an example of such a
portal that naturally leads to the correct relic density of thermal DM by either
the generalized WIMP miracle [181, 184] or a secluded WIMP scenario [185, 271].
Moreover, depending on the hierarchy between the masses of DM and dark photon,
one can easily introduce DM self-interactions.®

We focus on the model extending the dark photon portal described by
Egs. (4.1.1) and (4.2.1) with the fermionic DM x

LOX (D —my)x, (4.2.3)

where D), = 0, —igp A}, m, is the DM mass, and gp is the U(1)p gauge coupling
constant. In result, there are four free parameters in this model: ma/, m,, € and
ap = g5 /(4w). Tt is worth noting that the dark fermion y remains electrically
neutral after the gauge field transformations involving massive dark photon are
applied [292].

In further discussion, we fix ap = 0.1, which is often used as a benchmark in
the literature [234], as it is within the perturbativity limits but still large enough
for the ap-dependent secondary LLP production to become significant. We also
fix the mass ratio m, : ma = 0.6 : 1 that corresponds to a particularly interesting
mass regime in which m, < mu < 2m,. In this case, dark photons decay visibly
into SM particles, while the DM relic density is set by a freeze-out due to the
xX annihilations into SM particles via intermediate A’ [293|. Therefore, only two
parameters of the model remain free: m4 and e.

While the DM particles x are stable, spectacular signatures can come from
visible decays of the dark photons inside the detector. Significantly, in addition to
the A’s produced at the pp interaction point (IP), further dark photons can come
from the dark bremsstrahlung process, YT — x T A’ occurring in the material
in front of the detector. In this case, x scatters with the target 7" (electron or
proton/nucleus) in the material in front of the detector and emits a dark photon
(see, e.g., [294-296]). Furthermore, one can study DM particle scattering signature
on electrons, xy e~ — y e~, which can lead to an excess of high-energy EM showers
at the detector without significant nuclear recoil over expected neutrino-induced
BG [245, 297-301].

4.2.2 Inelastic DM

One can generalize the above scenario by considering a pair of Weyl (dark) fermions
Xz and xg that share the same charge under the dark gauge group U(1)p; see,
e.g., [302, 303]. After the U(1)p spontaneous symmetry breaking, Majorana
mass terms can be generated in addition to the Dirac mass. The corresponding

6We discuss how self-interactions can solve the small-scale ACDM problems in Chapter 8.
There we also discuss a concrete SIDM model based on scalar-vector portal, similar to the
models discussed in this chapter.
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Lagrangian is
LD (W'CMUY+he), (4.2.4)

where U7 = (1, x%) and the real mass matrix

_ [ mp M,
M_<A@_mm), (4.2.5)

where my, and mp are the Majorana masses, while M, is the Dirac mass. After
changing to the eigenbasis, two dark fermion appear with the following masses:

1
Myy2 = ’5 (mL +mp F \/(mL —mpg)?+ 4M§>‘ . (4.2.6)

The effective Lagrangian is

LD Z 9ii XV xi A, + (912 Xar"x1 A}, + hee.) | (4.2.7)
i=1,2

where we focus on the case with g; < g12 and the coupling between the dark
photon and the SM from Eq. (4.2.1). The couplings between dark fermions depend
on their mixing angle #. The diagonal coupling is proportional to cos 26, while the
non-diagonal coupling - to sin2f. The mixing angle 26 is defined as tan20 =
2 M, /(mg +mg).

Whenever M, > mp, mpg, the diagonal couplings are suppressed and the
two dark fermion states have masses that differ by only a small amount. This
corresponds to a well-known scenario of inelastic dark matter (iDM), introduced
in the context of the DAMA anomaly in DM DD searches [304] Such model has
recently received new attention due to possible interesting signatures in intensity
frontier searches and other experiments, coming from displaced decays of the
heavier fermion, yo — x1ete™, see [272, 305-312].

A similar suppression of the diagonal couplings is achieved even for larger
Majorana masses by requiring m; ~ —mpg. This leads to a larger mass splitting
between y; and y»

— 2 min{M
AX _ My, — My, ~ min {_ X?mL}’ (428)
My, ’mL MX|

while the mass eigenvalues are my, , ~ |my F M,|. In order for x; to be a cold DM
candidate, we require that m,, is not too suppressed. This can be achieved, for
example, by assuming m; ~ —mp ~ 2 M,, which leads to m,, ~ 3 M, ~ 3m,,.
In this case, as the masses of dark fermions increase, other decay channels appear
in addition to the dominant channel of decay to the electron-positron pair. These
include, e.g., xo — x1 4 p~ and decays with hadronic particles in the final state.

Because of the suppression of the diagonal couplings, the lighter dark fermions
produce a heavier state while scattering with an electron or proton target, y; 17" —
X2 T (provided the process is kinematically allowed). If such upscattering occurs in
front of the detector, subsequent y» decays lead to a spectacular signature inside
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the detector. For a large mass splitting between both the two dark fermions, the
approximate decay length of the boosted s is

(eTBY)y, ~1 m

L [01][5x 107" I B, 100 MeV]°[300 MeV][  ma 172 7°
ap € 100 GeV My, My 400 MeV | [A, ]

(4.2.9)

where F,, is the energy of the decaying y2, while a full expression for the decay
length is given in Eq. (B.1.10).

When presenting the results in Section 4.4, we use the following mass scaling
mentioned above: m,, ~ 3m,,. We also put both masses in the MeV — GeV
range, which is chosen for illustrative purposes. Since the upscattering cross section
decreases with the increasing dark photon mass, we additionally focus on the case
where m s saturates the minimal value required for on-shell invisible A’ decays
into a xix2 pair - we assume m,, : My, : ma ~ 1 : 3 : 4. In addition, as in
Section 4.2.1, we assume ap = ¢2,/(47) = 0.1. As in the previous model, there
remain two free parametersL: m,, and e.

4.2.3 Dark photon with secluded dark Higgs boson

A natural way to introduce a non-zero dark photon mass is to use the dark Higgs
mechanism. The m 4 is obtained thanks to the vacuum expectation value (vev), vg,
of a new SM-singlet complex scalar field S added to the model. Moreover, as the
dark species are expected to have small masses, we assume vg < vy = 246 GeV.
The new dark scalar is called the dark Higgs boson. It can have non-negligible
couplings to the SM fermions that arise due to mixing between S and the SM
Higgs boson H or appear at a loop level with the intermediate A’ exchange. The
relevant Lagrangian terms are [271, 297|

A A
L2 |D, 5P 4ps |51 57 S-S HP, (4.2.10)

where D, = 0, —igp A}, while the coupling of dark photon to the SM is given by
Eq. (4.2.1). The phenomenology of such new BSM light scalars in connection to
intensity frontier searches is widely studied; see, e.g., [234, 258, 281, 313, 314].

Assuming small mixing, A\sy < g, and solving the tadpole equations, one
rewrites the dark scalar mass in terms of vg as: m% = 2u% — Aggvi = 2 Agvi.
The dark photon mass is induced by the vev of S: m?%, ~ g% v, so m% ~ m?%, x
As/(2map), i.e., masses of both dark bosons are naturally of the same order. In
what follows, we require the mixing term to be very small, Agy ~ (m%/v?) < 1079,
which results in highly suppressed mixing angle values between the dark and SM
Higgs bosons. It then plays a negligible role in our phenomenological analysis.

In fact, the dominant couplings of the secluded S to the SM fermions arise
through both the dark photon portal and the unsuppressed coupling between S
and A’ that appears after spontaneous breaking of the U(1)p symmetry, £ D
gpma S A* A, This typically leads to an efficient coproduction of light scalars in
any process leading to the production of A’ where S can be emitted from the vector
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final state. This can result in a flux of dark scalars going towards the detector
along with the dark photons produced in the original IP.

Importantly, unlike the dark photons which can decay promptly depending
on the value of the kinetic mixing parameter ¢, the dark Higgs bosons in such a
scenario are usually very long-lived, provided mg < ms. The reason for such long
lifetime is that the dominant S decay channel, S — ete™, occurs at the one loop
level with intermediate vector states, leading to the following lifetime:

0.171710731%720 MeV ma 1
~ 0.1 = . 4.2.11
75~ 0.1 s x LVD] [ € ] [ mg ] {30 MGV} ( )

Similar to previous cases, we fix mg = (3/4) my and ap = 0.1, leading to only
two free parameters of the model: my and e.

Eq. (4.2.11) shows that S is effectively stable on particle collider scales.
Consequently, in this model there is no displaced vertex signature coming from
the dark Higgs bosons. Instead, S scatters with nuclei and electrons upstream of
the detector, which produces the secondary dark photons, ST — A’ T with a much
smaller lifetime, cf. Eq. (4.2.2). Such dark photons can then visibly decay inside
the decay vessel, allowing the study of the small dark photon lifetime regime.

4.3 Details of modeling

As shown in Fig. 4.2, in models with more than one LLP, the production of BSM
species can occur in both initial pp, pN interactions at the LHC or in the target
material and in scattering processes taking place in the vicinity of the decay vessel.
Recall that we refer to the former as primary and to the latter as secondary
production.

The initial production of LLPs at the IP is associated mainly with rare decays
of mesons originating from pp and pN collisions. Other processes are also possible,
as we discuss below, while further details, including the expressions relevant for
both modes of production (branching ratios, decay widths and scattering cross
sections) are given in Appendices B.1 and B.2.

4.3.1 Primary production of LLPs

Light new physics particles can be produced in high-energy interactions by a variety
of processes. We list here the main ones for all species invoked by the models
described in Section 4.2.

Dark photons In the MeV — GeV mass range, the dominant production
processes are:

Meson decays We use Monte Carlo (MC) event generators EPOS-LHC [315] and
the CRMC [316] package to simulate the distribution of mesons produced in
pp collisions at the LHC and pN collisions with the molybdenum target at
SHiP. We consider rare BSM decays of pions, 7 and 1’ mesons, and vector
mesons p and w, where the dominant decay channels are 7°, 1,7 — vA’ and
p,w— A

45



CHAPTER 4. LOOKING FOR LONG-LIVED PARTICLES USING
SECONDARY PRODUCTION

Proton bremsstrahlung of A’ A’ heavier than the threshold for production in
rare pion and 7 meson decays can be copiously produced by bremsstrahlung
in coherent proton scatterings. We model it following the Fermi-Weizsacker-
Williams approximation, where we also account for an additional off-shell
mixing with vector mesons p and w [280, 299, 317, 318|. This mixing increases
the production rate for my ~ 775 MeV, noticeable on the results plots, see
Fig. 4.4.

Hard processes For dark photons with masses my = 1.5 GeV, the Drell-Yan

process starts to dominate. We model this contribution, although it applies
to only a small part of the parameter space of the iDM model.

For the primary production of other LLPs, intermediate meson spectra or A’s
are generated by the procedure described above.

Below, we describe the relevant processes leading to the flux of these LLPs
traveling from the IP toward the detector, for each of the models described in
Sections 4.2.1 to 4.2.3.

Dark bremsstrahlung In the benchmark scenario described in Section 4.2.1,
the flux of x DM particles heading towards the detector comes primarily from the
following 3-body decays of light pseudoscalar mesons, 7%, n — v A’* — 7 xx [296].

Inelastic dark matter Our benchmark model discussed in Section 4.2.2 is
characterized by the fact that the dark photon mass exceeds the masses of the
two dark fermions, ma > m,, + m,,. In this case, dominant 2-body on-shell
decays of dark photons to a xixs2 pair become possible. The flux of the parent
dark photons is then governed by one of the production processes discussed above,
depending on the mass of A’. The heavier LLP, s, is not stable and it decays into
x1 and, typically, an electron-positron pair. These decays allow the detection of o,
if they occur inside the decay vessel. On the other hand, for x5 decays taking place
before reaching the decay vessel, the resulting lighter fermions further contribute
to the y; flux, which can be relevant for secondary production discussed below,
thus we take it into account in our simulations.

Secluded dark Higgs boson As discussed in Section 4.2.3, the secluded dark
Higgs boson coupled to the SM sector via the dark photon, can be efficiently co-
produced in any of the A’ production mechanisms described above. In particular, in
the mass range of our interest, the most important contribution to the production
comes from 3-body meson decays, 7, n — yA'* — vA'S, and 2-body decays of
vector mesons such as p — S A’.

4.3.2 Signatures involving secondary production of LLPs

In addition to the LLP particles produced in the vicinity of the primary IP,
secondary production scatterings are also possible in models of our interest.
They can occur on both electrons and nuclei. The dominant contribution to
secondary production comes from Z2-enhanced coherent scatterings with nuclei.
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They are characterized by low momentum transfer to the nuclear target, precoin ~
O(100 MeV),” therefore they do not activate the front veto and such events are
not rejected in the experimental analysis. In addition, in order to minimize the
chance of vetoing the events, we exclude from the analysis all scattering events
occurring in the last three hadronic interaction lengths, 3 Aadronic,interactions, of the
material lying in the closest vicinity of the veto layers. It is also worth noting
that since the incoming LLP particle is highly boosted, the resulting momentum
of the outgoing LLP is highly collimated, i.e., prip, =~ pLLp,, Which simplifies the
corresponding scattering cross sections given in Appendix B.2.

To illustrate the impact of LLP secondary production, we examine the expected
sensitivity for three representative experiments introduced in Section 4.1.2, while
we note that the same idea can be applied to other existing, or planned,
experiments. We note that our choice is dictated by the fact that (i) they all
cover strongly boosted particles - for which the impact of secondary production is
more pronounced - and (ii) due to the design and geometry of the detectors, they
will probe different regimes of transverse momenta of the LLPs produced at IP.
Next, we describe the basics of the main signature employed by the experiments,
while a detailed exposition of the physics cuts applied to signal events in each
experiment can be found in [2].

4.3.2.1 LLP decay signature in the decay vessel

FASER The expected BG in the search for LLP decays in FASER (2) can be
brought down to negligible levels by applying the following simple procedure: (i)
a high-energy cut on the visible energy, Eyispe > 100 GeV and (ii) the pointing
and timing information can be used to associate the two charged tracks originating
from LLP decay with pp collisions happening at the ATLAS IP [319, 320].

MATHUSLA We consider all LLP decays inside the decay volume of
MATHUSLA that produce two charged SM tracks. We assume ideal, 100%
efficiency of detection and we demand the momenta of each of the daughter tracks
to satisfy paaugnter > 1 GeV. Thanks to the position and timing information about
the tracks, the BG can be greatly reduced and we assume in the following that
such search can be performed with zero BG.

SHiP We apply a simplified acceptance procedure that relies on the momentum
of visible tracks from LLP decays. We require each visible track to have p 2 1 GeV.
We assume that SHiP can probe BSM interactions in zero SM BG environment,
and we also assume perfect signal detection capabilities - see [291] for discussion
about BG in SHiP and [321] for more realistic studies of the efficiency.

4.3.3 Event rate

The number of expected signal events associated with decays of LLPs, produced by
either primary or secondary production, depends on both the relevant production

"We always require that precoil < 1 GeV for the recoil momentum, which is a sufficient cut,
while we found that the typical recoil momentum is roughly an order of magnitude smaller.
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rates, and on the probability of decay inside the detector volume. The latter
contains the acceptance factor A that depends on the geometry of the detector, as
well as on the efficiency to generate and detect visible charged tracks that meet the
experimental criteria. We carry out fully numerical MC simulations that take into
account kinematics of the interactions and geometry of each detector we consider.

Consider the probability Ppim. of primary production of LLP; followed by the
signal (e.g., LLPy decay) in the detector, and the corresponding probability Peec.
for the secondary production of LLPy. The probability in the first case is

Porim. (7) = e 2/ (1 — e72/%) A(0, ¢), (4.3.1)

where p is the momentum of both LLPs, L is the distance from the production
point to the beginning of the decay vessel, and A is the length of the decay vessel.
The decay length of the LLP in the ultrarelativistic regime is d = ¢7f8vy ~ ¢t E/m,
where 7 is the LLP, lifetime, m is its mass, and E - its energy. A denotes
acceptance factors that vary with each detector and signature.

The probability in the second case (secondary production) is

Tmax dI

; e~ /4 (1 — e 21) A9, ¢), (4.3.2)

Paec.(D) =

Tmin

which is the convolution of the scattering rate with the signal probability. Limits
of integration are i, and Z,., which correspond to the distance to the decay
vessel and depend on the geometry of the detector and the surrounding material,
as well as by the veto requirements discussed above. The interaction length is
given by the formula ¢,,} = o(E) x (p/mr), where o is the secondary production
scattering cross section per nucleus, p is the density of material, mr is the mass
of the target and in Eq. (4.3.2) we assumed that ln. > (Tmax — Tmin), Which is
always the case for the scenarios of our interest. The contributions associated with
the various detector components are then added together to obtain the total event
rate.

As is clear from fiy¢. > (Tmax — Tmin) and Eq. (4.3.2), the secondary production
processes tend to be subdominant to primary production due to additional
suppression from the small scattering cross section. However, since secondary
production can occur much closer to the detector, x,,;, < L, it allows the study of
the much smaller lifetime regime, where the contribution from primary production
is already suppressed by the exponential factor in Eq. (4.3.1), exp (—L/d) < 1.

4.4 Results for scattering with nuclei

To illustrate the interplay between the primary and secondary production
mechanisms, we examined the sensitivity reach for the selected LLP models in
the FASER, MATHUSLA, and SHiP detectors. The corresponding results are
shown in Fig. 4.3 for the model with dark bremsstrahlung, in Fig. 4.4 for the
model with iDM, and in Fig. 4.5 for the model with a secluded dark Higgs boson
which we described in Sections 4.2.1 to 4.2.3, respectively.

All the models we study are constrained by various observations, and in our
result plots we mark the excluded parts of the parameter space with gray shading.
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Figure 4.3: Results for the model with a single dark matter particle and a dark
photon produced by dark bremsstrahlung, as discussed in Section 4.2.1. The
sensitivity corresponding to secondary LLP production is shown by colored shaded
regions (left) and lines with numbers of events resulting from secondary production

(right).
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Figure 4.4: The same as Fig. 4.3, but for the model with iDM discussed in
Section 4.2.2. On the right, the projected numbers of events in FASER 2 are
indicated by blue lines.

An exhaustive discussion of all relevant constraints can be found, e.g., in [234, 322|
and references therein.

4.4.1 Sensitivity reach of future experiments

In Figs. 4.3 to 4.5, we show the entire projected reach of each experiment using
colorful contours. The regions where the secondary LLP production dominates
are additionally color shaded to distinguish them from the usual limits employing
only primary production. One can see that both types of production mechanisms
overlap in some parts of the parameter space of the models, therefore leading to
complementary coverage. As expected, secondary production is most relevant in
regions of parameter space with large couplings between the LLPs and the SM,
which also corresponds to smaller lifetimes of the unstable species.

It should be noted that the distinction that we focus on here corresponds to
production mechanisms only, while the ultimate signature of LLP in the detector is
the same in both cases. Therefore, neglecting the influence of secondary production
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Figure 4.5: The same as Fig. 4.3, but for a model with a secluded dark Higgs
boson discussed in Section 4.2.3.

could affect the interpretation of experimental results.

This can be clearly seen in the right panels of Figs. 4.3 to 4.5, where we present
a series of contours denoting the number of events originating from secondary
production. Depending on the model and experiment, we can typically expect
O(10%) such events, with a maximum value of ~ 10° in certain scenarios for the
SHiP experiment.

4.4.1.1 FASER (Run 3, HL-LHC) and FASER 2

For all benchmark models and iterations of the FASER experiment, the secondary
production mechanism extends the sensitivity towards smaller LLP lifetimes, or
larger values of the couplings. For iDM, even the vanilla FASER detector, which
will operate during LHC run 3, could probe a large region of the currently
unbounded parameter space.

It is worth noting that even though the FASER detector has a smaller size
than FASER 2, its reach is larger, extending further to a larger coupling. This is
caused by the additional dense material in the tungsten-based neutrino detector,
FASERv, placed in front of the FASER decay volume, which we did not assume
for FASER 2.8

A particularly interesting aspect of secondary production in FASER is that it
opens up coverage of the parameter space that can be related to outstanding
problems of particle physics: (i) in the case of iDM, FASER can probe the
currently unconstrained region of parameter space that yields the correct value
of the DM relic density by coannihilations of x; and x» (which allows to evade
CMB constraints), as discussed in [303, 305, 311]; (ii) the secondary production
also opens up the possibility of probing an otherwise unconstrained region of
the iDM parameter space which corresponds to the long-standing discrepancy
between measurements and SM predictions of the muon anomalous magnetic
moment [324, 325] - see Appendix B.1.1 for the relevant formula in the context
of dark photon explanation. Recently, this discrepancy was also observed in the
results of the Fermilab-based Muon g-2 experiment [326], which further motivates

8In fact, after publication of the results of this chapter, FASERv2 was proposed, see [6, 323]
for extensive discussion.
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coverage of this region.

It is worth noting that these special regions of the parameter space can already
be explored during the LHC Run 3 whereas this would not be the case if only
primary LLP production at the IP were considered.

4.4.1.2 MATHUSLA

The MATHUSLA detector is to be placed off the LHC beam collision axis and
probe the complementary region of the new light particles produced at IP with
sizable transverse momentum py (in contrast to FASER which covers pr =~ 0).
Thus, it is not surprising that MATHUSLA has no reach in the allowed region
of parameter space of the models discussed with my < GeV decays in the
detector. However, in the iDM model shown in Fig. 4.4, MATHUSLA can have
some reach for both primary and secondary LLP production. This is due to the
larger angular distribution in the DM flux produced with one additional decay of
dark photon, A" — x1x2, when compared to the LLP flux produced directly by
meson decays. Additionally, the primary production and subsequent detection of
even less boosted heavier dark fermions benefits from the relatively large x lifetime
in some regions of the parameter space of the model. In result, MATHUSLA will
cover two disconnected regions of the parameter space, The one on top of Fig. 4.4,
corresponding to the secondary production, partially covers the region with the
correct DM relic density and the aforementioned (g — 2), anomaly.

4.4.1.3 SHiP

Secondary production in the SHiP experiment not only leads to better discovery
prospects, cf Figs. 4.3 and 4.5, but also to a very large number of such events,
as shown in Fig. 4.4 for the iDM model. When obtaining the results, we used
a conservative approach to exclude all the secondary processes occurring in the
SHiP detector closer than ~ 2.5 m away from the decay vessel, as described in
Section 4.3.2.1. Weakening these cuts lead to an increase in SHiP sensitivity, with
a further increase in the relative contribution of the secondary production.

Interestingly, in addition to the interplay between secondary and primary LLP
production, for SHiP experiment, additional signatures can arise through LLP
scatterings with electrons, see the bottom panel of Fig. 4.2. We discuss them in
more detail in the section below.

4.5 Scattering with electrons in SND at SHiP

The SND emulsion sub-detector of the SHiP experiment contains electronic tracker
layers that may prove to be advantageous for BSM searches compared to the
experiments containing only a decay vessel. Depending on the time resolution
of an emulsion detector, they could time-label scattering events by detecting
the recoil products. Such events can then be analyzed either separately or in
combination with subsequent LLP decay. LLP interactions with electrons typically
generate large recoil energy of e™, as discussed in Appendix B.2. This leads to a
pronounced EM cascade with no hadronic counterpart, for which the expected BG
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is strongly reduced. Although the actual capabilities of the SHiP experiment for
such signatures will depend on the final detector design, we briefly discuss two such
search strategies using electron scatterings in the SND with secondary production
of LLPs.

(Only) Electron scattering signature The search for light DS particles
scattering with electrons is one of the goals of the SND [321]. The expected
number of BG events was reported to be ~ 800 [291|. These events are mostly
produced by electron neutrino and anti-neutrino charged current quasi-elastic
interactions with nuclei.

A similar scattering signature is possible in some of the models considered
by us, in particular for scenarios when the subsequent LLP decay takes place
outside the detector. We follow [301, 321] to apply cuts on the recoil energy,
1 GeV < E, < 20 GeV, and on the recoiled electron angle, 10 mrad < 6, <
20 mrad.

“Double” signature inside the SND Another spectacular signature is related
to the simultaneous generation of two resolvable collinear EM showers with
no hadronic recoil counterpart inside the emulsion detector. These may be
associated with the secondary production followed by a prompt decay of the
LLP.

We require that both EM showers satisfy the cuts relevant for the pure
scattering signature, and that both showers are initiated not too close to each
other in the emulsion detector - we choose a minimum distance of 10 cm.
This allows each shower to be detected by different tracking layers as these
are spaced approximately every 8 cm, while a distance of 10 cm corresponds
to more than 15 radiation lengths in lead. This greatly reduces any possible
overlap between the showers.

Figs. 4.6a and 4.6b show the results of such searches for the iDM, as well as
for the bremsstrahlung and secluded dark Higgs boson models, respectively. In
these plots, the area above the dot-dashed green lines corresponds to at least three
electron scattering events in the SND. These lines denote the absolute lower limit
on € as a function of the relevant mass which could be probed by any signature
based on LLP scattering with electrons in the SND, assuming zero BG. One can
compare this line with the reach from the standard decay in the volume signature
discussed previously. The corresponding results for both primary and secondary
LLP production are shown as solid red and solid blue lines in Fig. 4.6, respectively.

The results corresponding to the scattering “only” search are shown for the iDM
model in Fig. 4.6a as dotted purple lines with a fixed number of expected events:
N = 3,30,300,3000. The number of events in the allowed region of the parameter
space in this case can reach up to @(1000) which is to be compared with ~ 100
events needed to exceed the expected level of BG by 50 (assuming only statistical
uncertainty). These events are related to the y; upscattering into y» occurring in
the SND, while ys survives long enough to decay outside the decay vessel.

Complementary searches can be performed using the “double” signature of
both upscattering and decay occurring inside the SND with at least 10 cm gap
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Figure 4.6: Results corresponding to additional signatures employing LLP electron
scattering in the SND obtained for the model with inelastic DM (left) and the
model with dark photon and secluded dark Higgs boson (right).

between them. Such searches allow one to probe a regime of an even smaller y,
lifetime as the heavier fermion is no longer required to travel until it can reach
the decay vessel. We assume the aforementioned 10 ¢cm of a minimal separation
to guarantee that both EM showers can be reconstructed and detected in different
tracker layers of SND. As a result, the corresponding dashed gold lines with the
following consecutive number of events: N, = 3,30,300. .., cover the region in the
parameter space with large values of . As can be seen in Fig. 4.6a, a combination
of different search strategies using both the SND and the decay spectrometer, could
further shed light on the nature and lifetime of LLPs.

A slightly different scenario is shown in Fig. 4.6b for the model with the
secluded dark Higgs boson. In this case, the LLP produced by secondary
production processes in the SND is a very short-lived dark photon that quickly
decays to an electron-positron pair. Consequently, no events with A’ traveling
outside the detector are expected. In fact, even a 10 cm distance between the two
showers in the SND may be too large as dark photons will typically decay very
quickly. We show several lines corresponding to 3 double signature events with
varying minimal distance between the scattering and decay vertices, ranging from
1 cm to 10 cm. As expected, the smaller the allowed distance, the better the reach.
On the other hand, for distances much smaller than ~ 1 cm, the two showers could
no longer be effectively resolved. In such a case, we would re-enter the regime of
an effectively pure scattering signature with a much larger expected BG.

4.6 Conclusions

Light new physics is currently one of the most important theoretical and
experimental frontiers in physics BSM. In the simplest scenarios, unstable light and
very weakly-interacting particles are long lived, so they can be adequately probed
in the intensity frontier searches. However, going beyond such simple models,
interactions in DS can occur quite efficiently, so smaller lifetimes of unstable LLPs
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are to be expected. Moreover, such a regime is also invoked with respect to the
DM problem, or various experimental anomalies. The secondary production of
LLPs is an important contribution in this direction which extends the sensitivity
of the intensity frontier searches towards a regime of smaller LLP lifetimes. We
have also shown great promise of the signatures associated with LLP scattering
with electrons in emulsion neutrino detectors. In the next chapter, we extend the
ideas developed here to BSM neutrino interactions.
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Chapter 5

FASER as neutrino beam-dump
experiment at the LHC

5.1 Introduction

In this chapter, we continue to study the secondary production of new, light BSM
states that are present in non-minimal scenarios based on renormalizable portals,
cf. Egs. (4.1.1), (4.1.3) and (4.1.4), and typically at least some of them are long
lived.

In Chapter 4 we extensively discussed how secondary production extends the
reach of intensity frontier detectors at the LHC to a smaller lifetime regime in
BSM scenarios based on scalar or vector portals with additional DM candidates,
while here we focus on the remaining portal which involves sterile neutrinos [121,
327-330]. Within this framework, we also probe extended models featuring non-
standard neutrino interactions, such as the neutrino dipole and the dark neutrino
portals - see [331-333| and references in [4].

Since the discovery of neutrino oscillations [334-336| is currently one of the
few certain clues of BSM physics, a multifaceted dedicated approach to probing
neutrinos has been developed. Low-energy neutrinos with energies ~ tens of GeV
have already been extensively studied experimentally and will be further precisely
measured in the future in particular at DUNE [337] and HyperKamiokande [33§],
see recent reviews 339, 340] for thorough discussion.

At higher energies, probing neutrino interactions remains more challenging and
it will be probed as a part of the multi-messenger astronomy [341]. It involves, e.g.,
observations at the IceCube [342] neutrino telescope, which has already observed
an extremely energetic flux of neutrinos with astrophysical origin with E, ~
PeV [343]. However, at lower, TeV-scale energies, measuring the neutrino cross
section in the large-scale neutrino telescopes suffers from substantial uncertainties
from the determination of the atmospheric neutrino flux and spectrum [344, 345].
Besides, detailed characteristics of these events are very challenging to probe due
to limited detector capabilities.

The recently approved FASERv experiment [285, 346] and the SNDQLHC

The contents of this chapter is based on: K. Jodtowski and S. Trojanowski, Neutrino beam-
dump experiment with FASER at the LHC, JHEP 05 (2021) 191, [2011.04751].
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experiment [347] at the LHC aims to fill this gap starting with the LHC Run
3. Since the mean expected energy of these neutrinos interacting in the distant
detector is of order several hundred GeV [285|, FASERv is particularly suited to
look for signatures of neutrinos taking place at such relatively pristine range of
energies. Importantly, the expected excellent spatial and energy resolution of the
detectors will allow detailed measurements of the products of relevant neutrino
scattering processes. This will therefore usher in a new era of precision neutrino
physics at the TeV scale and open the way to study possible BSM neutrino
interactions in this regime.

5.2 New physics from neutrino scatterings in
FASERv

5.2.1 Motivation

Neutrinos are abundantly produced in decays of mesons originating from pp
collisions at the LHC. Energetic such neutrinos are preferentially produced in the
far-forward region as dictated by the tiny fraction of their parent meson transverse
and total momenta, pr/p < 1, where typical pr is of the order of the meson
mass. The total flux of neutrinos passing through the FASER detectors during
the HL-LHC era is predicted to be ~ 2 x 10'® neutrinos with an average energy
Eqp ~ 250 GeV [274, 348, 349].

Despite the large number of forward-going neutrinos at the LHC, only a few
of them will interact in the detector due to their tiny scattering cross section. In
particular, during LHC Run 3 about 10* neutrino-nucleus scattering events are
expected in FASERv [285], while this number will increase to 105 — 10 in the high
luminosity (HL) LHC phase. Therefore, there is little room for BSM particles to be
produced at detectable rates in these processes, especially given their suppressed
interaction strength with the SM species characterized by the coupling constant
gp < 1.

However, the event rate becomes significantly larger in the presence of a light
mediator particle X interacting with neutrinos and other SM fermions. In this case,
for a low momentum exchange and g4, /m% ~ G2, where G ~ 1.166x 107> GeV 2
is the Fermi coupling constant [350], the Fermi contact interaction of neutrinos in
the SM can be supplemented by a similar BSM contribution to the total cross
section. In the following, we will study selected such scenarios and we will make
use of signatures involving (i) displaced decays of neutrino-induced BSM particles
and (ii) differences in the scattering rates that could be captured with the use of
appropriate cuts.

The high-energy and luminosity of the neutrino beam produced at the LHC will
lead to further improvements in the sensitivity reach in these models, especially
for an increasing mass of the BSM species produced. For TeV-energy neutrino
scattering with electron, one obtains the center of mass (CoM) energy in the
collision of the order /s = /2E,m. ~ GeV, while it increases even more for
interactions with nuclei. For larger BSM particles masses, and their decreasing
lifetime, larger boost factors at the LHC allows for better reconstruction of their
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displaced decay signatures. Another powerful way to constrain these scenarios is
by searching for increased rates in the neutrino scattering off electrons [351] or for
a similar effect in coherent scattering off nuclei [352].

5.2.2 FASERvV experiment

The FASERv detector will be located in the LHC side tunnel, about 480 m
away from the ATLAS IP in front of the FASER detector - see the discussion
in Section 4.1.2.1. It will be sensitive to the signatures of high-energy neutrino
interactions occurring in a 1 m long emulsion detector made of tungsten layers
interleaved with emulsion films. The detailed design of the neutrino detector,
and the main spectrometer, can be found in [346, 353], the simplified plan of the
future FASER 2 detector, which we use, is described in [284], while for the design
of FASERv2, we follow [245]; see also [6] for updated discussion.

The emulsion detector in FASERv will be placed along the proton beam of
the LHC. The transverse size of the tungsten active material in FASERv is set
to be 10 ecm x 10 cm and its length is equal to 1 m, while for FASERv2 it is
planned to be 50 cm x 50 cm and its length will be equal to 2 m. As discussed in
Section 5.2.3, it is also worth considering installing a sweeping magnet along the
beam collision axis in front of the detector, and interleave the emulsion films with
layers of the electronic detectors, as such modifications would help suppressing the
muon-induced BG.

We also note that alternative detector designs, which would use liquid-argon
time projection chamber, have also been discussed in the literature [245]. They
would also remain sensitive to BSM neutrino interactions discussed below.

5.2.3 Neutrino flux and BSM particle production

Neutrino flux The flux and spectrum of high-energy neutrinos passing the far-
forward region of the LHC have been simulated by the FASER collaboration [285]
and by the CERN STI group [354]. Due to ease of use, we follow the first results,
as we estimated that the uncertainties in modeling of the neutrino spectrum at the
FASER have only a mild impact on our results. For the HL-LHC phase, we simply
rescale said flux by an appropriate factor which takes into account the increased
luminosity and larger detector transverse size.

Primary and secondary LLP production High-energy BSM particles with
masses of the order of GeV can be abundantly produced at the LHC, especially
in the forward direction, provided that the corresponding coupling constant gp to
the SM is not too suppressed. However, too large gp leads to too quick decays
of the dark states to travel near the FASER detector, unless efficient secondary
production just in front of the detector takes place. In the latter case, the LLP
can be produced near the detector and leave a visible signature by decaying in
the decay vessel, similar to the signatures discussed in Chapter 4, in particular in
Section 4.3.2. In turn, here we focus on such secondary production occurring in
BSM neutrino interactions.
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Secondary LLP production in neutrino interactions We use dedicated MC
simulations within the framework developed in Chapter 4 where in our analysis
we follow the experimental cuts based on Section 4.3.2.1.

The neutrino interactions leading to secondary production of new particles can
occur in any material in between the IP and the FASER detector. However, it
occurs most effectively in close proximity to the FASER detector, particularly
in the dense tungsten target material of the FASERv subdetector. Then, such
produced particles travel O(1m) distance and decay into SM particles inside
the decay vessel, depositing significant energy. The dominant contribution to
the secondary production mode comes from coherent neutrino scatterings off
nuclei defined by a small momentum exchange, |Q*< (100 MeV)?. In turn,
the incoherent contributions are subdominant or even negligible for all models
considered below except for the massive vector mediator, as discussed below. All
the relevant formulae for the scattering cross sections and decay widths can be
found in Appendix C.1.

Note also that we also consider the primary production of BSM particles due
to light mesons decays. We obtain the meson spectra with the CRMC simulation
package [316] and the MC event generator EPOS-LHC [315]. LLPs can also be
produced as a result of dark bremsstrahlung, which we model with the use of the
Fermi-Weizsacker-Williams approximation according to [280, 299, 318].1

5.2.4 Experimental signatures of new physics

Before discussing example models of BSM neutrino interactions, we first briefly
introduce the standard and novel experimental signatures of our interest

5.2.4.1 LLP decays inside the FASER decay vessel

Signal The fundamental signature of a LLP in FASER is its decay into a pair
of high-energy and oppositely charged tracks, e.g., an eTe™ pair. Such pairs are
detected mainly in the spectrometer, but they can also deposit energy in the
calorimeter. A second class of signatures that FASER will also be sensitive to are
photon-induced electromagnetic showers arising from LLP decays.

Background The threshold energy of the visible particles produced in such
events that we employ in our analysis is E.s > 100 GeV [353, 355]. Such large
value guarantees vetoing virtually all the background processes, leading to very
sensitive probing of new physics. In particular, in searches for single high-energy
photons appearing in the decay vessel, one can minimize the neutrino-induced BGs
by using a dedicated preshower detector. It allows to reject BG events arising from
charged current electron neutrino scatterings taking place sufficiently deep inside
the calorimeter, while the BG from muon-induced photons would be vetoed due to
detection of a time-coincident muon [353]. Therefore, any excess of single photon

1On the other hand, we neglect the contribution of the deep inelastic scattering, since it would
generate conspicuous electromagnetic and hadronic activity inside or in front of the detector
which would be promptly vetoed.
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events accompanied by no muon will constitute a signal of new physics, especially
if they occur only in a limited range of visible energies.

5.2.4.2 LLP decays inside the emulsion detector

Signal Following their secondary production, LLPs can also decay promptly
inside the emulsion detector. We consider the search for such a signature consisting
of very high-energy photons with £, > 1 — 3 TeV which are not accompanied by
any time-associated muon. As such signature could be probed only in the future
FASERv2 detector, we focus on it in further discussion.

The interaction vertex of our interest corresponds to a single photon with no
hadronic activity inside the emulsion detector. Such condition is satisfied provided
that momentum transfer in the scattering process is low, |Q]*< (100 MeV)?.
This signature has already been studied in [356] where the usage of the proposed
scattering and neutrino detector (SND) [357] in the planned SHiP experiment [258,
290] was proposed to constrain other BSM scenarios. We extend this analysis
to other models and also by studying other signatures. This allows us to study
almost instantaneous LLP decays, which occur for larger masses and LLP coupling
constants, extending the sensitivity reach of FASER to the regime of smaller
lifetimes. We discuss this signature in the context of the neutrino dipole portal
model in Section 5.3.1.

Background Since the single photon signature in FASER»2 has been discussed
for the first time by us, we briefly discuss the BG arising in this case. First, the
emulsion detectors can only collect data integrated over time. Therefore inside
them, BG from muon-induced photons can mimic the BSM signal, unless the
muons can be vetoed, e.g., using the methods described earlier.

Additional control over that BG can be obtained by increasing the energy
threshold of photon-initiated EM showers. In particular, while the total number
of passing muons in the HL-LHC phase can be as large as N, . Luc ~ 10, it is
smaller by one or three orders of magnitude for £, > TeV or 3 TeV, respectively.
We estimated the production rate of muon-induced high-energy photons, E, >
1 TeV (3 TeV), inside FASER»2 during the HL-LHC to be 1073 (1077) per a
single muon track in the detector. We used the FLUKA code [358, 359, for
technical details of this simulation, see [245].

We have also estimated the effect of BG on the search for single photons coming
from high-energy deep inelastic scattering of neutrinos and quasi-elastic scattering
of electron neutrinos. In the first case, there is a large momentum transfer to the
nucleus which generates additional hadronic activity easily vetoed thanks to the
interleaved electronic detectors, which should be installed for this purpose in the
emulsion detector. In the second case, events involving an electron reconstructed as
a photon can occur. We used the GENIE [360, 361] package to determine that several
dozen such events could potentially mimic the BSM signal assuming F, > TeV.
As will be discussed in Section 5.4, for the models we consider, the number of the
BSM-induced high-energy photon signal events can reach even up to 10* in the
detector. Therefore, the BSM signals considered by us will not be overwhelmed
by the background. It is also possible that a detailed simulation of BG signatures
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at the detector level would lead to, e.g., improved kinematical cuts which would
further increase the expected sensitivity of FASER to such BSM scenarios.

5.2.4.3 Scatterings off electrons

Signal We also consider events originating from new-physics-induced neutrino
scattering with the electron producing detectable electron recoils inside the
neutrino detector. Here, in order to minimize neutrino-induced BG, we use the
appropriate kinematical cuts determined by the dedicated study [245].

As discussed in Section 5.4, the scattering signature can also arise from the
interactions of new unstable species, provided that their lifetimes are long enough
for them to reach the detector. It will then be very similar to the DM scattering
signature described above and will contribute to the total expected neutrino-like
event rate.

Background A detailed discussion of BG for this experimental signature can
be found in [245], while we describe its main elements. In particular, before
introducing the angular cuts on the recoiled electron, one can expect several tens
of neutrino-induced BG events during HL-LHC, which are characterized by the
absence of detectable additional charged tracks coming out of the vertex next to
the electron with the recoil energy between 0.3 and 20 GeV. This number falls to
O(10) after accounting for additional angular cuts. In what follows, we will assume
that the BG event rate is dominated by statistical fluctuations. For simplicity, we
will consider new physics limits by requiring ~ 20 BSM events over the BG.

5.3 Selected BSM scenarios

HNL are BSM fermions and singlets with respect to the SM gauge group that are
coupled to the SM particles though the gauge-invariant neutrino portal Eq. (4.1.4).

The motivation for studying such particles come from baryogenesis, DM,
neutrino mass problem, and as a possible solution to many experimental anomalies
- see recent reviews [128, 268|. Moreover, a simple extension of the SM based on
the introduction of three right-handed neutrinos with masses smaller than the
electroweak scale - the so-called ¥MSM [362] - has been proposed to explain the
first three problems in a natural way.

In light of that, the study of HNL physics is very important. As the simplest
scenarios involving HNLs are subjected to strong bounds, we will study models
with a richer structure of their interactions with the SM.

In order to exploit the production of new physics in neutrino scattering in
FASERv, we will focus on BSM models predicting new GeV-scale HNLs that can
be produced in upscatterings of the SM neutrinos, which are significantly enhanced
by the presence of a light vector mediator X.2 For this purpose, we will assume
that X is either the massless SM photon or a new light dark gauge boson A’. The

2Secondary HNL production could also occur due to mixing with active neutrinos induced by
the neutrino coupling portal, however, we estimated that such contribution leads to negligible
event rate in the allowed parameter space of all models considered.
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choice of the following models is also dictated by the unique phenomenological
aspects of searches in FASER. We note that extension of the secondary production
to other models in other neutrino detectors is possible, e.g., for models with scalar
mediators see [363].

5.3.1 Neutrino dipole portal

Introduction of right-handed neutrinos leads to the generation of neutrino magnetic
moment. Its value is proportional to the neutrino mass [364-368], therefore it does
not lead to sizable interactions. However, it is predicted to be much larger, up to
a detectable level, in more complex BSM models [333, 369-371], often invoked in
the context of beam-dump and neutrino experiments, its cosmological impact on
relativistic degrees of freedom at early Universe, and unaccounted signals in DM
DD experiments [333, 356, 372-374].

A popular example of such scenario is the neutrino dipole portal to HNLs,
which is described by the following effective Lagrangian:

L D) UN ELO'MVNRFMV+h.C., (531)

where 0" = %[fy”, 7], F* is the electromagnetic field strength tensor, v is the
SM neutrino and Np, is the sterile neutrino (we also call it the HNL). The coupling
g is a dimensional quantity, [mass™!] = —1, and present data bounds it to be
py <1075GeV ™! for GeV-scale HNLs [333, 356, 373]. We note that although the
UV-completion scale for this model can be as large as 1/u, at electroweak energies,
the dipole interaction in Eq. (5.3.1) must be promoted to dimension-6 operator by
insertion of the Higgs boson, so that it is fully gauge invariant. Despite the fact
that the interaction of neutrinos of interest to us take place at £, ~ TeV, the
typical momentum transfer is much smaller than the electroweak scale, hence one
can directly use Eq. (5.3.1).

The dipole interactions lead to inelastic upscattering transitions of the active
neutrinos into the HNLs, vZ — NZ where Z is a target nucleus.®> Once produced,
the HNLs travel a finite distance and then decay into a single photon and a
neutrino, N — v, with the typical decay length

. Ex 1 GeV\! /106 Qev1\?
AN dgipole = (1 S 5.3.2
Vapale = (1 m) (500 GeV) ( my > < KN ) (5.32)

For given values of model parameters, the typical energy of a decaying HNL is
dictated by the reciprocity between the energy-dependent CZN,dipole(EN) and the
distance [ ~ 1 m between the tungsten FASERv plates where upscattering can
occur most efficiently, and the FASER decay vessel. The condition d N dipole(EN) ~
[ also determines the energy range of the visible photons - see Section 5.4.1 and
also Section 5.4.2 for the discussion concerning the bi-modal e*e™ spectrum in the
dark vector portal model).

3We refer to the coherent superposition of light neutrinos as the active neutrino in a flavor
eigenstate. Given the distance L ~ 0.5 km between the production and interaction point, and
the energy scales involved, neutrino oscillations play a negligible role in our analysis .
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Furthermore, three-body HNL decays, e.g., N — vll, are also possible, which
could generate a signal consisting of two oppositely charged tracks, albeit with
a suppressed branching fraction, B(N — vff) ~ 1072 to 1072. We give the
corresponding expressions for the scattering cross sections and decay widths in
this model in Appendices C.1 and C.2.

The transition between the active and sterile neutrinos due to the
magnetic moment have been considered as a possible BSM explanation of the
MiniBooNE (331, 375, 376] and LSND [377| anomalies. Recently, the former has
been strengthened to the 4.80 level [378]. A pure dipole-portal explanation of both
anomalies has been performed in [356], however, further studies has shown [379]
that such explanation of MiniBooNE-only region of interest (Rol) is disfavored
by the MINERvVA data [380]. For completeness, while presenting our results, we
highlight the MinoBooNE Rol in the sensitivity reach plots.

5.3.2 Dark gauge boson portal

Secondary HNL production in neutrino scattering can also be enhanced by light
BSM mediators which are coupled to neutrinos. Such vector mediator Zp
naturally arises due to gauging one of the global anomaly-free symmetries of
the SM, although the corresponding couplings are then suppressed, cf. [261, 381].
Furthermore, the upscattering cross section, v(e/Z) — N(e/Z), is additionally
suppressed by the active neutrino-HNL mixing, U2, which results in negligible
secondary production interaction rates. Instead, the corresponding cross section
can be significantly increased when the new dark gauge symmetry couples Zp
directly, and only, to the HNL [332, 382].

On top of this, Zp can also couple to quarks and electrons due to kinetic or
mass mixing. However, the latter is suppressed for my, < GeV, while the kinetic
mixing allows for higher interaction rates in this region, with upper bounds dictated
by the mixing parameter € < 1073, see [234] for a recent review.

We consider a simplified model that accounts for both the kinetic mixing
and the dark coupling of Zp to the HNL. It is described by the following
Lagrangian [332, 382]:

2
Lp> %ZDMZ}‘) + g Z NN + eeZlJem, (5.3.3)
where Zp couples to the electromagnetic current J;™ due to the kinetic mixing.
The upscattering cross section of the active neutrinos to HNLs depends on the
model parameters as g;,UZy e’ /m7_, thus it can be significant for the dark gauge
boson with masses in the sub-GeV range. We provide the relevant expressions in
Appendices C.1 and C.2.
Since the secondary production depends on only a few free parameters, and
a detailed scan of the model parameters is not needed to illustrate the impact of
the secondary production on the FASER/FASERv sensitivity reach, we vary only
the HNL mass and the mixing parameter of HNL with the muon neutrino, U,,,
while we fix all other parameters as follows. We fix ap = 0.25, ae? = 2 x 10710,
and myz, = 30 MeV, which was the benchmark introduced to fit the MiniBooNE
anomaly [332]. For my > my, in such a case the HNL produced in active neutrino
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upscattering quickly decays into an on-shell mediator boson, N — vZp. The
latter then decays inside FASER, Zp — ete™, generating a visible signature of
two high-energy, oppositely charged tracks. The typical decay length of such Zp

1S
_ Ey 30 MeV\? /2 x 10710
dz. ~ (1 . 3.4
zp = (1 m) (300 GeV> ( myz,, > < ae? (5:3.4)

We also consider the case with the dominant mixing with the tau neutrinos and
my < mg,. Prospects of such a scenario in FASER has recently been discussed
in [383]. In this case, HNL undergoes a three-body decay, N — vete™, via an
off-shell Zp mediator. Such decays can then be detected by observing the e™ and
e~ tracks in the FASER spectrometer, and the HNL lifetime can easily be large
enough so that the dominant contribution to the signal rate in FASER comes from

HNLSs produced at the ATLAS IP [383].

We extend the previous analysis by examining the prospects of HNL searches
with electron scattering signature in FASER»2 in both the inelastic v,e — Ne and
the elastic Ne — Ne processes. We also consider an additional way of producing
HNLs in on-shell decays of the dark gauge boson, Zp — NN. We note that the
elastic scattering cross section is not suppressed by the mixing angle, U2y, but
this suppression can occur in the N production rate. We determine it from the
tau neutrino production rate which we adjust for the non-zero mass of the HNL
following [384]. In result, both elastic and inelastic contributions to the electron
scattering signature can play a comparable role in the sensitivity plots. On the
other hand, there is no suppression of the N production rate for a very low mixing
angle and small my. In this case, the HNL is mainly produced in the on-shell
decays of the dark gauge bosons, and this contribution is independent of U2y,
provided the HNL is sufficiently long-lived.

Finally, as we mentioned above, models using light vector or scalar BSM
mediators also were proposed in connection to the MiniBooNE anomaly where
both off-shell [382] and on-shell [332] mediators were studied. However, the former
model is in strong tension with the T2K ND280 search [379]. This tension is
somewhat less pronounced for the latter scenario, although it is disfavored by the
MINERVA search [380], the CHARM-II data [385], and by requiring good fit to
the angular distribution of the events in MiniBooNE [386]. For illustration, we
show the MiniBooNE Rol for the model described by Eq. (5.3.3) following [332].

5.4 Results

Below, we discuss the capabilities of the multi-purpose FASER 2 detectors in
observing new physics signals arising from neutrino interactions. We present
the corresponding sensitivity reach plots using the detector designs introduced
in Section 4.3.
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5.4.1 Turning neutrinos into light with neutrino dipole
portal

As mentioned in Section 5.3.1, the secondary production of HNLs in neutrino
scatterings from electrons or nuclei through the dipole portal, may lead to many
non-standard signatures in FASER. In particular, the following prompt decays,
N — v, taking place inside the decay vessel or the emulsion detector, would
form a clear excess of EM showers initiated by single photons, following the BG
rejection procedure we described above.

Single photons in the decay vessel In Fig. 5.1, we show by the green solid
lines the results of the analysis done for the single photons appearing in the
FASER 2 decay vessel. From bottom to top, the lines correspond to N., = 3
and 30 events expected in the HL-LHC phase. Larger values of N, are suppressed
for clarity of the plot. In the left panel, the results are shown for the dipole
portal model with universal coupling uy to all the neutrino flavors, while the
right panel presents the scenario with the coupling to only a single flavor,
where larger region of the parameter space is available because the bounds from
muon neutrino v, experiments are no longer applicable. While tau neutrinos are
much more challenging to probe, at the LHC they are copiously produced in the
decays of the charm mesons and tau leptons. We also indicate the expected
reach of the SHiP experiment [356] with black dashed line. The gray-shaded
area marks the current experimental bounds where the most stringent limits come
from null searches in the CHARM-II [387|, MiniBooNE [376] and NOMAD [388]
experiments, and from the LEP searches for v+ F1 events [389]. Cosmological and
astrophysical constraints from the BBN, and observations of Supernova SN1987A
are also important, especially for the light and very weakly coupled HNLs. There,
we follow [333, 356, 372, 373|.

We find that in the model with the universal coupling, up to O(10%) of HNL-
induced single photons can be observed in the allowed region of parameter space,
and in the v, -specific scenario, about 100 of such events can be expected. The
lower luminosity and detector size leads to no more than O(10) single photon
events are expected in FASER during LHC Run 3. This would allow us to explore
only a small region of the model parameter space with the universal coupling gy
in the initial run of the experiment, while further improvement would take place
during the HL-LHC.

In Fig. 5.1, we also present the expected sensitivity reach of FASER 2 in
the search for an ete™ pair from the three-body decay N — v(y* — /),
dotted green lines. The branching fraction of this decay is suppressed by 2 to
3 orders of magnitude compared to the dominant two-body decay, as shown in the
right panel of Fig. 5.2. In the plot we show both the total, and the “effective”
branching fraction which accounts for the lower threshold of the visible energy,
E,s > 100GeV, and assumes that the energy of the parent HNL is equal to
Ey = 1 TeV. Unfortunately, the sensitivity of FASER 2 in these searches
will only cover a small region of the model parameter space, and it will not be
complementary to the single photon search.

We show a photon energy spectrum for the BSM signal events in the left panel
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Figure 5.1: Main results for the dipole portal models: left) universal coupling to
all of the neutrino flavors, right) v,-specific coupling. The green lines indicate the
expected number of the signal events in FASER»2 involving high-energy photons
appearing inside the decay vessel. The red lines correspond to such photons
appearing in the emulsion detector. The yellow line represents the expected
exclusion limit from the search for electron scattering events. The blue shaded
area corresponds to scenarios with an increased number of relativistic degrees of
freedom in the early Universe.

of Fig. 5.2 for the two benchmark scenarios within the reach of FASER 2. As
discussed in Section 5.3.1, the energy spectrum of photons from HNL decays is
dictated by both the relevant decay length and the distance the HNLs need to
travel between the tungsten plates in the neutrino detector and the decay vessel.
In particular, for HNLs with a smaller lifetime this spectrum is shifted towards
high energies resulting in larger boost factors. This makes it easier to separate the
signal events from the muon-induced BG. The latter should reach maxima at lower
energies due to the increasing bremsstrahlung cross section of soft photons [390].

Single photons in the neutrino emulsion detector HNL can also decay
into a single photon in the FASERr2 emulsion detector. The search for such
high-energy photons (with £, > 1 TeV) may play a complementary role to the
signature discussed above based on the same decays but occurring in the decay
vessel. This complementarity is especially true for HNLs with small lifetimes, so
that they decay promptly after being produced in the neutrino scatterings in the
emulsion detector and often before they can reach the decay vessel, cf. Section 4.3
for the discussion about the expected BG in this search. We show the contours at
a fixed number of such events, N., = 3 and 30, for a 1 TeV (3 TeV) photon energy
threshold by the red solid (dash-dotted) lines in Fig. 5.1. They correspond to the
FASERv»2 experiment taking data during HL-LHC. This search would extend the
corresponding reach towards large values of both the HNL mass and the coupling
constant. Assuming a threshold of 1 TeV, one can expect up to 10* and 100 of
such events for the scenario with the universal coupling uy and the v, -specific
coupling ., respectively. It is worth noting that in the former model, several
hundred signal events can be expected even for the 3 TeV photon energy threshold,
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Figure 5.2: Results for the model with universal coupling py dipole portal: left)
energy spectrum of photons coming from HNL decays for the benchmark scenarios,
as indicated in the plots, and right) three-body HNL decay branching ratio N —
v(v* — 00) where £ = e (solid black line) or p (dashed black), as a function of the
HNL mass my.

while one expects a smaller number of muon-induced such background photons.
In some cases, detectable event rates are obtained for both the aforementioned
single photon search in the decay vessel and for a similar signature in the emulsion

detector. This further increases the combined chances of discovering BSM physics
in FASER 2.

5.4.2 Bi-modal ete™ spectrum in searches of HNLs and dark
gauge bosons

While the HNL decay into eTe™ is suppressed in the dipole portal, it remains
the main signature of HNLs in the dark gauge boson portal, cf. Section 5.3.2; in
particular for the mz, < my case. The HNLs decay rapidly and primarily to the
invisible final state, N — vZp where the following Zp — ete™ decays lead to
visible signatures at FASER with E.+.- > 100 GeV,

mesons — v(IP) = vZ — NZ (rock/FASERv) (5.4.1)
= N — vZp (rock/FASERv) = Zp — eTe™ (decay vessel).

In Fig. 5.3, we present the relevant expected sensitivity reach of FASER 2 in
the (my,U,n) plane where U,y is the HNL mixing angle with the active muon
neutrino. We set the values of the following parameters of the model: my, =
30 MeV, ap = 0.25 and ae? = 2 x 10710, This choice is motivated by the proposal
to fit the MiniBooNE anomaly, cf. the discussion in Section 5.3.2. The most
stringent bounds on the considered model are derived from searches performed
by the MINERvVA [380] and CHARM-II [385] experiments. We implement them
following [386]. Additional important constraints are related to rare meson decays,
the Michel spectrum for muon decays, and the universality of leptons [391, 392],
as discussed in [332]. A recent review and update of constraints on the HNLs can
be found in [393]. In particular, the lack of FASER sensitivity and CHARM-II
and MINERvA constraints of the large values of the mixing angle, U 5N ~ 1073,
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Figure 5.3: Left: FASER 2 sensitivity reach in the model with dark gauge boson
connecting the HNL and SM particles. Green line indicates the sensitivity based
on detection of the ete™ pair in a sequential process vZ — Z(N — vZp) with
subsequent Zp — etTe” decay. The yellow line corresponds to the expected
sensitivity based on the electron scattering signature. Right: Energy spectrum
of ete™ pairs from Zp decays.

is due to the dominant invisible decays of the dark gauge boson, Zp — v where
the visible Zp decay branching fraction is < 1074

We show the range of FASER 2 coverage corresponding only to the secondary
production of HNLs and Zps taking place upstream and inside the detector. As
can be seen, FASER 2 will probe currently unexplored regions in the parameter
space corresponding to low mixing angle values and increasing HNL mass, up to
my ~ O(10 GeV). For light HNLs, FASER 2 will also cover the MiniBooNE Rol,
and provide a complementary probe to the NA62 experiment searching for HNLs
produced in rare kaon decays [394].

We note that, although we study the regime of a relatively small Zp lifetime, a
small fraction of these bosons produced in pp collisions can still contribute to the
final signal rates on top of the contribution from the Zps produced in neutrino
scatterings. However, the initial production of Zp at the ATLAS IP does not
depend on the mixing angle U,n and the HNL mass. It then corresponds to a
fixed expected number of signal events which should be added to the events shown
in the sensitivity plot in the left panel of Fig. 5.3.

The reciprocity between these two production processes is on the one side driven
by the exponentially damped decay-in-volume probability for the less long-lived
Zps produced in the ATLAS IP. On the other hand, it also depends on the small
secondary production cross section relevant for the production in front of the decay
vessel. The first attenuation causes the primary production spectrum of Zp to
peak toward higher energies, £, 2 TeV, so that they can reach FASER without
decaying. Instead, the dark gauge bosons produced by the secondary production
processes near the detector favor the lower energies of the visible signal at the
detector. In such a case the energy spectrum of the parent neutrinos has a peak
around a few hundred GeV, but only ~ 1/2 of this energy is transferred into

Zp due to the HNL decay. This suppresses the typical energy of the dark gauge
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boson to Ez, ~ 100 — 300 GeV. In the right panel of Fig. 5.3 we illustrate this
effect. Omne can see a bi-modal energy spectrum of the ete™ pairs detected in
FASER 2 where each peak corresponds to the same BSM species but a different
Zp production process.

5.4.3 Probing light HNL in electron scattering

BSM neutrino interactions can also manifest themselves in the FASER»2 detector
in the form of enhanced neutrino-electron scattering rate. We discussed the
expected BG in this case in Section 4.3, also see [245]. We show the projection of
the corresponding exclusion bounds for the dipole and dark gauge boson portals
in Figs. 5.1 and 5.3 denoted by the solid yellow lines.

The results presented there correspond to neutrino upscattering events, ve —
Ne. As the typical incident neutrino energy is on the order of ~ 100 — 500 GeV,
the CoM energy in such collisions allows for the production of HNLs of mass
my < GeV. For the dipole portal model, the interplay between electron scattering
and both of the aforementioned single photon signatures, allows FASER to study
a wide range of the HNL mass, 1 MeV < my < 10 GeV. Moreover, the scattering
signature alone can cover parameter space corresponding to the increased value of
the number of relativistic degrees of freedom in the early Universe, 0.05 < ANy <
0.3, which is one of the solutions to the cosmological Hubble tension [395, 396].
We present the relevant region in the parameter space as a blue shaded region in
Fig. 5.1 following [333].

Interesting phenomenological aspects of the electron scattering signature also
appear in the model with the dark gauge boson mediator heavier than the HNL,
my < mgz,. Such scenario has been recently discussed in [383]. We present our
results in Fig. 5.4 where we assume, for concreteness, myz, = 8my and that the
dominant coupling of Zp, is to the tau neutrinos. We fix the values of the couplings
constants gp = 1 and € = 1073, It is worth noting that this value of the kinetic
mixing lies close to the upper limit obtained by the BaBaR search for invisible
decays of the dark photon, which constrains the regime where Zp — NN decays
into very long-lived HNL that typically leaves the detector before decaying. Other
bounds shown in the plot come from the search for 7 lepton decays in BaBaR and
Belle-II [397], the LEP search for monojets [398], and the beam-dump experiments
CHARM-II [384] and NOMAD [399]. We implement them following [383] for all
limits except the CHARM-II bound, which we adjust to our scenario by also taking
into account the additional HNL flux from the Zp — NN decays and by including
the elastic scattering processes, Ne — Ne, occurring in the detector, as we discuss
below.

We note that our benchmark was chosen for illustrative purposes only and a
similar number of scattering events is expect in the detector for other values of
the model parameters as long as the combination g3,U>yae®/m7  is held constant
and myz, > 2my so that Zp — NN decays are kinematically allowed.

The sensitivity reach of FASER»2 in the scattering signature in this model is
indicated by the yellow line in the left panel in Fig. 5.4. We consider contributions
from the inelastic processes, ve — Ne and the elastic processes, Ne — Ne.
Instead, the contribution from the inelastic processes, Ne — ve, is strongly
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Figure 5.4: Results for the model with dark gauge boson heavier than HNL,
myz, = 8my, and with the dominant third generation neutrino mixing, U,y. Left:
Sensitivity of FASER 2 and SHiP in the (my, U.x) plane. The additional FASER
2 sensitivity resulting from secondary HNL production is shown as the green line
while the red line corresponds to the additional FASER 2 coverage due to HNL
production in the Zp — NN decays. The yellow solid line is the expected reach
in the inelastic and elastic scatterings off electrons. Right: The expected number
of elastic scattering events in the CHARM-II (blue solid line) and FASER 2 (red
solid line).

suppressed by the square of the mixing angle present in both the production and
scattering rates. We consider values of this parameter that are small enough so
that the HNL does not decay before reaching the detector.

HNLs can also be produced in decays of on-shell dark gauge bosons, which does
not depend on the mixing angle, hence we separately plot the sensitivity obtained
in this way in the right panel of Fig. 5.4. We show the projected number of the
signal events as a function of the HNL mass for both the CHARM-II and FASER»2
experiments which set the most stringent bounds. The total observed number of
v and v electron scattering events in CHARM is equal to 2677 + 2752 [400]. Based
on that fact, and assuming the uncertainty of the neutrino flux of order 5% [401],
we predict that a few hundred additional scattering events in CHARM would be
a clear BSM effect. Given the cuts on the electron recoil energy and angle used
by the CHARM collaboration, which we implement following [386], we determine
that scenarios predicting N, 2 500 such events are already ruled out.

Similar cuts designed to efficiently look for new physics effects in electron
scattering events in FASERv2 [245] lead to a significantly suppressed number of
neutrino-induced BG events, No, ~ 10 or O(100) where the latter estimate neglects
the cuts on the electron recoil angle. This leaves room for better constraints on this
scenario based on observations of Ne — Ne events. We show the corresponding
number of events as a function of my = my, /8 in the right panel of Fig. 5.4.
While the resulting HNL spectrum is hard with typical energy Ey > 100 GeV,
the spectrum of recoiled electrons is shifted towards lower energies, see [245] for an
extensive discussion for light vector mediator DM models. The red shaded region
in the plot indicates the expected FASERr2 exclusion limit, which is based on
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observation of more than 20 neutrino-like BSM elastic scattering events, Ne — Ne.
As can be seen, with FASER»2, the CHARM-II limit, indicated by the blue shaded
region, can be improved, covering a larger HNL mass range.

5.5 Conclusions

Neutrinos remain one of the least experimentally studied SM species. The
recently approved FASER experiment, with its neutrino subdetectors FASERv
and FASERv2, will pave the way for such an exploration starting from LHC Run
3. We analyzed the discovery potential for new physics particles appearing in
high-energy neutrino interactions.

We have shown that such searches could much benefit from the unique
properties of the FASER 2 detector, like the possible reciprocity between its
spectrometer and the neutrino subdetector. In particular, the latter allows for
a very precise reconstruction of the interaction vertices which leads to several
novel signatures that can be used to study new physics. In our discussion, we
focus on the search for two high-energy oppositely charged tracks, but also on the
search for high-energy photons appearing in the detector, and the single-electron
scattering signature. These provide complimentary discovery channels where
FASER effectively works as the high-energy neutrino beam-dump experiment, and
significantly extend its sensitivity reach. We illustrated that in well-motivated
BSM scenarios, such as the dipole magnetic portal, and the dark neutrino portal,
which have been considered in the literature, e.g., in connection with the persisting
MiniBooNE anomaly [376, 378]; also see [402-405| probing new physics interactions
of neutrinos can much improve relevant discovery prospects at the LHC.
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Chapter 6

Testing supersymmetric dark matter
in CTA

6.1 Introduction

In this chapter, we focus on ID searches for a supersymmetric WIMP - the lightest
neutralino in MSSM which, as already mentioned in Section 2.3.3, is one of the
most motivated thermal DM candidates. Moreover, it is a DM candidate that fits
into a popular and attractive framework that has played an important role in the
development of both experimental and theoretical particle physics in the recent
decades. While in this chapter we focus on the prototypical heavy DM candidate,
in the following chapter we will discuss the possible interesting phenomenological
consequences of the connections between light and heavy new physics in DM
searches.

Neutralinos as thermal DM candidates have been intensively studied since
the 1980’s [155, 406-408|, when the first experimental tests of supersymmetric
phenomenology were performed at the Tevatron and the Large Electron—Positron
Collider. A recent review of progress can be found in [135]; see also [409].

One of the primary motivations driving our exploration of the BSM is related
to the hierarchy problem. This is a phenomenon in which the mass of a
fundamental scalar particle! undergoes strong renormalization by the degrees of
freedom contributing in the high-energy (ultra-violet) regime. This means that
one would expect the mass of the Higgs boson to be large, as it should be
driven by the aforementioned corrections taking place at high energies, possibly
even near the Planck scale Mp; ~ 10 GeV. The LHC measurement revealed
that the Higgs boson mass is equal to my = 125GeV which is not at all close
to the Planck scale. If there is no new physics between the electroweak scale,
v = 1/v/Gpv2 = 160 GeV, and the Planck scale, this would require significant
fine tuning of the input parameters in the Lagrangian, see [411]| for further
discussion and references. If however, there are new degrees of freedom close

The contents of this chapter is based on: A. Hryczuk, K. Jodlowski, E. Moulin, L. Rinchiuso,
L. Roszkowski, E. M. Sessolo et al., Testing dark matter with Cherenkov light - prospects of
H.E.S.S. and CTA for exploring minimal supersymmetry, JHEP 10 (2019) 043, [1905.00315].

!There is no such problem for fundamental fermions, as their masses are protected by breaking
of the chiral symmetry [410].
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to the electroweak scale, the fine tuning can be significantly reduced.

Actually, one of the most thoroughly studied scenarios for such a new physics
is low-scale SUSY, introduced in Section 2.3.3. Among other things, SUSY
provides an attractive solution to the hierarchy problem thanks to the SUSY non-
renormalization theorem [412]. Tt states that in the limit of exact supersymmetry,>
there is no renormalization of the mass terms, including the Higgs. One can say
that SUSY “protects” the Higgs boson mass from obtaining UV corrections.

6.2 MSSM

Below, we introduce the supersymmetric Standard Model, the MSSM, while the
basics of SUSY can be found in Appendix D.

Analogous to the fields of the SM, MSSM consists of superfields which are
multiplets composed of bosons and fermions; see Table 6.1. The SM fermions
and the SM Higgs doublet, H;, will be contained in chiral multiplets consisting of
chiral Weyl-type fermions and complex scalar fields, while the gauge bosons will
be contained in vector multiplets consisting of Majorana-type fermions and real
scalar fields.

Recall that in the SM a single Higgs doublet H is sufficient to give masses to
both up and down quarks, since one can use both H and H' in the Lagrangian.
However, going from fields to superfields, the same procedure is not allowed
because a supersymmetric Lagrangian must be holomorphic® and the term with
complex conjugated SM Higgs simply has to vanish. A simple solution is to
introduce an additional Higgs doublet, Hs which is used to give masses to up
quarks, while H; gives the masses to down quarks.

What is more, the introduction of a second Higgs doublet leads to the
cancellation of chiral anomalies which would occur for a MSSM with only one
Higgs doublet. In such a model, in addition to all the SM fields for which the
anomaly cancelation criterion,

Te (Y;) = Tt (Q) = 0, (6.2.1)

is satisfied, there would be an extra nonvanishing contribution coming from
a charged spin-1/2 particle - a higgsino. By introducing the second Higgs
doublet with the opposite hypercharge, a second higgsino restores the anomaly
cancellation.

The MSSM Lagrangian is

Lrssm = Lrintint + Lsopt — Vv — Ve — Vb, (6.2.2)

where Zinvine contains the kinetic terms and interactions with gauge bosons,
Ziogt corresponds to soft SUSY breaking® by mass terms, and Vi, Vg, Vpp describe:
Yukawa interactions, F', and D terms, respectively. The resulting Feynman rules,

2SUSY must be broken, otherwise the superpartners would have the same masses as their SM
counterparts which follows from the relation [Q,, P?] = 0.

3For a complex function f(z) to be holomorphic, it needs to satisfy % = 0, where Z is a
complex conjugate of a complex variable z.

4Soft SUSY breaking makes sparticles heavier than their SM counterparts, but in a way that
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Superfield Particle Spin | SU(3)¢ x SU(2)w x U(1)y | Superparticle | Spin
Vi B, 1 (1,1,0) B .
Vs wi 1 (1,3,0) Wi L
Vs G“ 1 (8,1,0) g 1
Q Q= (uL, dr) | 1% (3,2, 1) Q= (g, dy) | 0
Ue U =g : (3*,1,?4) Ue =iy 0
De D¢ =dg 2 (3%, ,%) ~D dR 0
L L= (vp,ep) 3 (1,2,-1) L= (vp,ér) 0
E° E° =ég ! (1,1,2) E° = é&, 0
H, le(Hi)?Hf) 0 (1727—1> ﬁl (Hi)’Hi) %
Hy | Hp=(H{ Hf)| 0 (1,2,1) Hy= (Hf 1Y) | 5

Table 6.1: MSSM fields before spontaneous electroweak symmetry breaking.

needed for perturbative computations, and explicit Zy;ssym can be found in,
e.g., [413].

Although a detailed discussion of the MSSM is beyond the scope of this thesis,
let us discuss the possible DM candidates in MSSM. While more extended SUSY
theories provide many of them - c¢f. Section 2.3.3 - the vanilla MSSM provides only
a few.

Neutrinos, sneutrinos, and neutralinos are the only electrically and color-
neutral particles in the MSSM. The former cannot be DM, since they would be hot
DM, incompatible with large-scale structure formation in the Universe - discussed
in Chapter 3. Sneutrinos were viable WIMP DM candidates, but severe constraints
on them were obtained, mainly by DD searches, through efficient Z-mediated
scatterings with liquid noble gasses [414], excluding such a scenario. Finally, the
lightest of 4 neutralinos is a prominent thermal DM candidate which we discuss
next.

6.3 Neutralino DM

Simply put, neutralinos are fermions introduced as superpartners of SM gauge
bosons and the Higgs boson.

Before the (super)symmetry breaking, the gauge bosons and their SUSY states
(so-called bino B for the hypercharge B boson, and wino W for the SU(2) Wi
boson) are massless, so each of them must have 2 degrees of freedom. It means
that the gauginos must be their own antiparticles, ¢.e., they are Majorana fermions.
In addition to bino and wino, there are two other neutral gauginos Hy, H, - called
higgsinos - related to the Higgs sector, and together they mix to form 4 neutralinos.
Due to SUSY breaking, the gauginos get mass terms: M; for bino, M, for wino,
and g is also introduced which is a mass parameter of the Higgs doublet superfields.

does not reintroduce a quadratic UV sensitivity to the masses of the Higgs bosons (there are 5
physical fundamental scalars in MSSM). Also, soft terms must be gauge invariant, renormalizable,
and R-parity invariant.
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In result, the neutralino mass matrix has the following form:

M, 0 —MySw COS B MyS, sin f
- 0 M,y MyCy COS B —MyCy, sin
M = —M78, COS 3 MyCy cos 3 0 — o (63.1)
MyzSeSin S  —mycy, sin 3 — 0

where s,, = /1 — ¢ is a sinus of the Weinberg angle, m is the mass of the Z
boson, and tan § = vy /vy is a ratio of vacuum expectation values of the two Higgs
doublets H;, and Hs.

The physical degrees of freedom are obtained as eigenvectors of this matrix,
with masses equal to the eigenvalues. The mass matrix is symmetric, therefore it
can be diagonalized by the orthogonal rotation matrix N

NMN-' = diag (mx> Cj=1,....4 (6.3.2)

Then, the lightest neutralino (denoted further as x) is the mixture of the gauge
eigenstates: . . . .
)N(l — NllB + N12W + N13H1 + N14H2.

There are 3 limiting cases that will be of our main interest below. These also
determine the main annihilation channels contributing to the DM relic density,
illustrated in Fig. 6.1. We define the composition of the lightest neutralino as:
fbino fraction — |N11|2; fwino fraction — |N22|27 and fhiggsino fraction — |N13|2+’N14|2-
They allow to identify the phenomenologically distinct cases

e Pure bino (defined as fuino fraction > 0.9):  Characterized by the following
hierarchy between the mass parameters M; < M,, u, where Y ~ B mainly
annihilates into SM fermions through t-channel sfermion exchange. Unless
the sfermions are not much heavier than the lightest neutralino, this typically
leads to overabundance of bino DM.

e Pure wino (fwino fraction > 0.9): My < My, pu, where y ~ W annihilates
efficiently to W bosons, leading to the correct abundance of wino DM for
the mass m, ~ 2.2 TeV.

e Pure higgSiDO (fhiggsino fraction -~ 09) M < Mla M27 where X =~ (g1+ﬁ2)/\/§
can annihilate efficiently into fermions, W, and Z bosons, leading to the
correct higgsino DM thermal relic density for m, ~ 1 TeV.

e Mixed higgsinos are non-pure neutralinos defined as those, where the sum of
two compositions is greater than 0.9. They typically rely on coannihilations
or other mechanisms to obtain the correct relic density.

If the neutralino is a pure SU(2) multiplet - higgsino or wino - then gauge
interactions essentially fix the thermal freezeout in the following way, cf. [415].

Higgsinos come as a pair of almost degenerate neutralinos and there is also a
slightly heavier chargino at a mass scale ~ u. All of these species contribute to
(ov)er (cf. Eq. (3.1.22) and the following discussion), where the main SM final
states are WTIW ™ and ZZ - see last two panels of Fig. 6.1. The correct value of
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Figure 6.1: Main annihilation channels of the lightest neutralino depending on its
composition. Shown from left to right are the bino and wino. The center panel
illustrates the funnel annihilation - which takes place also for other neutralino
compositions, while the last two panels present the coannihilations of the lightest
higgsino with a heavier neutralino and chargino, respectively. Taken from [409,
416].

| Profiles | Einasto (E) | NFW | Cored Einasto (CE) |

o (GeVem %) | 0.079 | 0.307 0.079
rs (kpe) 20.0 21.0 20.0

Qs 0.17 — 0.17

r. (kpc) - - 3.0

Table 6.3: Parameters of DM density profiles we considered: Einasto, NFW, and
Cored Einasto.

the relic density emerges naturally for m, ~ 1TeV, and coannihilations become
even more important for higgsinos heavier than about 1.3 TeV.

In the case of winos, the lightest neutralino is almost degenerate with the
lightest chargino, and both have mass close to M. Again, coannihilations - mainly
into W*W~ - play an important role. The correct relic density occurs for m, ~
2.2 —3TeV.

Neutralinos with significant bino contribution - which do not couple to gauge
or Higgs bosons - usually are characterized by very weak annihilation cross
sections at freeze-out. As a result, there is typically an overabundance of bino-like
neutralino DM, unless there is another mechanisms to increase the (ov)eq, e.g.,
coannihilations with sfermions, or resonant s-channel annihilations mediated by
one of the Higgs bosons (the so-called funnels, illustrated at the center panel
of Fig. 6.1). As a result, bino neutralinos tend to have a lower present-day
annihilation cross section, therefore ID of them will be quite challenging.

6.4 Indirect detection of WIMPs

As discussed in Section 3.2, the process of annihilation of WIMPs into SM particles
which contributes to the DM freeze-out taking place in the early Universe, should
also occur quite efficiently today, provided there is significant abundance of DM
particles and the relevant annihilation cross sections is not too much suppressed.
In light of that, we will present the basics of ID searches for WIMP DM within
our Milky Way galaxy which will be used later when discussing the sensitivity of
the proposed observatory CTA to neutralino DM.

In Section 2.3.1 we reviewed substantial evidence that each visible galaxies,
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R

Figure 6.2: A sketch of the imaging atmospheric Cherenkov technique used by,
e.g., HE.S.S., and CTA. Taken from [417].

such as the Milky Way, is gravitationally embedded in a much larger, spherically
symmetric DM halo. Such distribution of DM is generally expected from N-body
simulations and astrometric surveys like Gaia [422, 423|, and many DM density
profiles have been proposed in the literature. We illustrate the most popular ones
in Fig. 6.3, where it can be seen that the differences between them occur in the
region close to the center of the DM halo, r < 8kpc, where r is the distance from
the GC and the point of DM annihilations.

The exact DM profile is not known near the center of the Galaxy. In the
following, we will focus on cuspy profiles that are favored by extensive numerical
studies of DM haloes and lead to the most promising discovery prospects in DM
ID searches. In particular, we will show our results for the Einasto [424] and the
Navarro-Frenk-White (NFW) [425] profiles that are parametrized as follows:

pi(r) = psexp {_a3 Kri) ) 1} } e (r) =0 [; <1 ) 72)2(6 L)

where 7, is the scale radius, ps = p(rs) is the normalization factor, and «y is
the power index (only for Einasto). The values of these parameters are given in
Table 6.3. We take the local DM density to be po = p(rg) = 0.39 GeV em ™ [426],
where rg = 8.5 kpc is the distance between the Sun and the GC. To illustrate the
effects of such a choice (which leads to an enhanced signal) we additionally compare
our results with those obtained for a cored profile, called Cored Einasto. It matches
the aforementioned Einasto profile at large distances: pcg(r > r.) = pr(r), while
at small ones it assumes a constant, cored profile pcg(r < r.) = pr(r.), where
r. = 3kpc.

We note that in addition to a smooth halo, DM can also form small-scale,
clumpy structures [427] that can significantly enhance the ID rates. An estimate

76



6.4. INDIRECT DETECTION OF WIMPS
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Figure 6.3 & Table 6.2: Comparison of the most common DM density profiles

studied in the literature [418| together with their corresponding parameters. Taken
from [419].

of this effect is captured by the ratio
B = () /()% (6.4.2)

called the boost factor, where () denote averaging over a stochastic distribution
of DM clumps within the Galaxy, see [203] for an extensive discussion. However,
the impact of substructures is expected to be negligible for searches near the GC,
see [428] and references therein, thus we do not include them in further analysis.

The differential flux of photons coming from pair-annihilation of WIMPs is the
following integral of the annihilation rate performed over the solid angle observed
A and the line of sight

dePM ovy dN,(E)
T (AQ.E) = 0 o AQ 4.
g (B E) (87rm12)M dE )X‘]( ) (6.4.3)

- see [208, 210] - where ov is the total present day annihilation cross section,

dN,(E)/dE is the photon spectrum per annihilation which we take from
PPPC [420], see Fig. 6.4, and

J(AQ) = /A dosti /0 " ds pout (r(5,0))°. (6.4.4)

where s is the distance between the place of WIMP annihilations and the GC,?

5The integral over s is convergent because ppy has a finite support as a DM halo is finite.
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Figure 6.4: Photon spectra resulting from annihilation of a mpy = 100 GeV non-
relativistic WIMP, as a function of the fraction of photon kinetic energy to the
WIMP mass x = E,/mpu. Based on the tabulated PPPC spectra [420].

is the so-called J-factor. It depends only on the DM distribution profile and the
region of observations, while it does not depend on particle physics parameters of a
particular WIMP model - hence Eq. (6.4.3) conveniently factorizes. From Fig. 6.5
we see that

r= \/52 + 12 — 2rgscosh = \/52 + 12 — 2rgscoslcosb, (6.4.5)

where we expressed v, the polar angle between the direction of observation and
the GC, in the galactic reference frame using cos vy = cos!l cosb.

6.5 Observation of the Galactic Center

Due to the high density of DM, the Galactic Center is the brightest source of DM-
induced v rays available for the observations at Earth [429], and is therefore one
of the most important regions of interest for ID searches. Among them, the most
prominent experiments are based on imaging atmospheric Cherenkov technique -
for illustration see Fig. 6.2 - used by arrays of telescopes, such as The High Energy
Stereoscopic System (H.E.S.S.) [430, 431] and the upcoming Cherenkov Telescope
Array (CTA) [432, 433].

These telescopes can look for both continuum and monochromatic vy-ray signals
originating from DM annihilations, provided the background is under control.
There are numerous astrophysical sources emitting high energy photons and cosmic
rays in the vicinity of the GC, among them the supermassive black hole (SMBH)
Sagittarius A* [434], and a diffuse emission along the Galactic plane [435, 436].

H.E.S.S. observations of the inner 1° of the GC have been performed with 10
years of data, and effective 250 hour of exposure.® The null results of this search

6Some regions have been excluded from observations, as, e.g., close to the SMBH, background
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Annihilation %7, Ry~ 8 kpc
to SM

Earth

Figure 6.5: Schematic illustration of ID observations in the Milky Way. On the
left and bottom right, galactic coordinates are shown, where the Sun is the origin,
[ is the galactic longitude, and b is the galactic latitude. The figure is based on
several illustrations taken from [421].

allowed the collaboration to set one of the most stringent limits on the annihilation
cross section of heavy WIMP DM, almost touching the thermal benchmark of
ovg = 2.2x 10726 cm? /s for WIMPs heavier than ~ 1 TeV and the assumed Einasto
DM profile towards the GC - see Fig. 6.7 which we discuss in detail in Section 6.7.

It is imperative to test the thermal WIMP paradigm, therefore a new-
generation array of telescopes, CTA, has been proposed and intensively developed
which could further strengthen these bounds. The network is expected to start
collecting data in the coming few years, while prototype detectors recorded the first
light in 2019. A dedicated, multi-year DM detection programme with 500 hours
of exposure is one of the main goals of CTA, described in detail in [433]. We refer
to that reference for technical details of the experimental aspects of neutralino ID,
while our discussion will be brief.

A dedicated 3-dimensional likelihood ratio test statistics technique will be
adapted by CTA for DM searches, to exploit the spectral and spatial features
of the expected signal. Spatial pixels are defined as squares of 0.5° size between
b, |l|< 5°. In addition to that, 20 energy bins are logarithmically distributed
from 10 GeV to 100 TeV. The likelihood function quantifies the amount of excess
events over the expected astrophysical background in each such bin. It is defined
as the product of the Poisson probabilities of counting event in the signal and
background regions in the i-th energy bin, j-th Galactic longitude bin, and k-th
Galactic latitude bin

L=T]Lin (6.5.1)

i7j7k

overwhelming the signal is expected; for details, see [1].
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Figure 6.6: The projected sensitivities of CTA to the annihilation cross section as a
function of DM mass m,, derived from 500 hour observations of the inner Galactic
halo. Three halo profiles were considered: Cored Einasto (dashed double-dotted),
NFW (dotted) and Einasto (dashed lines). Annihilation of DM (a) to the specific
SM final states, and (b) to two monochromatic photons. The solid line represents
the limit from H.E.S.S. [431].

where
£ijk (Sz‘jIm szk) = Pois (Sz’jk + bijk; mijk) Pois (ajkbijk7 n,-jk) . (652)

The s;;, and by, are the number of expected signal and background events
measured in the signal region, respectively, while «;;, corresponds to the ratio of the
size of the solid angle of the background over the signal regions. Finally, m,;; and
nijr are the measured counts in the signal and background regions, respectively.”

A log-likelihood ratio test statistic is calculated for each WIMP mass m, and a
one-sided upper 95%C.L. exclusion bound on ovy is then presented. The exclusion
lines computed for three DM density profiles: Einasto, NFW and Cored Einasto
are shown in Fig. 6.6a. The DM particle is assumed to annihilate into SM final
states with 100% branching fraction, as specified in the plot. In addition, in
Fig. 6.6b we show the corresponding sensitivity for DM annihilating directly into
monochromatic v rays.

6.6 Bayesian scan for neutralino DM

One of the most thoroughly explored scenarios for new physics at the electroweak
scale is supersymmetry, as described in detail in the previous sections of this
chapter. Despite the lack of a definitive signal of new physics, SUSY remains
attractive, especially in light of the discovery of the Higgs boson at the LHC,
where its mass was measured to be not much larger than that of the Z boson.
Indeed, experimental data have so far ruled out only models based on optimistic
expectations, based on theoretical or aesthetic arguments, e.g., the naturalness.

"Exact formulae for each quantity can be found in [1].
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6.6.1 The p9IMSSM

The MSSM introduced in Section 6.2 has over 100 free soft-breaking
parameters [413], thus it is challenging to study the most general parameterization
of the MSSM. However, it is also not absolutely necessary, as two commonly
used approaches show. One can study more constraining models that assume
a high-scale SUSY breaking mechanism (e.g., CMSSM/mSUGRA) or consider a
p(henomenological) MSSM which is well suited to low-energy phenomenological
analysis we are interested in, therefore we follow it.

The pMSSM is defined by restricting MSSM to satisfy [437, 438]: (i) CP
conservation, (ii) Minimal Flavor Violation at the electroweak scale, and predict
(iii) degenerate first two generations of sfermion soft-mass parameters, and (iv)
negligible Yukawa couplings and trilinear couplings (A-terms) in the first two
matter generations.

In our numerical scan, we consider a 9 free parameters parametrization, the
pIMSSM, where in addition to the above assumptions, we set the gluino mass, the
third-generation down-type right soft squark mass, and the first two generations
of soft slepton masses to 20 TeV. Such high masses mean that these species are
decoupled and do not influence the electroweak dynamics. See Table 6.4 for details
of the model parameters and their ranges used in our analysis. Such a restricted
parameter space is both large enough and sufficient to capture the most essential
aspects of neutralino DM phenomenology because the remaining free parameters
are precisely the ones that determine the DM properties of the CP and R-parity
symmetric MSSM. As we shall see, this also allows for rich electroweak scale
phenomenology without loss of generality.

6.6.2 Scanning setup and constraints

We follow the methodology described in Sec. 6.5, and apply the predicted CTA
sensitivity to annihilation of WIMPs, to the case of neutralino DM. We use the
nested sampling algorithm implemented in the Multinest v.2.7 [439, 440] package
to efficiently scan over the parameters listed in Table 6.4. To this end, we use flat
priors and 20000 randomly-chosen (according to the prior functions) live points
which initiate the operation of the sampling algorithm.

The spectrum of p9IMSSM is obtained thanks to SPheno v4.0.3 [441, 442].
We also scan over negative values of the bino mass M; and the p parameter in
order to study blind spots in DM DD [443, 444]. We require that the remaining
gaugino mass parameter satisfies the condition My > 100 GeV, as determined by
the LEP bounds on charginos. The masses of third-generation sfermions can take
a wide range of values. For small values, the sfermions participate in efficient
coannihilations, leading to the correct bino relic abundance. In contrast, for large
values of the squarks masses the characteristic SUSY scale is increased which
allows for obtaining the correct mass of the SM-like Higgs boson. The remaining
sfermions masses and the gluino mass M3 do not play a significant role in the
following discussion, so their values are fixed at 20 TeV.

The mass parameters are defined at the SUSY scale determined by the
geometrical average of the stops masses, Msusy = (mg, mgQ)l/ 2. Other parameters,
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] Parameter \ Range ‘
bino mass —-10 < M; < 10
wino mass 0.1 < My <10
gluino mass M; = 20
trilinear couplings -30< A, =A4A,=A, <30
pseudoscalar mass 0.1 <my <10
[t parameter —10 < pu <10
3rd gen. left soft squark mass 0.1 <mg, <30
3rd gen. right up soft squark mass 0.1 <mg, <30
3rd gen. right down soft squark mass my,, = 20
Ist/2nd gen. soft squarks masses mg, , = Miys, = 20
soft sleptons masses 0.1 <mz, =mg, <10
soft sleptons masses Mep jin = ME,, = 20
ratio of Higgs doublet VEVs 1 < tanf < 62
\ Nuisance parameter \ Central value, error \
| Top pole mass m; (GeV) ‘ (173.34, 0.76) [445] |

Table 6.4: The pOMSSM parameter ranges used in our scans. All masses and
trilinear couplings are expressed in units of TeV.

the top quark pole mass, m; (treated as a nuisance parameter in the scan because
it is a less precisely known quantity), and tan 8 are defined at the electroweak
symmetry breaking (EWSB) scale. The scans are driven by a global likelihood
function which contains a standard set of constraints described below.

Dark matter relic density The constraint that has the strongest impact on
our numerical result is related to the DM relic abundance measurement given by
Planck [20],

Q. h? = 0.120 £ 0.001. (6.6.1)

To calculate the relic density we use micrOMEGAs v.5.0.6 [446, 447]
supplemented with the DarkSE [448] code for a numerical implementation of the
Sommerfeld enhancement.

We perform the numerical scans in two commonly discussed cases: (i) Q,h* =
0.120 and (ii) Q,h* < 0.120. In the first case - corresponding to a single DM
component in the Universe with a standard cosmological history - we use a
Gaussian likelihood distribution function for the relic density which takes into
account the relevant observational uncertainty. In the second case - concerning
multi-component DM, or a modified Universe history - we use a half-Gaussian
distribution with the relic density constraint imposed only as an upper bound.

Sommerfeld enhancement and DM ID As discussed above, the CTA and
H.E.S.S. telescope arrays are particularly suited for studying ~ 1 to a several TeV
WIMP DM. In the context of neutralino, this often leads to a scenario - described
in Section 3.1 and illustrated in Fig. 3.2 - where the SE plays a crucial role. It
strongly affects both the calculation of the present-day neutralino annihilation
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cross section, ovg, and, to a lesser extent, its relic density [172, 449, 450]. An
accurate treatment of SE in a theory as complex as the MSSM requires the
inclusion of SE contributions from multiple exchanges of all the gauge bosons
and of the SM Higgs. Also all coannihilation channels should also be considered,
adding to the numerical difficulty. Previous studies, [438, 451-458], took SE into
account in a simplified way, whereas our analysis takes this effect, in principle, fully
into account. A complete numerical treatment of the SE is very CPU-expensive.
Therefore, we use a two-step approach. First, i.e., in the numerical scans of
the extensive parameter space of the p9IMSSM, we use the simplified approach
described in, e.g., [452]. Then the points in the parameter space of the model
found this way are post-processed with the accurate SE treatment using the full
DarkSE code. Sommerfeld enhancement is also included in the computation of oy,
OUyy, and 0Vz,.

Other constraints In addition to the relic density, we use the latest data coming
from complementary experimental searches: (i) DM DD, (ii) collider constraints,
(iii) Higgs boson and flavor physics, and (iv) DM ID. They have ruled out much of
the parameter space, especially thanks to the tremendous progress in DD searches,
and the fact that the Higgs boson mass is not much larger than the Z boson mass.
See [1] for details.

6.7 Results

Our numerical scan results in a set of points in the multidimensional parameter
space of the model with an increasingly improving fit to the constraints that we
impose. For each such point in the scan, we calculate the H.E.S.S. and CTA limits
for the present-day annihilation cross section. We use the 95% C.L. bounds shown
in Fig. 6.6a. We also take into account other bounds discussed above. In the
plots below we only present the points which lie within the 95% C.L. region of
the global profile-likelihood. In other words, we select the points satisfying the
condition Ax? < 5.99, where Ax? = —21n (£/Lyax) and L is the product of the
individual likelihood functions for each of the constraints used in the analysis,
while L.« is the likelihood function of the best fit point obtained in the scan.

6.7.1 Neutralino DM

In Fig. 6.7 we show the scan points in the (m,, ovy) plane, where we require thermal
relic density Q,h* ~ 0.12 of neutralinos. The colors of each point denote the
dominant gauge composition of the neutralino which by construction in the MSSM
is never a 100% pure eigenstate. Following Section 6.3, we define a “pure” state, if
the composition of a single gaugino (and a sum for higgsinos) is greater than 90%.
We show binos in green, winos in blue, and higgsinos in red. There are also mixed
neutralinos, consisting of two gauginos, defined such that the contribution to their
composition from the third gaugino must be smaller than 10%. The wino-bino is
shown in cyan, and the bino-higgsino in gold.
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Figure 6.7: Result of numerical pP9MSSM scan shown in (m,, ovy) plane. Color
coding reflects the composition of the lightest neutralino according to the legend.
The predicted CTA sensitivity is shown as a thick (Einasto), or thin (Cored
Einasto) dashed double-dotted line. To emphasize the complementarity between
continuous and monochromatic photon searches, we mark with dark gray triangles
the points whose ov., is in the range of CTA.

We show with a black dashed line our projection of the CTA sensitivity
in searches for the neutralino-induced diffuse photon flux, with 500 hours of
observation of the GC and assuming the Einasto DM density profile. It should be
noted that the CTA bound derived in our model cannot be represented by a single
line due to the number of possible neutralino DM annihilation final states that
must be taken into account. We run detailed simulations for selected benchmark
points with m, 2 1 TeV which shown that the approximate limit we present
mirrors the true CTA sensitivity. For smaller masses, the line shown in Fig. 6.7
represents a conservative approach, i.e., each point lying above the line will be in
range of CTA . In a similar way, we obtain the approximate H.E.S.S. limit shown
as a solid line.

Fig. 6.7 clearly shows the impact of neutralino composition on the placement in
the (m,, ovg) plane, consistent with the description of Section 6.3. The predicted
CTA sensitivity shown in Fig. 6.7 is obtained for the two cases of Einasto and
Cored Einasto DM halo density profiles. As can be seen, the CTA discovery
prospects in the search for neutralino DM will strongly depend on this assumption.
In particular, the expected future bounds on (owv) differ by about an order of
magnitude for the two aforementioned profiles. We have also verified numerically
that the results for the NFW profile can be easily obtained by multiplying the
predicted Einasto line by a factor of ~ 2.5.

In particular, one can see the m, ~ 1TeV higgsino region (red points in the
plot), where there is an inverse relation between the neutralino mass and the owy,
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Figure 6.8: Same as in Fig. 6.7, but shown in the (m,, ¢3') plane (left), and in the

(03", owg) plane (right).

due to the coannihilations being the primary mechanism responsible for thermal
freeze-out. In result, the heavier higgsinos, m, 2 1.5TeV, partially lie outside
the sensitivity of CTA, while lighter ones will be fully covered assuming Einasto
DM density profile. Instead, for the cored Einasto, the higgsino region will not be
covered at all.

In the case of winos (blue), there is a characteristic resonance peak centered
around m, ~ 2.2TeV which is due to the Sommerfeld enhancement of the present-
day annihilation cross section. The enhancement is strong enough that this
region is already excluded by H.E.S.S. (confirming the results of previous studies,
e.g., 452, 453|), assuming the Einasto profile, while mixed wino-bino neutralinos
will be fully probed by CTA, improving over previous limits. It is interesting
to note that CTA will be able to fully probe wino DM even assuming the cored
Einasto DM density profile.

Other neutralino compositions are characterized by a significant bino
contribution (green), where the correct relic density can be obtained thanks
to various mechanisms, see Section 6.3, therefore there is no single region
around which the bino DM is scattered around. Typically, bino neutralinos are
characterized by a lower present-day annihilation cross section than the CTA
sensitivity, and it will be challenging to probe a large portion of them by ID
searches.

The importance of the complementarity of direct and indirect searches can be
seen in Fig. 6.8. On the left, we present the points from the scan in the plane of
neutralino mass m,and spin independent proton scattering cross section O’SI. The
XENONIT 90% C.L. upper limit [459] is indicated by a solid violet line. Note that
the XENONIT results are included in the global likelihood function, excluding the
points in the ~ 20 region of the profile likelihood that lie above the violet line.
We denote the points excluded by ID searches for ovy with triangles - violet for
points excluded by H.E.S.S., and black for projected sensitivity of CTA. Note that
a large fraction of neutralinos that lie below the XENONIT reach, and to a lesser
extent even those lying below the irreducible neutrino background denoted with a
black solid line, will be covered by CTA.

This can be seen even more spectacularly on the right side of Fig. 6.8, where
we project the p9MSSM points onto the (JZS)’I, ovg) plane. The future reach of DD
searches is bound to cover the parameter space from right to left until it reaches
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the irreducible neutrino background, shown as a shaded region.® For simplicity,

we also show a vertical dashed gray line which indicates the irreducible neutrino
background o' & 4 x 1072 pb taken at m, &~ 2TeV. Conversely, the reach of
ID searches gradually increases from top to bottom, providing a complementary
coverage of the parameter space.

6.7.2 Underabundant neutralinos

As discussed in Sec. 6.6.2, the lightest neutralino can be a good DM candidate
even when its thermally produced relic abundance is less than the total DM relic
density in the Universe. In Fig. 6.9, we show the results of the scan looking for
such underabundant neutralinos in the (m,, ovy) plane. Only the points that
belong to the 95% C.L. region of the global profile-likelihood are shown.
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Figure 6.9: Result of numerical p9MSSM scan which only implements the relic
density constraint as an upper bound (underabundant neutralinos), shown in (a)
(my, (2,h?/0.12)* x ovg) plane, and (b) in (m,, ovg) plane. Legend is the same
as in Fig. 6.7.

In Fig. 6.9a, we rescale ovy by (©,h*/0.12)* which corresponds to the case,
where the neutralino constitutes only a fraction of the total relic density, Q,h* <
0.12. We also rescale the DM DD cross section 051 by 2,,h?/0.12 when imposing the
relevant constraints. As can be seen, underabundant higgsino-like and wino-like
neutralinos with masses of the order of a few hundred GeV usually lie beyond the
reach of CTA. However, there are some higgsino-like points that can be probed
by the CTA monochromatic photon search. This constraints the combination of
the annihilation cross section into the vy and Z~y final states, (ov,, + %O'U,yz),
where the latter is rescaled by a factor of a half to take into account that photons
induced by Z boson decays will not reproduce a monochromatic signal. We note
that some such points obtained in our scans lie below the predicted CTA sensitivity
in searches for DM-induced diffuse photon spectrum (dash-dotted line in the plot)
which is due to the relative strength of the search for monochromatic signals. These
points are indicated by gray triangles in the plot. The key impact of searching for
monochromatic photons is even more pronounced for heavier neutralinos with mass

8The value of O'SI characteristic of the neutrino floor depends on the value of the DM mass,
hence the shaded region does not form a regular shape.
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m, ~ 1TeV. In particular, it is worth noting that, monochromatic-line searches
of CTA can probe an underabundant wino-like neutralino DM with m, ~ 1TeV,
while there will be no diffuse spectrum signal. Even heavier, but still insufficiently
abundant wino-like neutralinos, may also be probed by the CTA, in both types of
searches.

In Fig. 6.9b we show the results corresponding to the scenario in which,
even though the predicted thermal neutralino DM abundance is lower than the
total observed DM relic density, neutralino is the only DM particle and its
production in the early Universe needs to be supplemented by, e.g., some non-
thermal contribution. In particular, this allows us to consider significantly larger
values of the annihilation cross section that would lead to too low €, h? without
the non-thermal production component. In this case, CTA may easily discover
a few hundred GeV higgsino-like neutralino DM in both diffuse photon and
monochromatic-line searches. As can be seen, in such cases the current Fermi-
LAT limits from the null DM searches in dwarf galaxies [225] - see also the later
analysis [213] which improves the Fermi-LAT bounds further - cover the low mass
region of the parameter space, where CTA loses sensitivity - see the dashed line
for fixed annihilation into a bb pair. This line also represents the position of
the exclusion limit that we would obtain by imposing Fermi-LAT as a constraint
in the likelihood function. It’s worth noting that this scenario is independently
constrained by DD searches which we also take into account in our scanning
procedure.

6.8 Conclusions

We conducted an updated and improved study of the CTA reach in testing
neutralino DM in the pMSSM. Our analysis improved previous studies by:
(i) deriving the projected CTA sensitivity by state-of-the-art binned likelihood
analysis, (ii) using up-to-date experimental constraints and numerical tools, e.g.,
full 13 TeV LHC data, and (iii) implementing the SE for all points in the scan,
whereas previous works only included its estimate. In particular, for the first time
SE in sfermion coannihilations was included in a scanning framework.

These developments allowed us to critically assess the neutralino DM detection
prospects in the leading future ID telescope arrays. Assuming the Einasto profile,
H.E.S.S. was able to cover the neutralinos with present-day annihilation cross
sections within an order of magnitude from the WIMP thermal value, while we
project the CTA will go significantly below it. We confirmed that H.E.S.S. is
sensitive to most of the wino region, while CTA will also cover much of the 1 TeV
higgsino region which is still an excellent thermal DM candidate.

It is worth pointing out that such good detection prospects of neutralino
DM can only be obtained assuming cuspy DM density profiles towards the GC,
while they will be much more challenging for the core-like profiles. Finally, given
those and other astrophysical uncertainties, it remains crucial to continue a broad
experimental program targeting neutralino DM and SUSY in various types of
searches.
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Chapter 7

Indirect detection of long-lived
particles

7.1 Introduction

In this chapter we describe the results of a project that ties together the main
goals of my thesis, namely to explore complementarity in searches for LLPs, light
DM, and WIMPs. Specifically, we study a heavy secluded WIMP DM candidate
coupled to the SM particles via the dark Higgs boson portal and rich dark sector
species. The signatures of the light, sub-GeV dark Higgs boson are usually studied
in intensity frontier searches, similar to the case described in Chapters 4 and 5.
Instead, heavy DM particles with the mass at the TeV scale can more efficiently be
probed by other means, including ID searches, as discussed in Chapter 6. In this
chapter, we will discuss interesting phenomenological consequences of the presence
of both the light and heavy new species that could allow for disentangling between
such scenario and vanilla LLP and WIMP DM models.

To this end, we first focus on the complementarity between intensity frontier
studies and ID searches for signatures induced by heavy DM, as well as on related
observations in next generation CMB surveys. Notably, this complementarity
has been largely unexplored, given that scenarios in which it becomes important
often lead to stringent cosmological bounds. We show, however, that avoiding
such bounds is possible in non-minimal BSM sectors. Interestingly, this can then
generate new features in DM ID searches that employ non-local effects. They
significantly affect the usual detection strategies and allow one to distinguish such
a scenario from the ordinary signatures based on WIMPs or simplified models.
In the following, for simplicity, we will refer to this search strategy as indirect
detection of long-lived particles.

The contents of this chapter is based on: K. Jodlowski, L. Roszkowski and S. Trojanowski,
Indirect detection of long-lived particles in a rich dark sector with a dark Higgs boson portal,
2112.11993.
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7.2 Motivation

As described in Section 3.1, the standard freeze-out mechanism does not require
the new physics to occur near the electroweak scale, but can be generalized to a
much wider range of DM mass and coupling constants [181]. While overly large
values of DM couplings are limited by unitarity, lowering them by even a few
orders of magnitude below the electroweak strength can still give the correct relic
density, provided that the masses of at least some of the dark sector species lie
below the GeV scale. In particular, to provide the connection between the SM
and a DM particle with mass in the GeV range, or below, one typically introduces
some BSM light mediator particle(s) [184, 185].

Scattering of light DM with SM particles in DD searches kinematically leads to
insufficient energy deposit in the detector, requiring introducing novel strategies
for DD of light DM that have only recently been explored [87, 244]. In collider-type
experiments, probing further signatures of light new physics may be possible, e.g.,
with searches for decays of unstable mediator species; see [234-236| for recent
reviews.

Such studies are usually carried out within a framework of simplified models
such as a dark photon or a dark Higgs boson; see discussion in front of Egs. (4.1.1),
(4.1.3) and (4.1.4) and also cf. recent reviews [260, 262, 460|. However, it is
understood that further experimental probes are possible in more realistic models
that could be made UV complete. This could also provide other, complementary
ways to experimentally test such non-minimal scenarios. Given the lack of well-
established and non-gravitational DM signal in the observations up to date, it is
imperative to explore such non-standard possibilities, especially if they lie at the
intersection of two of the most widely discussed topics in current DM searches.

A rich dark sector that is secluded from the SM, with only a weak
portal communicating between them, is naturally not strongly constrained by
observations. However, there may be additional effects (compared to WIMP-like
DM) that would significantly affect them, potentially leading to constraining even
such scenarios. These include, e.g., secluded [185, 271]| or Sommerfeld-enhanced
DM annihilations, cf. discussion in [461], into the DS particles, which significantly
influence the prospects for DM ID detection and can also be constrained by CMB
radiation measurements. When the coupling constants between the dark species
are large and the lifetimes of the decaying particles are smaller, new effects appear
also in collider probes, e.g., the secondary production of new BSM species that
are produced just in front of the detectors - as we described in Chapters 4 and 5.
Therefore, rich dark sector models with LLPs remain an excellent laboratory to
propose and study new experimental strategies.

In the main part of the discussion in this chapter, we focus on the dark Higgs
boson portal defined by Eq. (4.1.3), which can be introduced as a natural mediator
between the SM and even very complicated sectors of BSM physics [462-466].
In particular, such a portal may be naturally associated with the hidden valley
scenarios predicting a few LLPs [257|. Motivated by this, we assume that the new
scalar particle is very weakly coupled to the SM sector and has a mass smaller
than about 1GeV. The remaining BSM content of our model will contain few
particles on broad mass scales between ~ 1 MeV and 10TeV, including a heavy
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secluded DM candidate that may be a target for future ID observations.

Before we discuss the details of this BSM scenario, we first introduce the non-
local effects in DM ID that will be present in this model, while also can be found
in a more general class of models predicting the existence of extremely long-lived
dark mediator species.

7.3 Non-local effects in v-ray DM ID searches

Let us begin by discussing the photon flux arising from cascade annihilations or
decays involving DM and LLPs which arrive at a detector on Earth. Our goal
is to compare a formula for the differential flux of gamma rays in the case when
non-local effects in DM ID cannot be neglected with the one obtained for WIMPs
annihilating directly into SM particles. The latter is described by Eq. (6.4.3).
Further discussion of non-local effects in DM ID can be found in [467-471]. In our
analysis, we also follow studies of multi-step WIMP cascade annihilations [472,
473].

The main difference between the ID of WIMPs and the ID in rich dark sector
models containing LLPs that we focus on arises when one of the BSM species
produced as a result of DM annihilation can travel a large distance of order kpc
before generating a visible signal. As a result, there is no longer a one-to-one
relationship between the position of the DM annihilation process and the place
where the visible SM species are produced. Instead, as illustrated in Fig. 7.1, these
points are spatially separated and the flux no longer factorizes into a universal J-
factor and a particle physics part, like in the case of WIMPs. The observationally
inferred spatial distribution of DM-induced signal does not have to follow the DM
density profile in the Galaxy.!

We are interested in the generic scenario, in which the ID of the LLP takes
place due to the following cascade of events:

DM + DM — other particles+LLP
LLP — ... — the SM, (7.3.1)

where the initial DM annihilation process produces the very long-lived LLP which
can decay after traveling a long distance. In the LLP decay, the dots can indicate
another cascade process involving less long-lived particles which ends with the final
decay into the SM particles. In the following, we will focus on the y-ray signatures
induced by these SM products of the cascade event.

The final flux of photons originating from such cascade and observed in the

'In the plot and discussion below, we refer to the very long-lived mediator species as LLPs,
even though the analysis of non-local effects that we provide can also be applied to heavier new
particles. We note that in our analysis, this mediator species will always be significantly lighter
than the heavy DM particle.

91



CHAPTER 7. INDIRECT DETECTION OF LONG-LIVED PARTICLES
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Figure 7.1: Cartoon of indirect detection of light long-lived particles in observations
of the GC region of the Milky Way. We illustrate the region of interest in the
analysis as a cone with the aperture angle 21,. A key feature of such a scenario
is the galactic-scale separation between the position of DM annihilations near the
Galactic Center (LLP production, marked in red) and the LLP decays (blue). It
introduces non-locality, which we discuss in detail in the text. We also show typical
distance scales relevant for this analysis.

detector on Earth is given by

do 1 < ELLP / / / 3=
Bt — - ds? ds d°TpM———= X
(dEﬁ, ) . Z [8 T mdy dire Jag Los.  JVou

non-local bins EpLp
(7.3.2)

2 — — — —
pom([7om — Tacl) ( ITLLp — 7”DM’) dN.,
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|7LLe — Tom|? drrp ( ) dEy ) py

N

where dyip = criLpyLLpfOurp is the decay length of the LLP in the Galactic frame,
~yLLp is its boost factor, and the vectors rpy, 7LLp, Tae correspond to the positions
of the y annihilation, the LLP decay, and the GC with respect to the detector on
Earth, respectively.

Compared to the standard case, Eq. (6.4.3), in the non-local DM ID there
appears an additional integration over the position of the initial x annihilation.
This accounts for the fact that the LLP produced in the DM annihilation process
at rpy can travel a long-distance before decaying at the 71 p position. Specifically,
the position 7rp may lie outside the Rol in a given DM ID analysis and, therefore,
this event will not contribute to the measured DM-induced signal rate even
though the initial DM annihilation process could occur at 7py; inside the Rol.
On the other hand, DM annihilations occurring outside the Rol can have an
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impact on the analysis, if the LLP travels inside the Rol before decaying. The
probability of mediator decay decreases exponentially with the increasing distance
from its production point in the Galaxy, |FLLp — 7bm|. Therefore, although the
aforementioned non-local effects impact the analysis, typically only a limited region
of the Galaxy around the Rol contributes to the DM-induced photon flux measured
on Earth.

In Eq. (7.3.2), we also employ additional anisotropy factors that depend on the
angle 6 defined as the angle between the LLP boost direction and the detector,

FLLP : (FDM - FLLP)

cosf = ————— — ) (7.3.3)
[rere||7om — TLLp|
The function f(0) is defined as follows:
7] 2 0\3/2 (BLLP/Bh )+ cosf| sin?6
f<9)_dC089_(1+tan 6) [ D (7.3.4)

~ dcosf tan? 6 (BLLp/ B, ) cosf + 1

The relevant angle in the LLP rest frame is ~0~, obtained by the following expression:
cosf = cos O, for § < /2 and cos @ = cos_ otherwise, where

—72tan29~ij:\/72tan29( —%)—i—l

N Bhp By

0, = . 7.3.5
co8 0, y2tan?6 + 1 ( )

The remaining undefined quantity is BhD = \/ 1 — (2my,, /myrp)?, where hp is
the less long-lived mediator decaying into SM particles at the last step of the
cascade. In the simplest case (irrelevant for our concrete model), in which the
LLP mediator decays directly into a pair of photons, one would reproduce a known
expression for radiative beaming, f(0) = 72.p (BLLp cos@ + 1)2. The anisotropy
factors arise from the boost of the decaying LLP in the Galactic frame. They affect
the final photon flux on Earth because in each region of the Galaxy, the decaying
mediators preferentially come from the direction of the GC, where the DM density
is the largest. However, in the non-relativistic limit which matches the traditional
(local) WIMP DM annihilations, we obtain f(¢) — 1 and there are no anisotropy
effects besides the most straightforward dependence of the DM-induced v-ray flux
on the DM density profile towards the GC.

Non-local effects in y-ray DM ID In the left panel of Fig. 7.2 we show
the impact of non-local effects on the integrated photon flux in a toy DM model
with mpy = 100 GeV and a long-lived mediator of mass myeq = 10 GeV. For
simplicity, we assume that the mediator decays directly into a photon pair. With
the red lines we show the ratio between the fluxes obtained for the large and
small mediator lifetimes and several different Rols. A large region around the GC
defined by |b], |I|< 12° is indicated by the red solid line where we use the Galactic
coordinate system with the Galactic longitude [ and latitude b. Although this is a
larger region than in typical CTA analyses, e.g., the one described in Chapter 6,
we use it for illustration because it is better suited for highlighting the ID non-local
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Figure 7.2: Left: The ratio of the integrated photon fluxes obtained for increasing
decay length d of the mediator and in the standard regime of prompt decays shown
with the horizontal black solid line. The results are shown for the toy model with
the ratio between the DM and mediator particles masses mpy/Mmea = 10. The
mediator decays dominantly into two photons, med — 7. Right: The CTA
sensitivity for the secluded WIMP DM scenario shown in the (mpy, (ov)) plane.
The solid black line corresponds to the standard reach assuming the mediator
promptly decays into light quarks, cf. [474]. The red lines are obtained by taking
into account the non-local effects for two different regions of interest, as indicated
in the plot. See the text for more details.

effects. The large Rol presented by us extends to about dre; ~ Ry sinb ~ 2.3 kpc
distance from the GC, where the distance between the Earth and the GC is Ry =
9 kpc.

As shown in the figure, for dpeq < dror the impact of non-local effects on
the observed spectrum is very small and the photon spectrum resembles the one
obtained in the regime of a small mediator lifetime. We denote the latter by the
horizontal black solid line. On the other hand, for very large decay lengths of
A’ the expected DM-induced photon flux coming from the Rol falls well below
the standard expectations. The decrease of the flux is approximately linear with
growing dpeq, as one can see from Eq. (7.3.2) in the limit of dyeq >> [Fined — |~
dRoI'

The relative increase in photon flux for intermediate values of dyeq ~ dror Seen
in the plot can be understood as follows, see [469] for first discussion of this effect.
Most of the mediators produced near the GC decay within the Rol and only a small
fraction of them produced in the GC would generate photons traveling towards
the detectors. The signal from other mediators would be lost in the standard
case, while in the non-local regime this can be partially overcome by dark vectors
moving away from the GC before they decay. At these distant positions, they can
produce photons moving towards the Earth which would not be seen had they
been produced close to the GC. In result, the DM ID signal rates from distant
positions within the Rol receive contributions not only from DM annihilations
that occur locally, but also from DM annihilations that take place close to the
GC. This increase is even more pronounced for the modified Rol around the GC,
in which we exclude the innermost region of the size of 2° in the sky. We show
this with the dashed red line in the figure, where the photon flux in the non-local
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regime is even more strongly enhanced.

In addition, we also show the expected photon fluxes for much smaller Rols.
Here, with the red dotted line we show the results for a small Rol specific to the
CTA Galactic center survey, where we have additionally excluded part of the region
very close to the GC, i.e., we assume 0.3° < |b|< 1° and |l|< 1°. Instead, we use
the red dash-dotted line to represent the flux for an even smaller region around the
GC with |b], |l|]< 0.5° which represents a typical DM halo size for dwarf galaxies
in the Fermi-LAT analyses [214]. For both small Rols, the relative increase in flux
for smaller dpeq is difficult to reconstruct, while for the decay length of the order
of several kpc the flux is already suppressed.

In the right panel of Fig. 7.2, we illustrate the impact of non-local effects
on the DM ID searches for the aforementioned toy model. We compare the
expected reach of CTA sensitivity in the secluded WIMP DM scenario presented
in [475] with the corresponding reach obtained for a very long-lived mediator with
Tmed = 10%s and fixed mpyeq = 10 GeV where the final decay states are light
quarks. Larger values of the mass of the annihilating DM mpy imply greater
values of the boost factor of the mediator and the corresponding decay length
dmea = (mpy/1 TeV) (10 GeV/mmea) x 1 kpe.  This results in an effective
suppression of the DM-induced signal from a small Rol around the GC for
mpu 2 a few hundred GeV, as denoted by the red line. We also present even
larger Rol, |b], |l|]< 12°, denoted by the red dashed line. In this case, we observe a
relative improvement of the bound in the intermediate region of mpy ~ a few TeV
due to the excess photon flux for dpeq ~ dror.

7.4 Model

In order to illustrate the impact of the non-local effects in DM ID and the
complementarity to the intensity frontier searches, we study a fairly rich dark
sector model schematically presented in Fig. 7.3. In the model, the DS and the
SM are connected by the mixing between a light, sub- GeV dark Higgs boson
hp and its heavier SM counterpart H. The DS consists of, ¢.a., a dark photon
A’, a gauge boson of the secluded U(1)" group which obtains its mass via the
dark Higgs mechanism. The dark Higgs boson, and all fields shown in green,
are charged under the U(1)’. An additional stable complex scalar field 7 is also
introduced which is charged under the U(1)" group and will comprise a small
fraction of the DM. Notably, such a scenario is one of the prototype models with
light DM at the MeV-GeV scale which is discussed in intensity frontier studies,
see, e.g., [303, 308, 476| for recent analyses.

Our goal is to identify new features that may emerge when such a simple
scenario is extended with additional dark species that may be both light and
heavy. We introduce a new heavy stable complex scalar field x which will be
the dominant DM component. It is coupled to 1 (subdominant DM component)
through a heavy, auxiliary spectator real scalar field ¢ which plays only a marginal
role in our discussion.? The full DS should also contain some additional degrees
of freedom that are not relevant to our analysis. These can be charged under an

2 Alternatively, the scalars x and i could be coupled by a renormalizable contact operator.
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Figure 7.3: Cartoon of the model in which the DS is connected to the SM via a
light dark Higgs boson portal (hp). It mixes with the SM Higgs particle (H) by
the mixing angle 60,,y. The SM gauge symmetry is extended by the U(1)" and
U(1)” groups, leading to new gauge bosons, A" and A", respectively. The fields
charged under the first of those groups are colored green and those charged under
the second are colored blue. The DM consists almost entirely of the heavy complex
scalar y, which interacts directly only with the lighter DM particle, n, through an
exchange of the auxiliary scalar field ¢.

additional U(1)” group that adds another light dark gauge boson A” to the particle
spectrum studied by us. As discussed below, we introduce the A” field to better
illustrate the non-local DM ID phenomenological effects. We also assume that the
dark Higgs boson hp is not charged under U(1)”.

The model is described by the following Lagrangian

L= ,CSM + ﬁDS + »Cportal , (7.4.1)

where Lgy is the Lagrangian of the SM, Lpg corresponds to the DS, and L ortal
describes the interactions between the SM and the DS as well as between the two
parts of the DS charged under the U(1)" and U(1)” gauge groups,

/ " ~/

Lportal = —AHhD@\?ra\?—%F,;VFW —~ %F,;’VF“V —~ %F,;V(FW)”. (7.4.2)
We assume vanishing of the kinetic mixing of both dark vectors with the SM
photon, ¢ = ¢’ = 0, as we focus on identifying possible new phenomenological
aspects of the model — with respect to the usual dark photon signatures — that
can arise in the presence of extremely long-lived dark vectors. Such choice is self-
consistent, as the kinetic mixing terms with the SM photon are not regenerated
perturbatively which will be discussed later. In turn, we assume a non-zero kinetic
mixing between the two dark vectors which could be generated by loop processes
with some additional heavy fields charged under both dark groups.

In Eq. (7.4.2), ® stands for the SM Higgs doublet, while o corresponds to
the dark Higgs boson singlet. We parametrize both fields after the spontaneous
symmetry breaking of both the electroweak and the dark gauge symmetries in the
unitary gauge

T
o= (o, (vsnt + B) /\/§> . o= (vp+ Hp) V2, (7.4.3)

where vgy = 246 GeV is the SM Higgs boson vacuum expectation value, while
vp is the corresponding quantity for the dark Higgs boson. The portal coupling
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Airny, |®)?|o|? generates a non-diagonal mixing of i and Hp. We denote the physical
eigenvector states (the mass basis) by H and hp, respectively.

We couple the lighter DM component 7 to both the dark vector A" and the
dark Higgs boson hp, while ¢ connects both DM components x and 7

Lps D pn|x?¢ + pynl>d + (dy9p)* A" Al |hp |
+igy gp Ay, [0 (9"n) — (9"n") ) + (q,90)> A}, A |n|*. (7.4.4)

Here ¢, denotes the charges of the particle ¢ under the dark gauge group U(1)". In
the following discussion, we set ¢f; = q; = 1. As we will discuss below, invoking
two component DM allows us to relax the otherwise stringent constraints on heavy
WIMP-like scalars coupled to the SM sector via light mediator species, see [477,
478].

The DS Lagrangian also contains the potential of the dark Higgs boson,
including the mass terms, the cubic and quartic interactions between the dark
Higgs boson and the lighter scalar n

1
Lps D #213|0|2—§>\D|0|4
+mi x|+ ]
= Mpnhb 11— (pnpnho|n|*+h.c.) . (7.4.5)

Due to the spontaneous breaking of the dark U(1)" gauge symmetry, the dark
bosons A" and hp obtain their masses, given by the formulas my = gpvp and
mpu, = v/ Apvp. Moreover, the mixing of the dark Higgs boson with the SM Higgs
boson can be parametrized by the angle 01, ~ Agn, vpvsy/m%. This expression
is valid whenever my,, < my which will be the case in the following sections.

Let us note that a similar dark Higgs mechanism (with an additional
fundamental scalar) could also occur in the part of the DS charged under the
group U(1)” which would generate a non-zero mass for the corresponding gauge
boson mu~. For simplicity, we assume that ms» < mu and that this part of
the DS remains secluded from the SM, while the presence of additional light dark
species, not indicated in the equations below, would render the A” vector unstable.

The couplings most relevant to our discussion appear after applying the dark
vector field redefinition, A" — A" — €5 A”. They are induced by changing the
gauge basis into the mass basis which removes the non-canonical kinetic mixing
term between the two dark field-strength tensors in Eq. (7.4.2). We emphasize the
presence of an additional multiplicative factor & = (m.»/m/)? which modifies the
field shift relative to the case when one of the vector fields is massless [261]. In the
following we will denote € = ¢§ and assume € ~ 1075, Therefore, m» > 1073 m 4
and mgr ~ MeV — GeV.

The field redefinition of A" introduces the following terms

1 " .~ "o, % *
£DS D) 5 mpr A 2 1€dp AM [7] (8’“77) — (8“77 )77] (746)

As can be seen, the lighter DM scalar n obtains a suppressed coupling (by a factor
€) to the light dark vector A”. We note that a similar coupling could be obtained
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Figure 7.4: Left: a schematic illustration of the DS particle mass hierarchy. The
unstable mediators are denoted in dark-red, while the two stable DM species - in
black. Right: processes leading to DM indirect detection signatures.

for € = 0 by introducing a small (milli)charge to the n field with respect to the
U(1)” group. In this case, the A” boson could even be much lighter.

The particle spectrum of the DS spans at least several orders of magnitude,
as shown on the left side of Fig. 7.4. Even for all the dark charges set to
unity - which we assume further for simplicity - the model still features a set
of 12 free parameters. To structure our discussion and better illuminate the
interesting phenomenological prospects of this scenario, we assume below the
following hierarchy of masses in the BSM sector of the model

(m¢ >>) My > My > Mar > My > me and mar ~ my,,. (747)

Under this assumption, the dominant component of DM is the heavier scalar y
which decouples from the thermal plasma earlier than the lighter scalar . The
decoupling of y occurs via annihilations mediated by the intermediate heavy scalar
¢, xx — (¢*) — mm. The right side of Fig. 7.4 shows the relevant Feynman
diagrams of the key processes leading to indirect signals of DM. In particular,
2 — 3 annihilations yx — (¢*) — nnA’ will play the key role in our discussion of
ID observables.

As can be seen, the dark photon produced by the 2 — 3 process then decays
into a dark Higgs boson hp and the dark vector, A — hpA” which indeed is
kinematically allowed; cf Eq. (7.4.7). This decay occurs via a radiative process
with exchange of 7 in the triangle loop.? As a result, the decay width is naturally

3Note that other loop-induced decays into two lighter dark vectors, A’ — A”A", or two
scalars, A’ — hp(hp or H), are excluded by the scalar QED analog of the Furry theorem which
applies to loop diagrams with an odd number of external vector fields, see Chapter 10 of [479].
The decays of A’ into the SM Higgs boson and the light dark Higgs boson would, either way,
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suppressed and A’ can have a very large, astrophysically significant, lifetime

2 6N 2 6\ 2 5
cTar ~ 1 kpe <L> <1O~ ) (4 < 10 ) ( i )4 (1OGeV) . (74.38)
ap € )\th 150 GeV iy
The full expression is given in Eq. (E.1.2), while the above approximation holds
assuming m, > ma > my,,,. We give a full list of decay widths and annihilation
cross sections relevant for our discussion in Appendix E.1.

As can be seen from Eq. (7.4.8), the dark vector can travel galactic scale
distances before decaying and producing visible signals due to subsequent decays
of the dark Higgs boson, hp — ff, where ff = e*e™, u* ™, or hadrons (obtained
from quark pairs ¢g). We require that hp decays before the BBN, i.e., 7,, < 0.1s.
In fact, the hp lifetime is often even shorter, lying within the reach of the intensity
frontier searches for light new physics.

Before discussing the phenomenological aspects of our scenario, let us go back
to the issue of the vanishing of the kinetic mixing terms in Eq. (7.4.2) that are
proportional to € and €’. In general, even if there is no such kinetic mixing between
the hypercharge and the dark photon field-strength tensors at the tree level, it can
be generated at the loop level [263, 264] if the charge conjugation symmetry is
also broken in the DS [265]. To obtain this symmetry breaking, one can either
introduce a new particle (or several new particles) that is charged under both the
SM and the dark gauge groups, or introduce interactions in the DS that break this
symmetry, analogous to the SM, where weak interactions are responsible for the
charge conjugation symmetry breaking. Otherwise, there can be no perturbative
generation of a kinetic mixing term [265].

In the model considered here there is no such symmetry breaking and therefore
non-zero kinetic mixing can only occur at the tree level. This can also be seen
directly because for each loop diagram that a priori could contribute to generation
of kinetic mixing, there exists the same diagram but with the particle flow reversed,
corresponding to virtual antiparticles, and the contributions of the two diagrams
cancel in pairs. Thus, in the following we will assume a negligible kinetic mixing
which is not regenerated perturbatively. In this way, we will also be able to avoid

stringent terrestrial, astrophysical, and possible BBN constraints on light dark
vectors [260, 480].

7.5 Relic density

We begin the discussion of the specific features of our model by examining the
relic densities of the two DM components, the dominant y and the smaller 1 — for
which we require QA% + Q,h? ~ 0.12 [18] — and the abundance of the unstable
long-lived dark vector A’. To this end, we numerically solve a set of Boltzmann
equations which extend the well-known assisted freeze-out mechanism introduced

correspond to only narrow regions of the parameter space of the model studied in Section 7.7.
The similar process involving two identical scalars in the final state, e.g., dark Higgs bosons, is
also excluded by angular momentum conservation and Bose symmetry. Such decay would involve
the initial state particle with J = 1 and two identical real scalar bosons in the final state that
due to Bose statistics must have even J.
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for the coupled two-component DM scenario [481] to compute the relic densities
of the three dark species

Yy M fon Y 2

— X (y2__"1" (ye

dx 2 ( X (K]eq)Q ( X ) !

dy, A 2 2 YA A 2 Yy eq)?

Fria (Yn - (v79) (YjQ)2> e (YX - (n‘;f 0ey) @

dYA/ A eq\ 2 Yj/ )\A’ eq\2
= n <Yn2_(ynq> _> _?<Yj,—(YA?) ),

@ (V3

where Y; is the respective yield, i = x,n, A’ and © = m, /T4

We stress again that we assume that the lifetime of the dark Higgs boson hp is
small enough for it to decay before the BBN era. The calculation of its abundance
is therefore not needed in the following analysis.

The parameters \; are proportional to the annihilation cross sections of the
main processes determining the abundances of species in the DS

s(my) 1.32 g.s(m,)
A = . <U X ‘U> ~ =y mpi <O’ % —U>,
X H(mn) XX—=Nn s (mn) n XX—NN
s(my,) 1.32 gus(m,)
Ay = ! <U ] A’A/U> =~ —nm mp] <O’ = A’A/U>7 (752)
n H(mn) ni— 7 (mn> n ni—
s(my) 1.32 gus(my)
)\ = U 1At ~ —T] Y
A H(m,) (Carar=hphp) o) MyMp1 (T A4 hphp )

where s = s(7T') is the entropy density, H = H(T') is the Hubble rate, mp; = 2.44 x
10'8 GeV is the reduced Planck mass, and g.,(7) and g.(T) denote the effective
number of relativistic degrees of freedom for the entropy and energy densities of the
thermalized SM-DS plasma, respectively. Moreover, we introduced the equilibrium
comoving yields

g; 45

Y4 z) =nt/s = g*s—(l‘)@m x)? Ks[r; o], (7.5.3)

where r; = m;/m,, and g, is the number of internal degrees of freedom of particle
i. The resulting relic density is obtained from the relation k% = (p;/peait)h* =
(50 Yi0mi/peris)h?, where sg is the current entropy density and Y; g is the final yield
of the dark species i after its freeze-out.

For the dominant heavy DM component y, an additional contribution to the
total relic density can come from the 2 — 3 processes xy — nnA’. We take
this into account in the results below by tuning the p, and p, parameters in
Eq. (7.4.4) accordingly, and by modifying the heavy scalar mass mg, so that the
total pair-annihilation cross section of ys takes the thermal value. In the case of

4We solve the Boltzmann equations by doing a partial wave decomposition of the thermally
averaged annihilation cross sections for each process, (ov). Due to the large mass hierarchies
between the three species, their thermal freeze-out temperatures are well separated which means
that it is not necessary to take into account the full temperature dependence of (ov).
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n relic abundance, the possible annihilation modes are into the A’A’, hphp, and
A’hp final states. As we will discuss below, it turns out that the allowed region of
parameter space of the model which we study corresponds to large values of the
dark coupling constant gp = 0.1. In this case the first of the aforementioned
annihilation modes dominates. The coupling gp must take such large values
because it also determines the annihilation rate of dark photons into hphp pairs.
We require (ov) ararn,n, to be up to a few orders of magnitude larger than the
thermal value to suppresses the abundance of A’. We then avoid the strict limits
resulting from the BBN, cf. Section 7.6.1. As a result, in the allowed region of the

model parameter space, we typically find
Q0 ~0.12>> Q,h* ~ Quh? . (7.5.4)

We illustrate the evolution of the mass yield m; Y; for all the three dark species as
a function of x on the left side of Fig. 7.5. In the plot, we fixed the masses in the
DS as follows: m, = 1.5 TeV, m, = 150 GeV, my =20 GeV, my,, = 250 MeV,
as well as we used the following values of the coupling constants in the Higgs
sector: App, = 10~ and Ahpy = 4 X 10~7. This choice corresponds to benchmark
scenarios discussed in Section 7.7. The remaining mass of the heavy scalar ¢,
and the coupling constants 1, and p, are chosen such that the annihilation cross
section (00)yy—n, achieves the thermal value.

As can be seen in the plot, the heavier DM species x freeze out within the DS
almost independently of the evolution of the relic densities of the other two dark
particles, n and A’. The heavy scalar relic density almost saturates the total DM
abundance, Q,h% ~ 0.12, which justifies referring to it as secluded DM. Instead,
the yield of both A" and 7 is much suppressed and it decreases with increasing the
dark coupling constant gp, Yar o< 1/(c0)ararsnpnp X 957, cf. Eq. (E.1.12). We
illustrate this in the right panel of Fig. 7.5 which shows (mY’) as a function of gp.
We also schematically show the BBN bounds which exclude too low values of the
coupling constant gp. This is because suppressed gp leads to both an increased
abundance of late decaying A’ and its large lifetime, 74 o< 1/¢%, cf. Eq. (7.4.8).
Such late-time decays of A’, and related energy and entropy injection around the
BBN era, might distort successful predictions of light element abundances in the
Universe. We defer the discussion of a more precise implementation of the BBN
bounds in our analysis to Section 7.6.1. The CMB data constrain even larger
lifetimes than BBN, leading to stringent bounds on the A’ yield. As seen in the
figure, both cosmological constraints become weaker for larger gp. Interestingly,
this simultaneously increases the sub-thermal 2 — 3 annihilation cross section
xx — nnA’ which is responsible for the DM ID signals in our model. Therefore,
in this scenario, avoiding cosmological bounds naturally favors regions in model
parameter space that can be probed in DM ID searches.

7.6 Current and future constraints from
astrophysics, cosmology and colliders

While most of the DS species present in our model are secluded from the SM, their
indirect couplings to the light dark Higgs boson hp still induce interactions with

101



CHAPTER 7. INDIRECT DETECTION OF LONG-LIVED PARTICLES

(mY)pm ~ g%

Perturbativity

BBN - A’ 1

(OV)ID eff increases
—

107 107
9o

Figure 7.5: Left: Comoving energy densities, (mY);, for two-component DM and
the unstable dark vector undergoing thermal freeze-out obtained by solving the
Boltzmann equations Eq. (7.5.1). Right: A schematic plot of the unstable dark
vector yield, (mY') 4, as a function of the dark coupling constant gp shown with
the black dashed line. The regions constrained by the BBN and CMB bounds on
very long-lived A’, and by a perturbativity bound are gray-shaded. The dominant
DM yield, (mY'),, is also indicated with the horizontal black dotted line on top of
the figure. This yield is not constrained by the BBN bounds. The expected signal
rates in DM indirect detection searches grow with increasing gp as marked with
blue color.

the visible sector, leading to experimental constraints which we review below.

7.6.1 Current bounds

Accelerator-based searches Light dark Higgs boson is one of the primary
targets of intensity frontier searches for sub- GeV new physics as it corresponds to
one of only a few available simple renormalizable portals to the DS. Based on the
available data, upper bounds on the mixing angle ;5 can be put. Particularly
relevant for our study are the constraints obtained from the E949 data on rare
kaon decays [482| and from rare B meson decays at the LHCD [483, 484|, as well
as the results of beam-dump searches in the CHARM [485|, MicroBooNE [486], and
NAG62 [487] experiments. We take them into account following [234, 322, 488-490).

Astrophysical and cosmological bounds Constraints on light dark scalars
can also be derived from their impact on astrophysical and cosmological
observations. In particular, we use the bounds derived from possible modifications
of the supernovae cooling rate and the neutrino emission from SN1987A [491]| and
BBN constraints on late-time energy injections from decaying BSM species [480].

Important bounds are also associated with the metastable relic abundance of
the long-lived dark vector A’. We implement them in accordance with [492] for
the BBN constraints and [102] for the CMB bounds derived from the combined
data from the Planck [18] and COBE /FIRAS [64] satellite experiments where we
follow [102, 493, 494].

The DS richness of our model also offers very good prospects for discoveries of
various BSM species in future searches. These include next-generation experiments
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targeting light dark Higgs boson in a manner similar to that described in the
previous paragraph, the upcoming intensity frontier searches for LLPs and the
future CMB observations constraining the very long-lived A’.

7.6.2 Intensity frontier searches for light dark Higgs boson

Rare meson decays yield tight bounds on light, sub- GeV, dark Higgs bosons from
various accelerator-based experiments run in the past. Similar future searches are
expected to further constrain the available model parameter space. In particular,
light dark Higgs bosons with mass range below the di-muon threshold, m;, <2m,,,
will be constrained by rare kaon decays in the KLEVER [234, 495] and KOTO
step-2 [496] detectors, and in the next run of the NA62 experiment as discussed
in [497|. Further limits for both light and slightly heavier scalars - but lying below
the kaon threshold for the hp production, my,, < mg — m, - can be obtained by
Fermilab Short-Baseline Neutrino Program. We present the expected limits from
the NuMI-ICARUS and BNB-SBND detectors following [489)].

For the heavier dark Higgs boson, in mass range of the order of a few GeV, the
most stringent future constraints should come from the displaced visible decays of
hps produced in either beam-dump or collider experiments. Below we show future
sensitivity reach contours for the proposed SHiP experiment at CERN SPS [25§],
as well as the LHC searches at Codex-b (300 fb™") [498, 499], FASER. 2 [280, 284],
and MATHUSLA [287, 288]. In addition, we also show the expected sensitivity
resulting from searches for dark scalars in rare B meson decays in the Belle-11
experiment [277, 278].

7.6.3 Dark matter detection

The parameters of our model can also be tested in experiments dedicated to DM
searches. This is especially the case for ID searches for signatures induced by the
dominant heavy DM component y. In this case, the discovery prospects depend on
the DM annihilation rates. These, in turn, can depend on only the unsuppressed
couplings present in the secluded dark sector and, therefore, they remain large.
Instead, future DD searches are much less promising as they explicitly depend on
the tiny interaction strength between the y and the SM particles which occur
only via intermediate ¢ and 7 species. The same is true for the lighter DM
species n which has negligible relic abundance and suppressed couplings to light
quarks. Below, we then focus on ID searches for the signatures induced by y
DM. In particular, we discuss the relevant detection prospects in the future y-ray
observations that can lead to distinct phenomenological effects, as discussed above.

Indirect detection of DM In the model under study, ID signatures do not
appear at the leading order, as the dominant 2 — 2 annihilation channel, xx — nn,
produces invisible stable dark species n. Instead, it comes from the y annihilations
at the next-to-leading order as a result of the 2 — 3 process yx — nnA’ shown
in Fig. 7.4. This is particularly important for the increasing value of the dark
coupling constant gp because larger values of gp increases the chance of the final-
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state A’-sstrahlung off the 7 leg, see Eq. (E.1.13) and Eq. (E.1.14). As we described
above, cosmological and collider constraints also prefer such large values of gp.
In our discussion, we focus on novel ID effects characteristic for our scenario.
We enumerate three distinct features that distinguish it from the simplest secluded
DM models: (i) it relies on the 2 — 3 annihilation process which results in a
continuous energy spectrum of the meta-stable A’) (ii) it uses multi-step cascade
decays ultimately resulting in the photon flux, i.e., it relies on the decay A" —
hpA”, followed by indirect production of v-rays via the dark Higgs boson decays,
hp — 4e,4p, hadrons — 7, see, e.g., [473, 500] for a similar discussion; (iii) it
leads to non-local DM ID effects occurring for the very long-lived A’. The first two
features result in smearing of the spectrum (spectrum is softer) of the final state
SM particles. This can be further affected by the non-local effects. In result, our
model effectively avoids bounds from the searches for peaked spectral features in
the positron data [218, 501]. Instead, the searches for a diffuse DM-induced 7-ray
flux are a particularly promising way to study such a scenario. In our analysis, we
employ the Einasto DM profile, already introduced in Eq. (6.4.1). The relevant
photon flux is given by Eq. (7.3.2) in which the photon spectrum from 2 — 3
annihilations of x and subsequent three-body and cascade decays of A’ is denoted
by (dN,/dE,),, cf. Appendix E.2 for further discussion of the technical details.

7.6.4 Future Cosmic Microwave Background surveys

As mentioned in Section 7.6.1, CMB observations provide another complementary
way to study our BSM scenario. In particular, future surveys are projected to
significantly improve the bounds on CMB spectral distortions and essentially rule
out BSM scenarios predicting mediator lifetimes between 74 ~ 10°s and 10'2s.
In result, the relict abundances of unstable, very long-lived species should be no
greater than a small fraction of the total DM relict density, Qa < 1075 Qpy,
but, depending on 74/, even much more stringent limits, Q4 < 1072 Qpy, can be
derived. In contrast, for the CMB anisotropy data, the expected improvement over
the current constraints is less spectacular, but will also result in tighter bounds by
about a factor of a few in 4/, relevant for the large lifetime regime, 74 > 10'%s.
We emphasize that while the CMB data remain complementary to DM ID searches
for intermediate mediator lifetimes 74, > 10° s, they will be the best way to probe
scenarios with extremely long-lived A’s that would predict significantly suppressed
ID signals.

7.7 Results

Although the non-minimal content of our model results in 12 free parameters,
cf. Section 7.4, the thermal history and the ID signal rates depend crucially
on only a few of them. We therefore limit our discussion to only slices of this
multidimensional parameter space, presenting the results of our analysis in the
most convenient two-dimensional (my/, gp) plane.

We show the results for three values of the dark Higgs boson mass: m;,, = 20,
250, and 500 MeV which correspond to different dominant decays of hp, into
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Figure 7.6: Left: Excluded parameter space of our model (gray) and sensitivity
projections of the future experiments (colored dotted lines); shown in the (m, gp)
plane. We fixed the other parameters as follows: my,, = 500 MeV, m,, = 150 GeV,
my = 1.5 TeV, A, = 4x107% and € = 1076, For all points in the plot we require
that Q,h* ~ 0.12. The black dash-dotted lines correspond to fixed values of the
A’ lifetime, 74,. Right: Magnification of the region marked with gray rectangle
on the left, showing the impact of non-local effects on the expected sensitivity of
CTA.

ete”, ptp~, and pion (77) pairs, respectively. Because we assumed a large
hierarchy between x, n, and A’, the long-lived dark photons produced in the 2 — 3
annihilations yxy — nnA’ can become strongly boosted and travel galactic scale
distances before decaying as dictated by their large decay length, d4 > 1 kpc. We
note, however, that if the mass of the scalar n is too small, the loop-suppressed
lifetime of A’ would again be reduced to smaller values, cf. Eq. (7.4.8). In
this case one would not expect any non-local effects in DM ID. We therefore
fix my, = 1.5TeV and m, = 150 GeV for concreteness. We also note that the
dominant y DM mass around and above the TeV-scale corresponds to the best
reach of DM ID searches in CTA.

In the presentation of our results, it is most convenient to vary the dark photon
mass m4 and the coupling constant gp. The former assumes a limited mass
range, mp, < ma < my,, cf. Eq. (7.4.7). This allows for the opening of both
A" — hpA” decays and nn — A’ A’ annihilation channels. In particular, they bring
the abundance of 7 to a negligible level. Instead, for m,, < m direct annihilations
of n into SM species through the light scalar portal hp and suppressed annihilations
into the lighter vectors n — A”A” will lead to an excess of thermally produced
DM, unless the induced mixing angle between the dark Higgs boson and the SM
Higgs boson reaches large values, close to the current limits. However, even in this
case, a large hierarchy my,,, < m,, would generate too large — and already excluded
— values of the Sommerfeld-enhanced annihilation cross section of 1 around the
time of recombination. We therefore focus on the case with m4 < m,, and adjust
the auxiliary parameters in the DS, mgy, 14, and pp, so that at each point in the
parameter space shown in the figures, the heavy scalar DM obtains the correct
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value of the thermal relic density, Q,h? ~ 0.12, while Q,h? is negligible.

The values of the dark coupling constant gp are a priori only constrained
by the perturbativity bound which for simplicity we take to be gp < 4m. On
the other hand, the astrophysical, cosmological, and collider bounds discussed in
Section 7.6.1 put limits on too low values of this coupling constant, effectively
leading to the bound gp 2 0.1. In particular, lower values of gp would lead to
an overabundance of A’, and its late-time decays would violate BBN and CMB
limits. As we will see in the figures, collider bounds also affect the region of the
parameter space with too low values of gp. This is because for fixed m4 and
Amn,, the mixing angle 0, increases as gp decreases, 0y, >~ )\HhDvaSM/m%{ =
Airnpmarvsn/(m3 gp), valid for my,, < my. Eventually, it reaches the level at
which it has already been excluded in searches for the dark Higgs boson.

Finally, we also fix the dark coupling between the dark Higgs boson and the
lighter scalar DM component 7, A, =4 X 1077, 4 x 107, or 4 x 107°, in order
that the lifetime of A’ can be large enough to be of astrophysical relevance, cf.
Eq. (7.4.8). We also fix the kinetic mixing parameter between the two dark vectors
to the following small value: € = 107%. As we will discuss below, both of these
choices do not violate current bounds, while allowing one to better illustrate non-
standard aspects of the phenomenology of the model.

We show the results for the heaviest dark Higgs boson we consider, my, =
500 MeV, and for Aj,,, =4 x 107% in the left panel of Fig. 7.6. The grayed areas
are already excluded, and we denote the origin of the bounds by the appropriate
labels. As can be seen, the allowed region of the model parameter space prefers the
values of the dark coupling constant gp exactly in the ballpark for future searches
in the proposed Codex-b, FASER 2, MATHUSLA, and SHiP detectors, as well as
in the range of the Belle-II experiment. For this mass of the dark Higgs boson,
it decays dominantly into light quarks that hadronize into pion pairs, including
neutral pions that decay into two photons. This leads to a sizable ID signal in
~-ray searches. In gray we highlight the upper bounds obtained from null searches
for DM signals in dwarf galaxies performed by Fermi-LAT following [214, 502].
Importantly, this limit places a constraint on excessively large values of the dark
coupling constant gp, which correspond to a too strong predicted ID signal rate.
Note that for lower values of the dark photon mass, ma < 10 GeV, ID bounds
quickly decrease with the increasing dark vector lifetime - which is one of the
effects of non-local ID effects discussed in Section 7.6.3. However, this region of
the parameter space is constrained in part by the past CMB surveys, as indicated
by the appropriate limits. This corresponds to a very large lifetime regime of the
dark vector.

For smaller values of the dark vector lifetime, additional bounds can be
obtained in future DM ID searches with CTA. We show the corresponding
sensitivity curve with a purple dotted contour that bounds the region of the
parameter space above the line. This corresponds to photon flux coming from
the region around the GC with 0.3° < |b|< 1° and |l|< 1°. In this case the
projected CTA sensitivity also becomes weaker in the limit of increasing 7. It
is worth noting that in the large lifetime regime, complementary probes of the
model will be available thanks to future CMB surveys. These may cover parts of
the allowed region of the parameter space of the model below the dotted red and
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Figure 7.7: Same as the left panel of Fig. 7.6 but for different values of the fixed
parameters: my, = 20 MeV, Ay, = 4 x 1077 (left) and my, = 250 MeV,
Mipn =4 x 107° (right).

light blue lines corresponding to future data from Planck and PIXIE, respectively,
as well as to the combined data from CMB-S4, LittleBIRD, and PRISM (labeled
CMB-54 in the figure), cf. Section 7.6.4.

In the right panel of Fig. 7.6, we compare the CTA bounds obtained when
considering the non-local DM ID regime for large ds with the one which does
not properly take this effect into account. The latter sensitivity reach line is
labeled “Standard” in the figure. As can be seen, the presence of non-local effects
significantly weakens the impact of CTA on the model parameter space. This could
be improved in studies focusing on larger Rols, as schematically illustrated in the
figure for the Rol characterized by |0, |I|< 12°. Although we expect the sensitivity
reach lines obtained for the larger Rol to be shifted relative to those obtained for
the smaller region around the GC, in the figure, for illustration, we have artificially
rescaled the reach for |b|,|l|< 12°. This is to match the standard sensitivity reach
lines in the small lifetime regime of A" and to better highlight the relative difference
in the non-local effect in the two cases that appear for increasing 74.. For the larger
Rol the weakening of the bounds is only seen for much smaller values of m 4/ that
lead to larger values of d4. Instead, for smaller decay lengths, the dark vector
typically does not escape the larger Rol before decaying and its signal remains
unsuppressed. Interestingly, the anisotropy effects discussed in Section 7.6.3 lead
to a mild improvement in the expected CTA sensitivity near my ~ (3 —4) GeV.

In Fig. 7.7 we present similar bounds for my, = 20 and 250 MeV in the left
and right panels, respectively. We also fix the value of the coupling constant in the
Higgs sector, A\, =4 x 1077 and 4 x 1077 in the left and right panel, respectively.
As expected from Eq. (7.4.8), a larger \j,, implies a smaller A’ lifetime. As a
result, for increased A, the cosmological limits constrain smaller fractions of
the available parameter space, and the corresponding bounds are shifted towards
smaller values of the dark vector mass. This can be observed by comparing the size
of the currently excluded gray-shaded regions in both panels. In both cases, CTA
will not probe the allowed region of the model parameter space. This is due to a
relatively softer y-ray spectrum produced after the dark Higgs boson decay into
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the leptonic final states, ete™ and ptpu~ for my, = 20 and 250 MeV, respectively.
Instead, collider searches and CMB surveys will provide complementary coverage
of such scenarios.

In the left panel of Fig. 7.7 where m;, = 20 MeV, the currently allowed
region of the parameter space of the model is bounded by supernova SN198a and
NA62 bounds on the dark Higgs boson, and by the BBN and CMB constraints
on long-lived A’. In this case, hp decays mainly into electrons and has a large
lifetime, beyond the reach of high intensity frontier experiments targeting displaced
LLP decays. However, one can search for it in rare kaon decays. In particular,
we project the future bounds from the KLEVER and NA62 detectors to cover
almost the whole allowed parameter space. In turn, the future CMB bounds only
cover the regions below the dotted red and light blue lines which corresponds to
ma < afew GeV.

The heavier dark Higgs boson with my,,, = 250 MeV (the right panel of Fig. 7.7)
decays dominantly into a pair of muons and therefore has a much smaller lifetime,
determined by its couplings to the SM fermions similar to the Yukawa couplings.
Consequently, in this case, much of the parameter space can be explored by the
future intensity frontier, neutrino experiments, and at collider detectors. The
complementarity of these searches with future CMB surveys will thus lead to the
exploration of a large region in the (m/, gp) plane over a wide range of A’ lifetimes.

7.8 Conclusions

Most studies of light sub- GeV portal to date have focused on simplified frameworks
with only a limited number of new species added to extend the SM. Although
this approach allows for easy comparison of multiple experimental proposals, new
effects can be observed in more elaborate, and more realistic, models with a larger
number of BSM species, perhaps with an extended mass hierarchy. We studied
such a rich DS model containing both light, sub-GeV species and particles with
masses up to 10 TeV or so. In particular, we invoke a heavy scalar DM with the
mass above the TeV scale and a potentially very long-lived dark vector mediator
that is secluded from the SM.

This scenario remains beyond the reach of current and near-future DD searches.
However, in this chapter we have shown that perhaps the best way of probing this
type of model, in addition to the intensity frontier searches for LLPs, is to employ
DM-induced signatures in both future ID and CMB experiments. We illustrated
this for the very long-lived dark vector A’ which can decay at kpc-size distance
from its production point. This can lead to interesting non-local effects in the
DM ID searches. In particular, one can expect a larger than typical discrepancy
between the prospects for DM detection in ID observations employing small regions
in the Galaxy and beyond, e.g. in dwarf galaxies, and such searches in extensive
Rols. When compared to traditional WIMP DM searches, in certain regions of
the parameter space of the model that we studied, one can observe an increased
intensity of the DM signal from the GC and a simultaneous suppression of the
corresponding rates expected from dwarf galaxies. Similarly, the DM-induced ~-
ray flux may in this case be characterized by a distinct morphology that does not

108



7.8. CONCLUSIONS

necessarily follow the true DM density distribution.

While the models predicting the existence of heavy WIMP DM candidates and
scenarios with light, sub-GeV degrees of freedom have been extensively studied
in the literature in recent years, the phenomenological consequences of their
simultaneous presence in BSM models is much less explored. Careful tests of
such scenarios will require a multi-messenger approach employing both accelerator-
based searches and astrophysical observations. Further surprising effects might also
be revealed in DM ID studies. In particular, the traditional approach to DM ID
might have to be modified to better explain the data, e.g., observations of both
small and large Rols around the GC may lead to significant differences in expected
photon fluxes. If such differences were to be observed, it could mean the simple
WIMP-like scenarios studied so far would need to be extended to incorporate
additional light and very long-lived BSM particles that can play the role of the
mediators between the SM and DS.
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Chapter 8

Self-interacting dark matter and the
Hubble tension

8.1 Introduction

In this chapter, we continue to explore rich dark sector models that contain
particles spanning several orders of magnitude in their mass. Specifically, we
consider a dark sector comprised of self-interacting DM and a light vector mediator
- which provides the sufficiently strong DM self-interactions - connected to the
SM through a dark Higgs portal. We focus on the cosmological impact of such
a scenario - which could be related to several recently uncovered observational
anomalies - therefore, we concentrate on constraints from indirect searches for
new physics, including CMB and other astrophysical and cosmological data.

The ACDM model assumes that DM behaves as a cold, non-interacting,
pressureless fluid. As discussed in Chapter 2, this simple approach leads to
remarkably successful description of the Universe at large scales. At smaller scales,
however, serious discrepancies have been observed between theoretical predictions
based on such assumptions and observations [77]. Some of the most significant
problems are listed and discussed in Section 2.3.2.

Moreover, recent advances in observational cosmology allowed to identify other
tensions within the ACDM scenario, see [19, 503, 504] for recent reviews of these
problems, most notably the discrepancy between different measured values of
the Hubble rate parameter, Hy [19, 20, 24, 505], and, to a lesser extent, of the
“clumpiness” parameter, Sg = 0g (Qmatter/ 0.3)0'5, where oy is the power spectrum
amplitude on the scale of 8h~! Mpc [25, 506, 507|, which is the scale of galaxy
clusters.

It is therefore interesting to consider modification of only the DM component
of the Universe as a solution to both small and large-scale problems of ACDM.
In light of this, we study a new mechanism for SIDM production via decays of
heavy messenger state into SIDM and, to a lesser extent, also into dark radiation
(e.g., through higher-order processes that are phase-space or loop suppressed)
that occur after the recombination. The model that we discuss provides

The contents of this chapter is based on: A. Hryczuk and K. Jodlowski, Self-interacting dark
matter from late decays and the Hy tension, Phys. Rev. D 102 (2020) 043024, [2006.16139].
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CHAPTER 8. SELF-INTERACTING DARK MATTER AND THE HUBBLE
TENSION

another illustration of the interplay between light and heavy new physics with
potentially fundamental phenomenological consequences for ongoing observations
and experimental searches.

8.2 Hubble tension and other selected problems in
the ACDM model and astroparticle physics

Before we present the details of our BSM scenario, we first introduce the most
relevant observational and experimental anomalies for our study. As we described
in Section 2.3.2, ACDM model has long-standing small-scale structure problems.
A popular solution of them invokes sufficiently strong DM self-interactions, which
we will discuss in more detail in the next section.

We begin by discussing other recent problems and anomalies that may also
point to the need of modifying the ACDM model or to the existence of some other
BSM physics. While the list of such potential anomalies identified in recent years
can be quite extensive, cf. recent reviews [26, 508, 509]|, we will focus on the ones
that are directly related to our discussion in the remaining part of this chapter.

Hubble tension The current expansion rate of the Universe, Hy, is accurately
determined from direct observations of the local Universe based on the cosmic
distance ladder constructed from BAO and Supernovae (SNe) data. As shown
in Fig. 8.1, such model-independent observations yield Hy = 74 + 1km/s/Mpc,
which is much larger than Hy = 67 £+ 0.5km/s/Mpc, the value obtained from
indirect measurements, e.g., those employing CMB anisotropy and BAO data,
and assuming the validity of ACDM to extrapolate the expansion rate from the
early period to the present.

The systematic errors are believed not to be the source of the tension, as:
(i) the largest uncertainty is associated with the local measurements using the
distance ladder, and not Planck observations, however, recent study which used
the data collected by the SHOES collaboration, [510], showed the robustness of the
distance ladder method; (ii) the explanation of the Hy tension without invoking
new physics would require several uncorrelated errors to be present in the current
analysis [511].

As a result, the BSM explanations have been proposed to address the tension.
In particular, it has been shown, e.g., [513-515] that converting a small fraction
of DM energy into radiation at late times significantly increases the present-day
Hubble rate, the Hy constant; see also the updated analyses collected in recent
reviews of Hubble tension solutions [396, 511|. Such processes reduce the matter
density at late times and thus increase the present-day Hubble rate, Hy, with
respect to the ACDM predictions. This can be easily seen by considering the
angular size of the last scattering surface [503],

0, = (8.2.1)
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CMB with Planck

Pogosian et al. (2020), eBOSS+Planck Q,H?: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54

CMB without Planck

Aiola et al. (2020), ACT: 67.9 + 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 = 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+333
Henning et al. (2018), SPT: 71,3+ 9.1

Hinshaw et al. (2013), WMAP9: 70.0 + 2.2

No CMB, with BBN

D' Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97

Pi(k) + CMB lensing
Philcox et al. (2020), P,(k)+CMB lensing: 70.6+3:]

Cepheids — SNila

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8 £ 2.7

Riess et al. (2019), R19: 74.0 +1.4

Camarena, Marra (2019): 75.4 £1.7

Burns et al. (2018): 73.2+2.3

Dhawan, Jha, Leibundgut (2017), NIR: 72.8 3.1
Follin, Knox (2017): 73.3+ 1.7

Feeney, Mortlock, Dalmasso (2017): 73.2+ 1.8
Riess et al. (2016), R16: 73.2+1.7

Cardona, Kunz, Pettorino (2016), HPs: 73.8 £2.1
Freedman et al. (2012): 74.3+2.1

TRGB - SNla

Soltis, Casertano, Riess (2020): 72.1 +£2.0
Freedman et al. (2020): 69.6 £ 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1 +1.9
Freedman et al. (2019): 69.8 +1.9

Yuan et al. (2019): 72.4 £ 2.0

Jang, Lee (2017): 71.2+2.5

Miras — SNla
Huang et al. (2019): 73.3 +4.0

Masers
Pesce et al. (2020): 73.9 + 3.0

Tully - Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1 +2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 +4.1

SNII

| de Jaeger et al. (2020): 75.8¥33
Fernandez Arenas et al. (2018): 71.0 £ 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8t§§

Birrer et al. (2020), TDCOSMO+SLACS: 67.4+41, TDCOSMO: 74.5%2%
Millon et al. (2020), TDCOSMO: 74.2 1.6

Baxter et al. (2020): 73.5+5.3

Qi et al. (2020): 73.6+18

Liao et al. (2020): 72.8*1%

Liao et al. (2019): 72.2 +2.1

Shajib et al. (2019), STRIDES: 74.2+2]

Wong et al. (2019), HOLICOW 2019: 73.3:%;,i

Birrer et al. (2018), HOLICOW 2018: 72.5%2%

Bonvin et al. (2016), HOLICOW 2016: 71.9+43

Optimist average

Di Valentino (2021): 72.94 +0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 + 1.1

GW related
Gayathri et al. (2020), GW190521+GW170817: 73.4+$5
Mukherjee et al. (2020), GW170817+ZTF: 67.6*%-
Mukherjee et al. (2019), GW170817+VLBI: 68.3*3"
Abbott et al. (2017), GW170817: 70.01&%3
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Figure 8.1: Combined results of experiments determining Hy. Note the significant
discrepancy between the values obtained by the late-Universe observations (e.g.,
SHOES [512]) indicated by cyan vertical band and the early-Universe (pre-
recombination) observations (e.g., Planck [18]) indicated by the light pink vertical
band. All values were determined under the assumption of the ACDM model.
Taken from [511], where one can find an extensive discussion and a list of the
relevant references.
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where

L /trccomb Cs (t)dt ~ 1 /trccomb Cs (t)dt/trecomb (8 2 2)
5 0 a(t) Hrecomb 0 [/)(t)//) (trecomb)]l/2

is the size of the baryon-photon sound horizon, and

DA _ /tpresent C;dt ~ i/‘tpresent Cdt/tpresent (823)
at)  Ho Jueoms [p(t)/p0]"*

is the angular diameter distance to the last scattering surface. From these
equations we obtain the following expression:

trecomb

ftprcscnt Cdt/tpresent
trecomb [p(t)/po] '/
ftrecomb Cs (t)dt/trecomb

0 [P(t)/P(trecomb)] 1/2
where p(t) is the total energy density of the Universe at time ¢ and po = p(tpresent )
while ¢ is the speed of the sound wave. Clearly, Hy will increase if one:

HO = Hrecomb (824)

e decreases energy (e.g., matter) density at late times (late-time solutions) or

e decreases the sound speed in the early Universe (early-time solutions).

This observation has been used by many proposed mechanisms, see [396, 511|
for up-to-date catalog of solutions. However, there is currently no consensus on
the preferred solution. On the other hand, it has been understood that late-time
solutions seem to be disfavored by the data [503, 516, 517] due to stringent BAO,
CMB, and SNe observations.

For example, as it was understood after our initial study had been published 3|
a decaying dark matter (DCDM) solution similar to the one described below, would
not only decrease the sound horizon of the last scattering - which increases Hy (as
desired) - but the amount needed to fully resolve these tensions would also severely
decrease the photon diffusion damping scale, leading to an unacceptably worse fit
to large [ part of the CMB spectrum. In order for the scenario discussed below
to fully address the Hubble tension, one should then also allow for an additional
mechanism to improve the CMB fit which, however, goes beyond the scope of our
analysis.

Sg tension A similar deviation from the ACDM comes from the determination of
the matter energy density €2,,, and the amplitude of the power spectrum on the scale
of 8! Mpc, og. Combining those parameters together, one obtains the parameter
Ss = 08 (Qmatter/ 0.3)0'5, which is constrained by the Planck data [506], redshift
surveys [518, 519], and weak lensing measurements [507, 520]. The discrepancy
takes place between the results obtained by the Planck collaboration, which points
towards a smaller value of Sy (and thus less structure in the Universe at the
8h~! Mpc scale), and the other aforementioned observations that prefer a larger
value of Ss. The Sg discrepancy is less statistically significant (~ 20) than the
Hubble tension (~ 40), as it is potentially susceptible to various less understood
systematic errors - see Fig.9 in [521] and discussion therein. One of the natural
solutions of the Sg tension is again DCDM [522], as it obviously reduces the matter
density at late times - see also recent review |523| for other proposals and extensive
discussion.
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Supermassive black hole formation puzzle Observation of very old, z 2 7,
and very massive, Mgy > 109 Mgy, SMBHs [524-526], poses a challenge to the
standard theory of black hole formation. In the standard picture, a massive black
hole originates as a much smaller compact object, called progenitor, which has a
mass of Mgypy > 10Ms,, and grows by accretion of the rotating baryonic matter
surrounding it and by merging with other black holes [527, 528]. However, due
to the Eddington limit, which is a bound on the rate of accretion derived from
the balance between gravitational pull and radiative pressure, there would not
be enough time for black holes to form as large as observed by z 2 7 [529], see
also recent review [530] for extensive discussion of the problem and the possible
solutions.

One of them is based on the gravothermal collapse of a small halo of ultra
SIDM x [531, 532], which can occur much faster than accretion, and forms an
initial seed for accelerating the growth of SMBHs.! The ultra SIDM regime is
defined as oy, /m, 2 10%cm?/g* of much stronger self-interactions than allowed
by the bound given in Eq. (3.2.2). Therefore, to evade this bound, one needs to
consider multi-component DM model in which the abundance of ultra SIDM can
be only a fraction, of the order < 10%, of total DM energy density. For discussion
of this problem within our model, see Section 8.6.3.

XENONI1T and horizontal branch stars cooling anomalies Recently,
the XENONIT experiment [534] reported an unaccounted excess of events over
the background in electronic recoils around 1-7 keV with ~ 3o significance.
The collaboration studied various hypotheses for the origin of the anomaly, like
unaccounted [ decays of tritium (without invoking new physics), as well as
solar axion and neutrino magnetic moment, which are BSM scenarios. Another
promising explanation of this excess invokes [535] a light, ~ 1 keV, dark photon
coupled to the SM via the kinetic mixing term —3F,, F ' 3 The result of that
paper is that both the XENONIT excess and observations of cooling anomalies
in horizontal branch stars [536-538| could be explained by such light dark photon
with the kinetic mixing parameter £ ~ 1071°. Such mixing makes the dark photon
unstable, however, its lifetime is much greater than the age of the Universe, evading
the BBN and CMB bounds, see. Section 7.6.4. It turns out, that our model,
described by Eq. (8.4.2), can easily accommodate for such dark photon, including
the case where one can simultaneously explain small-scale problems of ACDM,
Hy tension, the XENONIT anomaly, and observations of cooling anomalies in
horizontal branch stars.

'In fact, this mechanism was inspired by the ordinary gravothermal collapse, which is believed
to be responsible for the formation of globular clusters [533].

2See Eq. (3.2.1) for the definition of oy,.

3We used & as a kinetic mixing parameter because € in this chapter is used as a Z» symmetry
breaking parameter, cf. Eq. (8.4.2).
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Figure 8.2: A DM particle in the central region of the DM halo is ejected from
it due to the scattering with an energetic outer DM particle. Such dark matter
self-interactions result in a core-like DM density profile near the center of the halo,
as favored by observations (“cusp vs. core” problem). Taken from [541].

8.3 Dark matter self-interactions

Dark matter self-interactions are known to give better fits to galactic-scale data
than the ACDM model, see Section 2.3.2, as shown in N-body simulations [539,
540], due to efficient enerqy transfer between SIDM particles (x’s), which does
not occur for cold DM. We illustrate this mechanism schematically in Fig. 8.2.
For further discussion of the astrophysical and cosmological impact of the SIDM
model, see a recent review [189].

One can estimate the strength of self-interactions required to influence the
macroscopic properties of DM halos by comparing the scattering rate with the
Hubble rate [541], which corresponds to the condition that at least one DM
interaction per particle took place in the lifetime of the Universe,

I' =noyv = Latrv ~ H, (8.3.1)
My
where n is the SIDM number density, oy is the transfer cross section (see
Eq. (3.2.1)), and m, is the SIDM mass. The preferred value of the transfer cross
section is [38]

O (0.1—1)Cm2 (0.1—1 GeV/cm3> (10 km/s)’ (8.3.2)

my g p v

which is compatible with cluster scales observations, such as the Bullet
Cluster [251] - see Section 3.2.

The required strength of DM self interactions translates into a sizable cross
section of the order of o, /m, ~ lem?/g ~ 2 barn/GeV. For illustration, in
the case of a m, ~ 100GeV neutralino (an outstanding WIMP DM candidate
discussed in Chapter 6), self-interactions arise due to a Z boson exchange and
lead to the value of the cross section suppressed by many orders of magnitude
with respect to the SIDM benchmark, oy/m, ~ (g*m,)/m3 ~ 107*cm?/g
strength. Therefore, to obtain sizable DM self-interaction cross sections, one
typically postulates the existence of a new light mediator particle with distinct
phenomenological consequences.

The DM self-interaction cross section used in N-body SIDM simulations is the
transfer cross section, oy, defined by Eq. (3.2.1). Assuming the differential cross
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section, do /dS2, can be expressed by the partial waves expansion,

2

Y’ .

d 1 max .

% = | D220+ 1)e? Pcos O)sindy| (8.3.3)
=0

where d, is the phase shift of the partial wave ¢, the oy, can be easily calculated:*

d
O = /dQ(l — cos 9)£

4 e'maac

=5 126 + 1) sin® 6 — 2(¢ + 1) sindex

k_

X sin dpi 1 cos (g1 — dp) |.

To determine oy, one therefore needs to determine the phase shifts, d,, which
requires solving the Schrédinger equation (in one dimension) for the radial wave
function Ry(r) of the reduced x-y system,

1d (rzde> n <k2 _ A+l zuv(r)) R, =0, (8.3.5)

r2dr dr 72

where v is the relative velocity of the system, p = m, /2 is the reduced mass, and k
is the total momentum, £ = pov. In the following, we will assume that the potential,
V(r), arises from gauge interactions of the light mediator, A*, coupled to x with
a coupling strength a, = ¢*/(4n), cf. Eq. (8.4.2). The result is a Yukawa-type
potential

V(r) = £2Xe=mar, (8.3.6)
T

We consider a vector mediator, so the interactions between the two DM particles
are attractive for the yy scattering, i.e., they correspond to the minus sign in front
in Eq. (8.3.6) (—). Instead, they are repulsive (+) for the xy or xy scatterings.
Following [543], we take the total interaction cross section to be the average of the
attractive and repulsive interactions.

Far from the range of the Yukawa potential, Eq. (8.3.5) has a well-known
solution in terms of the spherical Bessel functions j,(r) and ny(r) (for definitions
and properties of the spherical Bessel functions see, e.g., sec. 10.47 in [169])

Tli_)rglo Ry(r) o< cos 6gje(kr) — sin dpne(kr) (8.3.7)

Eq. (8.3.5) should be solved numerically for a < r < b, where a is a positive
number close to 0 and b is a positive number which is large enough that the Yukawa
potential can be neglected for r ~ b. We also require that the numerical solution
matches the analytical solution at » = b which uniquely determines the phase shift
dy.

In our study, we have obtained the numerical solution to the Schrédinger
equation with the use of the Numerov’s method [544, 545] which is a fourth-order

4In estimating the force acting between two DM particles due to the elastic scatterings at
present-day velocities, v ~ 1073, we use the standard numerical procedure for solving the
Schrodinger equation described in [542, 543)].
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linear method with a fixed step size h = (b—a)/n, where n is the number of points
in the grid. The boundary points, a and b, are determined by requiring that at a
Eq. (8.3.5) is dominated by the centrifugal term, which means that a < m%‘, Z:—Ul
The upper bound, b, is determined by requiring that the potential term is much
smaller than the kinetic term: O‘T"e*mf‘b < “7”2 The phase shift is determined by

the matching which leads to the following expression [546]:

_ Je(k(b = h))Re(b) — je(kb)Re(b — h)

tan (dg) ne(k(b— h))Re(b) — ng(kb)Re(b — h),

(8.3.8)

where Ry is the numerically obtained wave function and j,, n, are spherical Bessel
functions.

We calculate the resulting phase shifts until oy, determined by Eq. (8.3.4)
converges. This is obtained if the consecutive values of oy, obtained for ¢,,,, and
lmaz — Umaz + 1 differ by less than 0.1%.

We note that obtaining the numerical solution is absolutely necessary only
in the resonant regime, which occurs when =X=x > 1. In other regions of the
parameter space analytical formulas can be used to speed up the numerical scan.
These can be obtained either from the perturbative expansion in o, - the so-called
Born regime [547] which applies when =™ <1 - or from classical charged particle
calculations. The other, so-called classical regime [547-550] applies when T—: > 1.

The analytical solution to the Schrédinger equation in the Born regime does
not depend on the sign of the potential, and the following formula holds for both
attractive and repelling potentials:

8ra? m2v?
O_gorn _ Wq)ﬁ <log (1 + miqﬂ/mi) — W) . (8.3.9)

The same is not true in the classical regime. For the attractive potential, the
relevant cross section is

(45 pE0!
odes = 0 B282/(14 1589 101 < 8 < 10° (8.3.10)
o (mp+1-Ltmtp)" B =103
A

while for the repulsive potential the following equation holds:

mPEI(1+672) BS1
| Em2s-m28)? 5>1,

clas
tr

(8.3.11)

where 8 = 2a,m4/(m,v?). We find a good agreement between numerical results
and analytic formulas, where they apply.

Dark matter self-interaction regimes The above procedure leads to the
determination of the strength of DM self interactions which can span many orders
of magnitude in the predicted cross section. In the simplest description, this is
determined by two free parameters - the coupling g between the DM species,
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which defines the parameter o, = ¢*/4m, and the light mediator mass my4. In
the classical regime the relevant cross section can be obtained with Egs. (8.3.10)
and (8.3.11), in the perturbative regime we follow Eq. (8.3.9), while the resonant
regime requires using numerical methods. Of particular phenomenological interest
are the two regions we will focus on:

e The first occurs for oy, /m, € (107,10") em?/g, which leads to momentum
transfer rates in the preferred range required by small-scale structure

problems of ACDM.

e The second is the so-called ultra SIDM regime with oy, /m, 2 10%cm?/g
which could solve the SMBHs formation puzzle in a two-component DM
scenario with a subdominant ultra SIDM component, cf. Section 8.2.

Having introduced the main observational and experimental anomalies of our
interest and a general framework of SIDM scenarios, we will now discuss an
illustration of the proposed mechanism to ease the aforementioned tensions in
the data in a concrete model based on the Higgs portal between the SM and dark
sector particles.

8.4 The mechanism

The proposed mechanism for SIDM production is based on late decays of a scalar
particle S, which freezes out from thermal plasma like ordinary WIMP DM, but
is not absolutely stable due to broken symmetry (which in our case is the Zy
symmetry acting as S — —S5). Late-time S decays populate the Universe with
stable DM species x that are coupled with each other via a light vector mediator
particle A’. Below, we discuss the benchmark of mg = 1 GeV, and § = 107, where
2m,,

o6=1-—

(8.4.1)

ms

is the dimensionless mass difference between the decaying S and its products.

An important part of this mechanism is that the dark sector species other
than S never reach chemical equilibrium with the visible sector. As a result,
the light, stable mediator is effectively absent from the plasma, evading the
constraints imposed by CMB and indirect detection observations. Another view
of the mechanism is that it is an extension of the Higgs portal freeze-in [551]
or superWIMP [552] scenarios which employs even weaker couplings in the dark
sector than assumed by these mechanisms.

The aforementioned symmetry breaking can be parametrized by a small
parameter €. Its value is primarily responsible for the lifetime of S, see Eq. (8.5.1)
below. Depending on the value of this lifetime, we can distinguish four different
regimes in the model parameter space:

0) 1078 < € (S decays before BBN): a thermal self-interacting model which is
subject to strong constraints due to the presence of the chemical equilibrium
between the DS and the SM,
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Figure 8.3: A simplified illustration of the model in which the proposed mechanism
is implemented. The SM is connected to the DS via a Higgs portal mediator field
S. We also introduce a Dirac fermion field y charged under spontaneously broken
U(1)qark (this symmetry breaking may, but does not have to be associated with
the Z, breaking), resulting in a massive vector A*.

A) 10713 < e £ 1078 (S decays after BBN but before recombination): viable
self-interacting DM model,

B) ultra weak 10717 < e < 10713 (S decays after recombination but before ~ 1
Gyr): viable self-interacting DM also affecting the Hy tension,

C) € £ 10717 (S decays after ~ 1 Gyr®): two-component DM (dominant pseudo-
WIMP S with a small component of ultra-strong SIDM that can affect the
formation of SMBHs through gravothermal collapse, see Section 8.2, with an
impact on the Hy tension by very late decays.

Regimes 0 and A indicate that the symmetry breaking takes place at a relatively
low energy scale, close to the DM mass. Smaller values of ¢, which lead to regimes
B and C, occur naturally when the breaking occurs at a very high scale, such as
the GUT or even Planck scale.

As mentioned above, we concentrate on the Higgs portal scenario which is
illustrated in Fig. 8.3 and described by the following Lagrangian:

1
L = )‘((i%ﬁ“ —my )X + §m?4A#A#
+ig A"Xvux + € SXX, (8.4.2)

where y is the SIDM, S is the decaying pseudo-WIMP, and A" is the light vector
mediator. The connection with the visible sector is given by the mixing with the
SM Higgs boson doublet H

1 /LQ )\3 )\4
ortal S Q2 3 4
Lol = (0"S)(0u5) + 5 5P+ G SP 5 S

+epgsS H'H + \yg SPHTH. (8.4.3)
Here, we have explicitly taken out the e factor in the trilinear term to emphasize
that this term is allowed only as a result of the Z5 breaking. This guarantees that

S decays mainly into DS states as long as pgg is small enough or S is light enough
that decays into SM particles are kinematically suppressed.

5The typical lifetime of S in this case is of the order of 5 Gyr.
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8.5 Phenomenology
After introducing the theoretical framework in which we will aim to address

the Hubble and small-scale tensions in the ACDM model, we describe the main
phenomenological properties of our scenario.

8.5.1 Thermal history

t[Gyr]
10~ 1072 10° 10
= = T 1 =
. o .
& 5 B % C g
1077 : £ ] T
o
3
e
7 v

mY =m-n/s
3

x=my/T

Figure 8.4: Thermal history of the model: evolution of the energy densities of S
(blue), x (black) and A" (orange) as a function of x = m,/T. Representative
parameters were chosen, which lead to early (regime A, solid lines), late (regime
B, dashed) and very late (regime C, dotted) decays of S.

The basic assumption concerning the thermal history of our implementation of
the SIDM scenario is that only the SM sector is populated during the reheating
process, while the number and energy densities of the DS species at the beginning
of the radiation dominated epoch are negligible - similar to the freeze-in DM
production mechanism [187]. The connector scalar field S introduced in the
previous section undergoes cosmological evolution similar to WIMPs, i.e., it
thermalizes early on with the SM plasma due to the mixing with the SM Higgs
boson and the quartic coupling A\ys. When its annihilation rate drops below the
Hubble rate it undergoes the freeze-out process. At a later time, perhaps even
after recombination, it decays via S — Yxx and subdominantly to the SM species.

Fig. 8.4 shows example evolution of the mass densities of S, y and A* for
all the regimes of the model parameter space discussed above. It is obtained by
numerically solving the relevant Boltzmann equations describing the temperature
evolution of the yield of each species. As one can see, the pseudo-WIMP S freezes
out in the early Universe to the thermal relic density thanks to the mixing with
the SM. At this time, x and A* undergo inefficient freeze-in production until the
onset of S decays that transfer the energy density of S to them. The decays can
occur in various epochs of the Universe which we indicatively grouped into the
regimes described previously.® In the regimes 0, A, and B the whole abundance of
S is transferred into (mainly) SIDM x and (partly) dark radiation A* which leads

6The separation of the epochs and the time variable at the top of the plot are not-to-scale
and are shown for illustrative purposes.
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to both modification of the cosmological history and production of SIDM (which
can influence the small-scale problems of the ACDM). On the other hand, in the
regime C only a (typically small) fraction of S decays up to present, therefore we
obtain a two-component DM model.

It should be noted that the transitions between these regimes are only
approximate and not sharply defined. In particular, the chosen redshift of z ~ 7
line separating cases B and C corresponds to the times of the oldest observed
quasars with SMBHs [525, 526, 553]. The decays of S at that time can affect the
formation rate of SMBHs, see sec. 8.6.3. The S decays can also occur later, even up
to and beyond the present day, which means that all the regimes combined cover
a very wide range of possible lifetimes of S. In the A case (viable SIDM scenario),
S typically needs to be chemically decoupled at a number density higher than it
would be dictated by the DM thermal abundance. This is because during the
decay process some of its energy is transferred to the kinetic energy of y, which
later becomes redshifted. Let us also note that the annihilation process xy — AA
can have some effect on the final x DM abundance even if the relevant number
densities do not reach equilibrium values. This can be seen in the plot as a slight
decrease in the y yield at early times, e.g., 107t < z < 10! for the regime A.
For larger S lifetimes, taking place in the B and C regimes, the y particles must
be produced with very low kinetic energy. Otherwise they will negatively affect
structure formation, as will be discussed in sec. 8.5.3.2.

8.5.2 Late time decays

Under the assumptions described in Section 8.4, the dominant decay channel of S
is into two DM particles, S — Yx. The relevant decay width is given by

2 (m% — 4m?2)3/? ms e \2( & \*?
To o= — X 5.3 104( )( ) km /s/M
§oxx T g m2 P \1Gev/ 1016/ 104 m/s/Mpe,
(8.5.1)

where we introduced benchmark parameter values that lead to late decays.

At higher order, the three-body decay S — yxA and the loop-induced decay
S — AA are also present. By dimensional analysis it follows that I's_,5ya/Ts5y ~
g* and T'g_ 44 /Ty ~ g*. From these relations, one can see that the decay of
S naturally results in the transfer of a small fraction of energy to radiation (A,
which is stable or extremely long-lived) taking place after the recombination, which
is known to alleviate the H, tension, cf. Section 8.2. In addition, thanks to the
presence of such ultra-light mediator A, a viable SIDM model can be obtained for
the y particles.

The final products of the S decays are non-relativistic in the case of the
dominant decay channel S — Yy and act as DM, while they remain relativistic for
the loop decays S — AA. In the latter case the A species act as dark radiation.
The decay products of the three-body decay S — yxA are both relativistic (A)
and non-relativistic (x). In the last case we adopt the prescription that y will
always behave as matter (an excellent approximation as long as § is small, as we
assume), while A* will be considered as matter if its kinetic energy satisfies the
condition Ej 4 < my. Otherwise, we treat it as radiation.
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The differential rate of the three-body decay is given by

d*Tg_zxa _ Msznal®
dEk,AdEX 647T3m3

(8.5.2)

where the amplitude Mg_, 4,4 reads

1 1
p1+7}3_mx ¢1+¢2+mx

)X(p27 mX)ﬁ
(8.5.3)

M seon = c gl <p1>x<p3,mx>(

where p; is the momentum of A and py, ps are, respectively, the momenta of Y
and x in the rest frame of S, while €(p;) is the polarization vector of the external
A* field.

To obtain the total decay width I's_,4, 4, we integrate the differential rate over
the entire kinematically allowed region in the phase space. On the other hand, to
obtain the fraction of energy transferred to radiation, F, we need to restrict the
region to the part, where A" is relativistic at decay

Fssaa+A X Tggya

= : 8.5.4
Fsgx + Dssaa +Doyya ( )
Where Emaac Emal
/ L5 —— AR B, 4 (8.5.5)
FS%XXA mzn dE dEk A

is the fraction of the decay width resultmg in A* having the kinetic energy equal
to or greater than its mass.

The one loop decay S — AA is of higher order in perturbation theory, but it is
not phase-space suppressed and transfers all the energy of S to radiation. When
analyzing the impact of this decay channel, we used the Mathematica packages
FeynCalc [554-556| and Package-X [557| to calculate the amplitudes symbolically.

The amplitude Mg_, 44 is given by

Msaa = —12m, [ — 2By (m%; my, my) (8.5.6)
+ 8Coo(m?%, mg, m?%;my, my,my,)

+(2mi —mg)Co(miy, mG, miy; my, my, my )],

where By and Cj are the two and three-points Passarino—Veltman [558] scalar
functions, respectively, while Cy is the coefficient of the three-point tensor function
proportional to the metric tensor. We follow the conventions of [557|, where the
1/(167?) is factored-out in the definition of the Cyy function, hence it reappears
in Eq. (8.5.7). Note that By and Cyg are UV divergent, but their divergent parts
cancel out in Eq. (8.5.7), making the whole expression finite.

The resulting expressions is computed numerically in a dedicated Python code
used to obtain the total decay width

’MS%AA|29462\/7TLK29—4m?4 (857)

(1672)2 167m?,

Fsan =
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8.5.3 Impact of late decays on the H; tension and structure
formation

As already discussed in Chapter 2, and illustrated in Fig. 2.2, cosmological
observations are becoming increasingly precise, further limiting the alternatives
to the standard cosmological model. On the other hand, the determination of
the Hubble parameter Hj is one of the persistent tensions, which actually became
more severe with more data. An important aspect of this tension is that there is
a general disagreement within the early and late Universe observations [19].

8.5.3.1 Cosmological scan

One possibility to address this outstanding issue is to employ DCDM [396], where
a dark matter particle decays partially into dark radiation; see also Section 8.2
for more details. As radiation redshifts faster than dark matter, its late-time
production results in the reduced expansion rate as compared to the early periods
in the evolution of the Universe. The scenario that we consider in this chapter has
a similar impact on cosmology as the DCDM model, and therefore we expect that
it will provide a better fit to the cosmological data than the ACDM model. In the
following, we will refer to our scenario as DCDM for simplicity.

To analyze the impact of our model on cosmological predictions, we modified
publicly available Boltzmann solver code CLASS [559] in combination with a Markov
Chain Monte Carlo (MCMC) tool MontePython [560, 561|. We used the following
datasets, coming from both early and late Universe observations, to constrain our
model:

e Planck 2018 measurements of the CMB spectrum [562] (we used full TTTEEE
high-¢, TT, EE low-¢, and lensing likelihoods),

e BAO data from the BOSS survey [563-565],
e the galaxy cluster survey from the Planck catalog (PC) [566],

e the local measurement from the Hubble Telescope Hy = 74.03 £+
1.42 km/s/Mpc [24].

We performed a numerical scan over a multi-dimensional parameter space
which consists of 6 standard cosmological parameters (discussed in Section 2.2),
ie., {wp = QWh?% Weam, In 1019 A, ng, 1000, Tpeio b, and two additional ones: T' and
F. They denote the total decay width and the fraction of DCDM that decays into
dark radiation, respectively. In the context of our model, the latter parameter has
already been introduced in eq. Eq. (8.5.4), while I' is the total decay width of S
given by Eq. (8.5.1). We then used the resulting cosmological limits on I" and F to
find regions of our model’s parameter space that is preferred from the cosmological
point of view.

In particular, we ran three separate scans, using the same likelihood functions
in each case: (i) the ACDM model without DCDM, (ii) the DCDM model with
a log prior favoring low S lifetimes (in the following, we refer to this scenario as
short Toepm), and (iii) the DCDM model with a prior favoring late decay times
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of S, comparable to the current age of the Universe (long Tocpm). The last scan
is motivated by [514], which found that the DCDM model with the lifetime of
the decaying species of the order of ~ 20 Gyr can alleviate the Hubble tension.
Following that work, in the long Tpcpm scan we fixed the reionization time, initial
amplitude of scalar perturbations Ay, and its spectral index n, to the ACDM best
fit values following [18].

When varying 6 ACDM parameters we used flat priors with the following
ranges: w, = Wh? € (0.01,0.1), weam € (0.05,0.3), 1006, € (0.8,1.2), 7 €
(0.01,0.2), In(10'°A4,) € (2,4), ns € (0.9,1.1). For the two additional parameters,
we used a flat prior on the amount of dark radiation coming from the decay:
log;o F € (—4,—0.4), while we used two different priors on the DCDM lifetime
corresponding to short and long Tpepm regimes: log,, I' € (2,7) [km/s/Mpc]
and log,, ' € (0,3) [km/s/Mpc|, respectively. We generated multiple MCMC
chains until convergence, determined by the Gelman-Rubin criterion, see [560] for
extensive discussion. The results of the scans are presented in Fig. 8.5.

We found two disjoint regions in the (F, I') plane that improve the fit by
mildly increasing H, relative to the best fit value of the ACDM model. These
correspond, respectively, to early S decays (Tpcpm ~ 4 Myr) with F ~ 1%, and
late decays (Tpcpm ~ 5 Gyr) with F ~ 10%. Such an anticorrelation between I'
and F has been previously noted, e.g., in [567, 568|. The first case corresponds to
the regime in which the whole but 1% of the S abundance is changed into xs before
structure formation begins, therefore x’s self-interactions can improve the small
scale structure problems of ACDM. The situation is different in the second case,
where only a small fraction of the S abundance transforms into SIDM at early
times, which is not sufficient to influence structure formation. On the other hand,
in this long Toepm regime, DM self-interactions can be much stronger than 0.1-10
cm? /g for a subdominant DM component, so even a tiny fraction of ultra-SIDM
can serve as SMBHs seeds [531, 532].

A comparison between the results obtained for the DCDM and ACDM models
in the Hy—og plane is shown on the left in Fig. 8.5 while table 8.1 contains the
respective mean values of the cosmological parameters. The DCDM models in
both regimes result in a mild reduction of the tension between the early and late
Universe determinations of Hy and osg.

8.5.3.2 Structure formation limits on decaying dark matter

As discussed above, late decays of the scalar S can affect not only the Hubble
parameter but also the formation of large-scale structures in the Universe, since
the decay products can acquire enough kinetic energy to free-stream out of gravity
wells and suppress structure growth.

We impose the relevant limits derived from the halo mass concentration, the
galaxy-cluster mass function, and the Lyman-a power spectrum [569-573] as an
upper bound on the mass splitting J, which we defined in Eq. (8.4.1). We can
estimate the free-streaming length of the decay product particle as follows [573]:

i Vpcicl
A = [0 dro(T) ~ Bogad ™ (8.5.8)

ad

where 7 is conformal time and vy are the velocities of the decay products. The
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short long ACDM
100w, | 22679017 | 22610013 | 2 954+0.014
Weam | 0.1167000084 | 0.10750035 | 0.118%5:50;
N 0.972+3:0043 0.9654 | 0.970510:90%8
10°4, | 2.05%0052 2.106 2.1071005
1000, | 104700005 | 1047000007 | 1-04270:060%
Treio | 0.0475T9:9080 10,0557 | 0.0578+9-907
logioF | —2.41703%5 | —1.1503% -
log,, T | 4.367138 2.3310-13 -
H, 69.470:83 69.770:3 68.281043
o 0.791%0005: | 08070031 | 0-806570:0077

Table 8.1: Results of the Monte Carlo Markov Chain scan - we show the constraints
on cosmological parameters. The uncertainties on the mean values are given at
the 1o (68%) level. The values of I" and H, are given in units of km/s/Mpc.
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Figure 8.5: Constraints on the cosmological parameters for the B (blue) and C
(red) regimes of DCDM and ACDM. Both DCDM regimes lead to slightly better
values of Hy and og (Qmatter/0.27)0'3 than ACDM.
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Figure 8.6: Results of the analysis relevant for the SIDM regime (A) in the m4-m,
plane. We show with the colorful shading the region in the parameter space of the
model for which the self-interaction cross section oy, /m,, is in the range preferred
by the small-scale problems of the ACDM model, i.e., between 0.1 and 10 cm?/g.
The green-shaded and gray-shaded areas indicate too weak and too strong DM
self-interactions, respectively. The results are presented for two representative
values of the coupling constant o, = 0.0001 (left) and o, = 0.1 (right).

integration over 7 is performed between the conformal time of the decay, 74, and
present 7. In the second step we use the S decay width I', and the scale factor
evaluated at the time of decay, ay.

The lifetimes considered in our analysis correspond to I'"! < 10 Gyr, for which
the mass splitting was found [571-573| to be constrained such as § < 1072 in the
short DCDM lifetime regime, and § < 1072® in the long lifetime regime (cf. Fig. 11
in [573]). The quoted constraints were derived assuming a WIMP DM, whereas in
the case of significant self-interactions, the elastic scatterings between DM particles
would further suppress free-streaming. Therefore, applying the quoted limits can
be considered as a conservative approach, which we follow.

8.6 Results

Finally, we present and discuss results of our analysis for the three decay lifetime
regimes - A, B, and C - that result in the SIDM production (note that regime
0 results in thermal SIDM which is strongly constrained by CMB and ID
observations [461]).

8.6.1 The SIDM regime (A)

In the regime A, where € is small enough that the DS species do not thermalize
with the SM, but also large enough for essentially all the S particles to decay
before recombination, the SIDM production in S decays is possible, although it
does not affect the value of the Hubble parameter, Hy. In Fig. 8.6 we show
the slice of the parameter space of our model in the my — m, plane for two
values of the dark gauge coupling o, = 0.0001 (left) and «, = 0.1 (right). Both
of them lead to the self-interaction cross section strength required to solve the
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small-scale problems of the ACDM model. We mark this region in the parameter
space with a colorful gradient shading which corresponds to the range of values of
0.1 < o/m,y < 10 cm?/g. Instead, the gray-shaded area is excluded due to too
strong self-interactions |51, 52, 574], while the light-green-shaded area leads to too
weak self-interactions. Note that the values of (my4, m,) shown on both sides of
Fig. 8.6 correspond to the classical (smaller m4) and resonant (larger m4) regimes
of self-interactions. The former is described by Eq. (8.3.10), from which it follows
that for fixed m, stronger self-interactions are obtained for smaller m4 and vice
versa. The latter requires numerical procedure described in Section 8.3, and can
lead to the well-known resonance behavior (the lower right part of the plot) which
becomes more pronounced as «, increases.

It is important to point out important differences between the proposed SIDM
production mechanism and the usual thermal production mechanism. They differ
in two main ways: (i) in our case, the strength of self-interactions is governed
by a different coupling that the one responsible for obtaining the correct relic
abundance which opens a much wider parameter space with both cosmological
and astrophysical constraints satisfied and (ii) the light mediator in our analysis
can be absolutely stable which allows the model to evade the CMB and ID limits
derived from annihilations of the light mediator into SM species [461].

8.6.2 The SIDM from late decays regime (B)

Further decreasing e suppresses early S decays which then happen typically after
recombination. This modifies the evolution of background and perturbation
quantities with respect to the ACDM model, while producing SIDM. The
resulting dark matter phenomenology is still governed by the m,, my, and a,
parameters, but, in this regime, varying mg and the precise value of € also
have important observational consequences, affecting decay kinematics and the
S lifetime, respectively.

The main results of our analysis in this case are shown in Fig. 8.7. It shows
the results of the numerical scan relevant for the short Tpopwm regime discussed
above projected onto the m —m, plane. In the plot, we fixed the value of the
DM self-interaction cross section at oy, /m, ~ (1 £0.1) cm?/g. The colored bar
represents the coupling strength g, cf. Eq. (8.3.6). Moreover, with dark green we
show the region relaxing the Hubble tension, while the light green line denotes
the best fit parameters. The latter corresponds to Hy ~ 70 and og ~ 0.795. The
fit cannot be further improved because it would require an even larger transition
of DM energy into dark radiation, which would significantly worsen the fit to the
large [ part of the CMB spectrum.

In order to obtain the results, the numerical scan over the particle physics
parameters was performed, sampling mg, ma, m, and g - the four parameters
that uniquely determine the fraction F - with the condition that the mass splitting
is small, 6 € [107%,107!]. The remaining cosmologically relevant parameter is the
decay width ', which is brought to the value of 7¢ = 1/T" ~ 0.37 Myr — 1 Gyr by
appropriate rescaling of the symmetry breaking parameter e.

The 1o region shown in Fig. 8.7 is bounded from above by the condition on
F derived from the cosmological scan, see Table 8.1. The points in the parameter

128



8.6. RESULTS

1!

ey GV

Il

RO m il 10 1!
g [CeV]

Figure 8.7: Results of the numerical scans performed for the regime B - the SIDM
regime in which late S decays take place. Color coding indicates the value of
the coupling g leading to oy, /m, ~ (1 +10%) cm?/g. In addition, the dark green
shading marks the region at 1o level around the mean values of DCDM parameters
that relax the Hj tension.

space of the model that lie above this boundary give an over-efficient conversion
of the S abundance into radiation. The lower right region in the figure represents
the resonant regime similar to the one discussed in Sec. 8.6.1. A lower density of
points is seen here compared to the Born and classical regimes, and larger values
of g are allowed. For the largest m,, the points are very sparse. It is due to
an irregular arrangement of consecutive resonance peaks which have a very small
width for a large value of «,. About half of the resonance parameter space is also
marked with gray plus signs that indicate that these points are characterized by
large § which is in tension with the structure formation constraints. Differentiating
by the dominant decay channel, the resonant and o, ~ 1 regimes in Fig. 8.7 are
dominated by the loop-induced decay of S into two As, while the rest of the
parameter space is dominated by the three-body decays of S.

8.6.3 The ultra SIDM regime (C)

Finally, for the largest lifetimes of S confirmed (even comparable to the age of
the Universe) we enter the regime of two-component DM, where y can be much
more strongly interacting while contributing subdominantly to the total DM relic
density. We show the corresponding results in Fig. 8.8 in the F'-oy,/m, plane,
where F’ denotes the fraction of uSIDM that existed up to z = 7.

In light blue, we show the region at 20 (95%) level around the mean values of
the DCDM parameters that relax the Hubble tension in the long lifetime scenario.
In turn, the light green area denotes the parameter space in which S decays occur
too late to significantly affect the Hy tension, while the gray area corresponds to
earlier decays, which do not lie in the regime C. In this region, however, o, /m, and
F’ are sufficiently large to be important for accelerating the formation of SMBHs.
The red lines denote the results of numerical simulations performed in [532] (cf.
Fig. 5 therein, Model A for elastic scatterings) and correspond to the redshift z = 7
(solid) and z = 15 (dashed).
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Figure 8.8: Results of regime C, where the Hubble tension is mildly relaxed (light
blue region) and self-interactions are strong enough to accelerate SMBHs formation
rates (green and light blue regions).

In summary, we find that the uSIDM production by late S decays is strongly
constrained if we limit the decay time to be < 40 Gyr, which simultaneously relaxes
the Hubble tension. Difficulties arise in the very early time of the SMBH formation,
since z ~ 7 corresponds to the age of the Universe ~ 0.77 Gyr, while the decay
times relevant to the Hubble tension correspond to either earlier (~ 4 Myr) or later
(~ 5Gyr) times. However, if the decay occurred even later than 40 Gyr, this may
be a viable mechanism for accelerating the formation of early SMBHs.

8.7 Conclusions

In summary, we have studied the cosmological implications of a SIDM production
mechanism based on decays of WIMP-like state S occurring at late times. The
dominant decay mode of S leads to the SIDM production, which occurs via a
tree-level process, while higher order processes transfer a small fraction of the
decaying state energy to dark radiation. Such higher order processes naturally
lead to the transfer of only a small fraction of the DM energy to the radiation,
which is necessary due to the stringent CMB constraints. Overall, we observe an
improved fit to the Hy and Sg parameters in the scenario that can simultaneously
address some of the small-scale problems of the ACDM model.

Finally, we note that the light dark photon introduced by us to, e.g., mediate
sufficiently strong DM self-interactions, can also be related to the XENONI1T
electron recoil anomaly and the stellar cooling anomalies described in Section 8.2.
Interestingly, the my4 ~ 1keV, k ~ 107! region of the parameter space invoked
to explain these anomalies [535], can naturally be included in any of the A, B or
C regimes of our scenario.” In particular, regime B could simultaneously explain
these anomalies and small-scale problems of the ACDM, and also partly relieve
the Hy and Sy tensions, which further motivates the scenario considered by us.

"With appropriate values of other parameters adjusted in each regime as discussed in
Section 8.6.
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Chapter 9

Conclusions

Extensive searches for a WIMP-like DM have so far yielded null results, placing
strong constraints on the candidate. Moreover, the lack of discoveries at the LHC
- beyond measuring the mass of the Higgs boson - further reiterate the need
to explore alternative scenarios of new physics, and thus also to probe various
observables arising from such models.

One of the emerging new frontiers - called intensity frontier - is devoted to
the study of new light, sub- GeV particles that interact with the SM even more
weakly than WIMPs. Possible consequences of the existence of these postulated
light long-lived particles have been thoroughly studied in the literature in recent
years and a plethora of new experiments have been proposed to target them. In
some cases, they can also be invoked as a solution to various anomalies in collider
physics and cosmology, e.g., the (g — 2),, anomaly.

However, while the simplest models of this type have been investigated in detail,
they should generically emerge from more elaborate dark sectors that can contain
multiple light degrees of freedom or comprise of both light and heavy new species.
In this thesis, we have focused on phenomenological consequences of some of such
scenarios that could go beyond what is expected in both the simplified LLP models
and in generic models predicting the existence of heavy WIMP DM.

The work described in this thesis covers both standard scenarios, such as
WIMPs, and the ones related to intensity frontier searches, like new LLPs and
sub- GeV particles, as well as it discusses a possible interplay between them based
on example BSM models. In particular, we discussed:

e The role of secondary LLP production which occurs by coherent upscattering
of lighter LLP on the material just in front (~ 1—10 m) of the detector.
This process extends the sensitivity of the detectors toward shorter lifetimes,
which is the regime often linked to the DM problem as well as to various
experimental anomalies. We studied this mechanism within scenarios
extending the standard renormalizable portals:

— scalar and vector portal (Chapter 4) and

— models with extended neutrino sector or non-standard neutrino
interactions (Chapter 5).
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In all the cases, we showed excellent prospects for this kind of searches,
and one of our results was featured in an important community workshop
report [236] (Fig. 14 therein).

e Prospects for the detection of a prominent supersymmetric DM candidate
- the lightest neutralino - in next-generation ID detectors like CTA
(Chapter 6). We significantly improved over previous studies of this kind

by, e.g.,

— including full implementation of SE effect which is crucial for reliable
sensitivity predictions of heavy (2 1TeV) DM prospects and following
the methodology used by the CTA collaboration.

— Showing a key complementarity between ID and DD searches for
covering ~ 1TeV higgsino, which is one of the most interesting
candidates in the MSSM.

e Complementarity of searches for new physics in a rich dark sector model with
a LLP, light and heavy DM particles (Chapter 7).

— Usually LLPs are constrained by intensity frontier searches, while light
DM species can be probed in DD searches depending on the benchmark
scenario. Instead, a complementarity of such searches with ID and CMB
observations in rich dark sector models has remained largely unexplored.
We illustrated the resulting synergy of searches within an example rich
DS model characterized by a wide range of mass scales. In particular,
it contained a secluded heavy DM particle with the mass of the order
of 1 TeV connected to the SM species through the sub- GeVdark Higgs
boson mediator.

— We showed that the resulting non-local ID effects can be very
pronounced and can lead to signatures that are distinctly different from
the ones taking place for ID of WIMPs, while stringent cosmological
bounds can be evaded in such models.

e A novel mechanism for SIDM production that occurs via late decays of
pseudo-WIMP S state taking place after the recombination (Chapter 8).

— We showed that such a scenario may partially relieve the Hy and Sy
tensions present in the ACDM model, while simultaneously providing
the solution to the small-scale problems of generic cold DM scenarios
(in case of not-too-late, 75 < 10Myr, decays) or other problems like
formation of SMBHs (in case of very late, 7¢1 2 Gyr, decays).

— The model we studied naturally accommodates the parameter space
shown [535] to fit recent anomaly in electronic recoils in the XENONIT
experiment [534] and observations of cooling anomalies in horizontal
branch stars [536-538].

In conclusion, the nature of DM is one of the most important puzzles of modern
physics, on both theoretical and experimental front. The lack of detection of the
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most explored DM candidates like WIMPs or axions motivates the exploration of
other, less explored possibilities, which was the main goal of my thesis.

The research described here has been largely motivated by near-future
experiments, e.g., those related to the Forward Physics Facility [6], and represents
my modest contribution to this promising research direction. I expect to build on
the experience gained during my PhD studies and conduct further research in this
area.
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Appendix A

Frequently used cosmology and
particle physics formulae

A.1 Units

In this thesis we consistently work in the natural units, where by definition: h =
¢ = €y = ky = 1. Therefore, dimensionful quantities will be expressed in powers of

[E] = [p] = [m] = 1, while [z] =[t] = —1. (A.1.1)

To convert quantities expressed in the natural units into the SI units, it is
convenient to use web calculator [575] which additionally uses the convention that
the electric charge e = \/agy ~ 0.0854, instead of the usual e = Vagwdr ~ 0.303.
We checked independently that the results of this calculator are reliable.

A.2 Phase space

Lorentz invariant phase space for N final state particles is:

N

Qv =1L 250 p,—p) (A2.1)
n! 2m)3N -4 L1 2F, Nt

where n is the number of identical particles in the final state and P;, Py are
the sums of the initial and final four-momentums, respectively.

Let us quote, cf. [576], the results for the first few N, all evaluated in the CoM
frame:

™ mq
dQi =26 (s —m7) = gé <1 - %) , (A.2.2)
B B dcosf de
dQy = Sr 9 2.’ (A.2.3)
where
2 2 2 . 2)\2
5 \/1 20t ) | (ot o
s S
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APPENDIX A. FREQUENTLY USED COSMOLOGY AND PARTICLE
PHYSICS FORMULAE

and @ is the polar angle, while ¢ is the azimuthal angle.

1

—1287T3Sd823d513 (AZS)

dQs =

The integration limits are:

min

2
sigt = (my + m3)2, sy = (\/g - m2) )

and )
3‘2%1“:—4 {(s—m%—mg—l—mg)g
S13

_ D\l/Q (8, Slz,mg) +AY? (313,m§,m§)]2} ’

1
So = E{ (s — mf — mg + mg)2

[/\1/2 (S 513, m2) )\1/2 (8137 m%; mg)] 2} )
where we used the triangle (Kallen) function:

Mz, y,2) = (x —y— 2)* — dyz. (A.2.6)

A.3 Decay width and cross section definitions

The decay width in the rest frame of the decaying particle a is

1

Z /dQN|M (a—=1+2+--+N)J

(A.3.1)

The Lorentz-invariant cross section for scattering of particles a and b is
ola+b—14+---+N) (A.3.2)

1 1
= - d M@+b—-1+---+N
IN\L/2 (s,m2, mb) (2j, + 1) (24, + 1))\ /\%: N/ Qn|M(a )|

where \; denotes the polarization of species with index i.

A.4 Bremsstrahlung

We frequently encounter 2 — 3 processes, similar to the bremsstrahlung process
eet — e ety. Below we provide a general expression for the total cross section
valid for five different masses, expanding and correcting the expressions from [577],

Emax T T
/ 3\/E§—m§/ desine/ df* sin 6*
4
647T VA(s,m3,m3) Jgpin 0 0 (A1)

/27T 1 \/ ((mys + my)? m%)((m45 —my)? —mz) |M|2
0

2
m45 + m5 my

o8]
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We have already performed a trivial integral over the azimuth angle ¢ which gives
a factor of 2mr. The incoming particles have momenta p;, p, and the outgoing
particles have momenta ps, ps, ps. The angles written without the asterisk are
evaluated in the CoM frame of a pair of particles with momenta p; and ps. In
turn, quantities with the asterisk (*) are evaluated in the CoM frame of pair of
particles with momenta p, and ps. For example, 6 is the scattering angle between
the particle with momentum p3 and the collision axis of the particles with momenta
p1 and po in their CoM frame, while §* and ¢* denote the angles of the particle
with momentum ps3 in the frame where py + p5s =0

E:I))nin = ma,
s+ m3 — (my + ms)? (A.4.2)

2y/s

In order to obtain the quantities with the asterisk, one needs to use the following
boost factor:

max __
E3 e

L Y (A.4.3)
Mas Y

The invariant mass mys and the energy of the pair Fy5 are given by

Mys = \/(p4 +p5)2 = \/8 — 2v/sF3 4+ m},

o 5+ m2y — m? (A.4.4)
2¢/s
We also write down the expressions for all components of ps and ps
( % 2 + 2_ .2 ( % 2 + 2_ .2
p40 — %;% p50 — %ﬂ
pit = p§Msin 0 cos p* < pil = —piMsin % cos ¢* (A.45)
pi% = pSM sin 6% sin * P2 = —pMsin 6 sing* -
\ pZS = p%}v{ cos 6* \ pg?’ = —p%M cos 0*
where
CM *
Pys = (pi%)? — mj. (A.4.6)

Finally, we can express ps and ps in the CoM frame as a function of (Es, 0, 6%, ¢*)
by applying the following boost and rotation transformations

pas = Roty (0 + ) - Boost,(5) “Diss (A.4.7)

where the usual boost and rotation matrices are given by

0 0 6 1 0 0 O
0 1.0 O 0 cosf 0 sind
Boost,(8) = . Roty(0) = . (A4.8)
0 01 0 0 0 1 0
|80 0 v | 0 —sinf 0 cosf |
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A.5 Non-relativistic thermally averaged cross
section

In this section we present the results for the non-relativistic limit of the thermally
averaged cross section, using [168, 266].
It is shown there that

22%/2 12
(ov) = \/7_T/ OUlap€e Z exp(—ze)de, (A.5.1)
0

where z = mDM/T7 € = SZ::QLQDM7 Vab = /S 5 - 4mDM / 2mDM (261/2(1 +
DM

€)1/2) /(1 +2¢€) (v1p is the relative velocity in rest frame of one of the DM particles)
and ovy,, is defined as the following integral calculated in the center of mass frame

3 A(s,m3,, m
T Vb (MpM + MpM — M3 + my) = Bs [ qq \/ Dt M)

6472s py —2md
_ 12 A(S’Tg,m? /dQ|M|2 VA, mipy, M)
64725 \/A(s, mdy;, m3y) — 2mpy

1 v/ A(s,m%,m3) /dQ\MP

© 64n2s s —2miy,

After expanding this expression as a series in even powers of the velocity! (or
equivalently as powers of €), and keeping only the first two terms, (ov)a, =~ a+4be,
one can use the following analytical results:

2 3/2 00
f/_ / e"/? exp(—ze)de = 1,
T Jo A5.2
203/2 [ 3 1 Ao
/ 32 exp(—ze)de = — ~ ~v2,.
NN 2r 8
Therefore,
1 6
(ov) ~a+ 551’12@1) ~a+ Eb’ (A.5.3)
and the relic density is
1.07 x 10°(GeV) 'z
Qpuh? ~ X 107(GeV) (A5.4)

g*/ MPlaan (CL + 3b/$f>

where x; = mpwy /Ty corresponds to the freeze out temperature 7.

IThis expansion is often called the partial wave expansion because it is equivalent to the
expansion into angular-momentum eigenstates.
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Appendix for Chapter 4

B.1 Decay branching ratios, (¢ —2), and all that

Here we include the results concerning the dark sector described in Chapter 4
which lie outside of the main discussion.

B.1.1 (g — 2), contribution from A’

The 1-loop contribution of the dark photon into the anomalous magnetic moment
of the muon reads [325]

(B.1.1)

ae? 1 2m2z(1 — z)?
Ap = _/ dz—s D) 7 o
2 Jo  mi(l—2z)?+m%z

however, vanilla dark photon portal where A’ decays visibly, e.g., into a pair of
ete™, is already excluded. However, recent work [578| has shown that in models
where A" decays invisibly - such as iDM - such explanation is still a viable solution
to the (¢ — 2), puzzle. In particular, in Fig. 4.4, the green bands indicate the
region preferred by this puzzle.

B.1.2 Primary production of LLPs

Dark Photon Production Light dark photon is mainly produced through
pseudoscalar meson decays, P = 7% n,n’. The corresponding branching
fraction is:

Bpa =26 Bp_sy, /\%(m%, m?, 0)/)\%(m§3, 0,0) =2€*Bp_,, (1 - mi,/mfp)g :
(B.1.2)

where mp is the mass of the pseudoscalar meson and Bp_,,, is the

corresponding branching fraction. We also used the Kéllén function which

is defined as follows:

Ma,b,¢) = (a — b —c)* — 4be, (B.1.3)

In addition, dark photon can be produced by vector meson V' = p, w decaying
into a pseudoscalar meson P and a dark photon (e.g., w — 7w°A’), and
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Figure B.1: Main channels of dark photon primary production as a function of its
mass. Taken from [311].

by the pseudoscalar meson P decaying into a vector meson V' and a dark
photon (e.g., ' — p°A’). We give the corresponding branching fractions,
following [309]:

(m3,,m%,0) and (B.1.4)
(m%, mi,0) . (B.1.5)

2 302 2 2
BV—>PA’ =€ BV_>PA/ )\Q(m\hmPva’)/)‘

W Njw

2 3, 2 2 2
Bpvar = € Bpvy A2(mp, my, my )/ A

Fermionic Dark Matter If the dark fermions are heavy, m; + my > my/, the
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pseudoscalar meson differential branching ratio of the P decay into yxix2
is [294, 296]:

sinf Az (s, m2, m32)
As?
—A(s,m2,m32)sin® 0 + 2s[s— (m1 —my)?] y {1 s r
(s —m?,)2 +m?, T2, 7

2
d BP%VXle

dsdf

2
= Se ap BP—WWX

X
2
mp

(B.1.6)

where s is the square of the A™ four-momentum, while 6 is the angle of the
momentum of y; in the rest frame of A’*. The factor S is equal to 1/2 for a
single dark fermion, and 1 for different dark fermions.

In turn, if dark fermions are light, m; + my < my/, the dominant yix»
production mode is rapid decay of on-shell dark photon, A" — xix2, with
the corresponding branching ratio which is B(A" — x1x2) ~ 1 for ap > a €
which we assume.



B.1. DECAY BRANCHING RATIOS, (G —2), AND ALL THAT

Secluded dark Higgs boson Pseudoscalar meson decay P — ~vA'™* — ~S A’
occurs with the following branching fraction [308]:

dQBP—VySA’
ds db

2 2 2 qin2 3
_ 2, B sinf A2 (s, m%,,m%) 8m2s + A(s, m%,, m%) sin® 0 s
=€0ap P%’y'yx )

8s? (s = m%)%+m?4 T2,

(B.1.7)
where s and 6 are defined analogous to Eq. (B.1.6), with y — S replacement.
Moreover, the branching ratio of a given vector meson, e.g., p decays into a
dark Higgs boson and a dark photon, p — SA’, is [297, 308]:

o2 2 2 2,2 2 2 2
A2 (mg,my,mg)  12M3ms + A(m3, m3, mg)

B r = 62 2a B - X
p—SA ds®pD Bpete 2 2 2 2
Oéemmp (mp - mA’) +mA’FA’

(B.1.8)

B.1.3 LLPs decays

Dark Photon decays Dark photon decays into SM particles are characterized
by the following decay width:

1
Iarsyete- 262mu 4m27z2 2 m2
Dy = A2 ere T m_:wx[l_ me]x[H m]

Be(mAl) ’ - 127T TTL124, mA/
(B.1.9)
where m, is the mass of the electron, and B, = B(A" — e*e™) is the

branching fraction corresponding to the decay into an electron-positron pair.
In our analysis m 4 typically lies below the di-muon threshold where B, = 1.
For heavier dark photons, another decay channels open up: p*u~, and also
hadronic final states are possible [579].

Decay of y, in iDM models For the differential branching ratio for three-body
decay into an electron-positron pair, xo — xi1ete”, we use the formula
from [302|. For heavier dark fermions and a larger mass splitting between
them, decays to other SM particles become kinematically allowed. We take
this into account by considering the branching ratio of an off-shell dark
photon decaying into an electron-positron pair, B.(ma~ = m..), evaluated
at the invariant mass of the electron pair m... The decay width is then given
by

gia e

[y= 12—
2 647rm3

/SQd / J 4| A|? " 1

S S ,

2 ! 1+m2+2m2_51_52_m?4/) +mA/F124/ Be(mA/*:mee)
(B.1.10)

where I'4/ is given in Eq. (B.1.9) and

AP= (51 + 52 — 2mumy — 2m)[(ma + ma)? + 4m?) + 2(m? + mymy)? — 82— 52,
(B.1.11)
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and integration limits are

1
s =mi+m?+ 25n [(mg—mg—@)(mf— m2+sy) £ )\%(82, m3, mg)/\%(sQ7 m3i,m?)| ,
52
(B.1.12)
s3 = (my—m.)?, and s; = (my+me)? . (B.1.13)

B.2 Scattering cross sections for secondary LLP
production

We give formulae for the scattering cross sections leading to secondary LLP
production, LLP; + T — LLP; + T where an electron or a nucleus can be the
target, T' = e, N. Specifically, in the models discussed by us in Sections 4.2.1
to 4.2.3, LLP; = x, x1 or S, while LLPy = A’, x5 or A’, respectively. It is worth
noting that all models have slightly different kinematics in both the secondary
production and the subsequent decay of LLPs:

e 2 — 3 scattering followed by a 2-body decay (dark bremsstrahlung; cf
Section 4.2.1),

e 2 — 2 scattering followed by a 3-body decay (iDM; cf Section 4.2.2),

e 2 — 2 scattering followed by a 2-body decay (secluded dark Higgs boson; cf
Section 4.2.3).

B.2.1 2 — 2 scatterings

For models with iDM and secluded dark Higgs boson, 2 — 2 scattering processes
lead to secondary LLP production. The differential cross section in the lab frame

1S
do mr

dEr 87\ (s,m2,m?)
where Ep and my is the energy and mass of the recoiling target, and m; = myrp,
is the mass of the initial state scattered LLP. The limits of integration are

M (B.2.1)

2 2 )\% 2 2
E% = —S + m;; m2 X (El + mT) :i: (877;;T7m2) X p17 (B22)

where E; and Fj are the initial and final state LLP energies, and my = mppp,.

B.2.1.1 Scatterings with electrons
iDM The squared matrix element for upscattering x,e — xze is given by [306]:

8 (e 6912)2 Me

(M2 =
(2me (Exz - EX1) - mi')Q

X ./\/l()7 (BQS)

where the amplitude is:
Mo = me (E>2<1 - E>2<2) — (0m)* (By, — By, +me) [2+m? (Ey, — E\,)

+ mmeX2 - miZEXI,With OMyy = My, — My, (B.2.4)
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PRODUCTION
Secluded dark Higgs boson The squared matrix element for the process Se —
A'e is [580]:
4 (e gra)’ me 2 2 2 2
|M|? [Ey (2Eyme +m%)) + Eo (m —2m%,) — 2m%, me)]

C2me (B — By) —m3 Y
(B.2.5)
where E1 = ES and E2 = EA/.

B.2.1.2 Scatterings with nuclei

The coupling between dark photon and protons depends on nuclear form factors in
the following way: J,, = t(ps) [F1 v, — (0w ¢7/2my)] u(pe) which is the nucleon
electromagnetic current. Fy(¢*) and Fy(¢?) are the Dirac and Pauli form factors,
respectively, and ¢> = —Q? < 0 is the momentum transfer squared. We us the
following commonly used Sachs form factors: Gg = F} — 7 Fy and Gy, = Fy + F
where we defined 7 = Q*/(4 mg) > 0. We will also use the dipole approximation,
applicable for Q? < 1 GeV which is the regime of low momentum exchange relevant
for our analysis

Gp = (1+Q%/0.71GeV?) ™ = Gar/py, (B.2.6)

where 11, = 2.79 is the magnetic moment of the proton, and in the last step we used

the usual approximation that a simple scaling Gy >~ 1, G holds for small values

of Q%. The most convenient parametrization of the form factors is as follows:

2 2 2 GL+7GY 1 2
Gi=7Gy=71u,Gg and GQZH—T:GE[l—l—T(,up—l)].

(B.2.7)

One sees that from Eq. (B.2.7) that for a small momentum transfer, 7 < 1, G5 >

(1 so any term proportional to GG; in the cross section can be neglected. Moreover,

whenever the momentum transfer is small, the scattering occurs with the nuclei
coherently and we implement the relevant nuclear form factors following [581-583|

Gatot(t) = Goa(t) + Gonel (1), (B.2.8)

where G2 o) and Gg jne are the coherent and incoherent scattering form factors given

by

2t 1T 1 7P a?t 1[GL41G2
= Z2 i =27 = = =
Gaalt) [14—@%] L_i_td} and G inei(1) {1+a’2t} { I+7 ]

2|y [ 1)
(B.2.9)

The atomic coherent and incoherent form factors are parametrized by: a =
111 Z7Y3/m,, and o' = 773 Z~2/3/m,, respectively, while the coherent nucleus
form factor is parametrized by: d = 0.164 GeV?A~2/3 where Z (A) is the atomic
(mass) number of the nucleus.
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Inelastic DM The squared matrix element for process y1 N — xoN is:

8(eegia)®m 1 G, 1
M2 = L MGy + —(My—-My)|,
M= (B, — By - < [ T oM
(B.2.10)
where M, is given by Eq. (B.2.4) and M, is:
My = ([By, + B, = (m2, = m2,)/(2ma)]
+ (By, = By +2m0)[(By, — B) = 02,/(2ma)]). (B211)
Secluded dark Higgs Boson The squared matrix element for the process
SN — A'N is:
—9 2(eegis)’
{2my, (Ey, — Ey,) —m3}

1 2 G
— (m%@2 + 1 (Q2 —m% + mQA,) +3m? Qz) 71

2
n {(QElmT— L@ _mg+m?4,)) o, (@2+4m;)}

0, a, 2620 |. o

p

The above scattering cross sections are dominated by the contributions
proportional to Go = G 40, @s mentioned previously.

144



Appendix C

Appendix for Chapter 5

C.1 HNL production in neutrino interactions

Here we report the results needed to obtain the HNL spectrum due to the secondary
production, which we described in Chapter 5.

C.1.1 Coherent scatterings with nuclei

The coherent scatterings between the SM neutrinos and nuclei provide the
dominant secondary production channel for the HNLs due to the Z? and (A — Z)?
enhancement factors [191] and to the typically low momentum transfer associated
with such scattering. This avoids the activation of veto layers in secondary
production processes occurring upstream of the detector. In our analysis, we
follow [2] regarding the cuts used in the analysis. In addition, we require an
additional momentum transfer suppression, |Q?*|< (100 MeV)?, for the scattering
events generating high-energy (£, > 1 TeV or 3 TeV) single photons in the ECC
detector. This allows the identification of single photon vertices without additional
hadronic activity in the emulsion. The formulae for coherent production cross
sections are:

e for the neutrino dipole portal model to HNLs, cf. Section 5.3.1,

do(v+ X5 - N+X3}) —apd FE(v/—t)
dt ~ 2(m2 — my (2B, +my))?

x <mNt(8E3mN + 4B, (m}y +t) + my(my +t))

+ 2ma(—2mnt(2E, + my) +my — t?) + 2m4Tt)

aud F3(v=t)

+ 2tmz.(m2 — my(2E, + my))?

X <4t(m% —2E,my)(m3 — my(2E, + my))
+mnt*(8E, + 3my) — dmimy, + t3) : (C.1.1)
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e for the model with the dark gauge boson,
do(v+ X4 — N+ X3) aF2(/=t)|Upa|*(1 — |Upal?)

= x (C.1.2
dt 3254 b E2m2 (m% —t)° (m3, — t)2 ( )
‘ (8E3m2T T ABymy (t— m3) — (2m 4+ 1) (s — 1) ) .
2 i 2
X (7‘[‘(1/ (mZZD — t)2 (A+ 45‘222 22) + 32¢5, €2 g% sty (mQZ — t)2 ),

where the masses of the target nucleus and the HNL are my and my, respectively,
A (Z) is the atomic mass (number) of the nucleus, while sy and ¢y, are the sine
and cosine of the Weinberg angle.

In the above expressions, we take the electric form factor F} which we
parametrize with the Helm form factor I [584]

F2(/—t) = Z2F*(V/—1), (C.1.3)

where

(C.1.4)

F = Fram(Q) = 3exp (_Q2$2> sin(Qr) — Qr cos(Qr)

2 (Qr)? ’

and Q = \/—¢? = \/—t is the square root of the momentum transfer. We assume
s=1fm, r=+vR?—5s2 and R =1.2A4"3 fm.

We also included the effect of electron screening of the nucleus which can occur
in the coherent regime. This is achieved by multiplying Appendix C.1.1 by the
atomic form factor [581, 582]

CL2Q2
ETa
where a = 111273 /m,. We verified that this effect has a negligible impact on
the results, therefore, we do not include it in the formulae for the cross sections
above.

The magnetic form factor is not known analytically in the coherent regime, but

in it there is no enhancement by factor of Z2, so the corresponding contribution
to the cross section is negligible relative to the contribution proportional to Fj.

Gaut(Q) (C.1.5)

C.1.2 Elastic incoherent scatterings off individual nucleons

Neutrino upscattering to HNLs can also occur incoherently, by scatterings with
individual protons or neutrons. In such a case, the expression for the scattering
cross section is also given by Egs. (C.1.1) and (C.1.2), but with the following
replacements. The target mass is replaced by my = m, or m,, and one needs to
use the following form factors:

G%’n 4GP Q*

n M 4m?
Ff7 - 1 + Q2 . )
. 4”;@5 (C.1.6)
FPJL G]\}[ B GE
2 Q2
1+ 4m2
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We express the electric (F7"") and magnetic (F2"") form factors through the Sachs
electric and magnetic form factors G2" and G;', respectively. We employ the
dipole approximation to evaluate them which is standard practice, provided the
momentum transfer is small, Q? ~ 10 GeV? [585] which is indeed satisfied in our
analysis. This leads to the following formulae used by us:

Q> \
GD = (1 + m) 5 (017)

where
G}{Ep’n} - {GD7 0} )
GEt — G, (C.1.8)
fpm = {2.793, —1.913}.

It is worth pointing out that in the incoherent regime, the total cross section
scales only linearly with the number of nucleons, totarincon. = Z X 0, +(A—2Z) X 0y,
which explains why the coherent scatterings dominate.

C.1.3 Scattering off electrons

HNLs are also produced by neutrino upscattering on electrons. The corresponding
cross section formulae are of the form

e for the neutrino dipole portal,

do(v+e = N+e)  —ouy
dt - 2m2E2t2
+4E,m.t(t —my) + mat(my —t)),  (C.1.9)

(2m2(4E2t + my — mit)

e for the dark gauge boson portal,

d T = N+e
e 2] aeguni- u)x

(8E2m?2 — 2m3; (4Eym. + m? +t) + 2mt(2E) + me) + 2m%, + t2)

2E2m? (mQZD — t)2

(C.1.10)

We also consider elastic scattering of HNLs on electrons with the corresponding

cross section given by
do(N+e  — N+e) 5 o (8EIM?2 + 2t (m(2E) + m.) + m%) + t2)
= qeg .

2
- D 2
@ 22 (B — i) (2, — 1)

(C.1.11)

C.2 Decays widths

For completeness, we also report the corresponding decay widths used in our study.
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Neutrino dipole portal to HNLs In the dipole portal scenario, the dominant
width of the two-body decay of the HNL into a SM neutrino and a photon is given
by [356]

3

2
KN

I'= . C.21

ym (C.2.1)

HNL can also decay into a three-body final state. The corresponding decay
width into a pair of leptons and a photon, N — ~//, is

2 max
1 my 51 9
FN%'yM = m/@]ﬂ dSQ me dSl‘M‘ s (022)
14 1
where
8u3 €2
|M|2: = (2m2132 + 2m% (mjl\, — 89(2s1 + 32)) + 89 (m‘,"v — m?\,(2$1 + s9) + 2s1(s1 + 32))) )
2
(C.2.3)

The differential cross section is

4m? 2
AU Ny pive*\ /1 — =5 (2mf + sg) (M3 — s2)” (2myy + s2)

dsy 19273 s3m3,

(C.2.4)

The total cross section is
i

— ((8m6 —2m8 ) log ( 2me )—l—
96m3m3, ¢ N Vm3 —4m2 + my
+ my/m3 — 4m§< — 2mj + 5mima — 3m§1\,>) (C.2.5)

To apply a 100GeV threshold for the visible energy in the detector, the
integration in Eq. (C.2.4) must be performed with the appropriate conditions
enforced. We call the result an “effective” branching fraction when, e.g., discussing
the right panel of Fig. 5.2 in Section 5.4.

I'Noyee =

Model with the dark gauge boson In the case where my > my,, in which
the decay N — Zpv is possible, we use the result from [332]

3 2 2 4
ap m m m m
Tnpozpir = — Upal® (1= |[Upal®) —2 (1 — =22 ) (14 —22 —2-22 ).
2 mZD mND mND mND
(C.2.6)
In this case, the dark gauge boson can subsequently decay into an e™e™ or v pair

with the corresponding decay widths given, respectively, by

2
e
Lzpsete- = 3 M7 (C.2.7)
and o
D
FZD—)VV = ?(1 — |UD4|2)2mZD, (028)
where ap = g3,/(47). We considered the benchmark scenarios where ae? >
)

Y
ap (1— |UD4|2) where Zp decays mainly into the eTe™ final state.
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For the case of my < mg,, we use the result from [383, 586]

G2 2 e e e e
DNy emet = 4563 |Ua|* my [12 (0, e ) 421 (o, Te M )} . (C.2.9)
T

my my my my

where Gp = g%/ (4\/§m2ZD) and the definitions of the functions I, I, are

(1-2)?
Li(z,y,z) = 12/ % (s — 2 - y2) (1 + 22— 5) A2 (s,xZ,yQ) A\/2 (1, s, 22) ,
(z+y)?
’ (C.2.10)
(1-x)? ds
L(z,y,z2) = 24yz/ ~ (1 + 22 — s) A/2 (s, e 22) A\/2 (1, s,x2) , (C.2.11)
(y+2)?

where we used Eq. (B.1.3).
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Appendix for Chapter 6

Below, we briefly discuss formal aspects of supersymmetry which are relevant to
our discussion in Chapter 6.

D.1 Superalgebra and superspace

Another motivations for SUSY was circumvention of the Coleman-Mandula
theorem [587| which states that assuming commutation relations form a Lie algebra
represented by bosonic generator, the most general symmetries of a relativistic
quantum field theory are Poincare invariance and gauge symmetries. SUSY is
defined by a graded Lie superalgebra which introduces both commuting, and
anticommuting generators. Moreover, such extension was shown to be unique by
Haag, Lopuszanski and Sohnius [588], generalizing the Coleman-Mandula theorem.
We will introduce SUSY from this angle in this section, while in the next one,
we will discuss the physical content of the simplest phenomenologically viable
supersymmetric theory - the MSSM.

The superalgebra with A/ = 1! fermion generator Q, is defined by relations
(the generators of SU(3) x SU(2) x U(1) which commutate with the generators
for the Poincare group - translations P* and Lorentz transformations M" - are
not shown):

(P!, PY] =
(M"Y, PA] = ( APE — ' PY),
[M™ | MP] = i(g"P MM + g" M¥P — g"* MY — g" MPP),
[P*,Qa] = 0= [P",Qul,
[M", Qo] = —i(0™) .S Qp,
(M, Q%) = —i(6")%,Q”
{Qa, Qs = 0={Qs,Qs},
{Qu: @3} = 20% P, (D.11)

'We limit further discussion to this case which, nonetheless, leads to a rich phenomenology,
since this is the only case that incorporates chiral fermions which are a peculiar and rather
constraining feature of the SM.
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Formally, from the above superalgebra, one can construct a Poincare supergroup
where any of its element has the following form:

g = expi(w” M, +a"P, + 0°Qu + 0:5Q%). (D.1.2)

The first two terms under the exponent correspond to Lorentz transformations
and translations, while the last two - to transformations in fermionic dimension.
In fact, 8% and 6, are Weyl spinors, whose components are Grassmann variables.

To guarantee the stability of the lightest SUSY particle - and also to prohibit
proton decay - a discrete symmetry, called R parity is introduced

Pr = (—1)3B+E+2s (D.1.3)

where B is the baryon number, L is the lepton number, and s is the spin.

In result, the SM and Higgs particles are R-even, while their supersymmetric
counterparts are R-odd.

Superfields are objects living in a superspace that transform appropriately
with respect to the superalgebra Eq. (D.1.1).

The formal definition of a superspace is that of a quotient space

Superspace = Superalgebra Poincare/Lorentz algebra = {w"”, x*, 0% 04} /{w"},

(D.1.4)
and superfield is a function ®(x,60,0). Due to the anticommutation of 6, a
superfield can be a polynomial of at most second degree in (6, 0).

On the one hand, ®(x,0,0) is a field operator, while on the other hand, it is
an element of the state space (representation of superalgebra) which is a Hilbert
space.

Thus, by performing the infinitesimal transformation in both ways and
comparing, we obtain the form of the operators in Hilbert space and the
infinitesimal transformation of the superspace (e, € to infinitezymalne parametry)
[589]

(z*,0,0) — (2" + 00" — ica”h,0 + €,0 + &),

P, = —id,,
0 —5 0
S Sy a2 G2 e B
2, Zaea (o >aﬁe s
- 0 0
_ B 1Y, .
Do =i + 070" pay (D.1.5)

Due to the chiral structure of the SM (weak interactions only select the left-handed
components), also in supersymmetric models one should use chiral superfields that
retain the given chirality upon supertransformations.

To realize this bound, supercovariant derivatives are introduced

0 0 - 0 0
D,=— a —D:_—,_'ﬁ M) ga=—-. D.1.
« = g T 1 g g~ 0 ey (D-1.6)
They fulfill the following anticommutation relations:
{Dn, 25} = {D,, CQ_B} = {D4, 25} = {Da, Q_B} =0, (D.1.7)
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and
{DQ,DB} = QO'gBPM, {Dn,Dg} = {Ds, Dﬁ-} =0. (D.1.8)

With supercovariant derivatives, one can define irreducible superfields
e chiral: D;® =0
e anti-chiral: D,® =0
e vector: VIi=V.

As one can directly check,
Dy (2" + i0o"0) = 0, (D.1.9)

therefore, any function of the variable y* = z* + i6o*0 is a chiral superfield.

D.2 Constructing SUSY Lagrangian

The superfield formalism is introduced, among other things, in order to be able
to write down the supersymmetric theory in a relatively simple way, as we show
below.

We write down the chiral superfield explicitly

D(y,0) = ¢(y) + V20(y) + 00F (y), (D.2.1)

where ¢ is a complex scalar, ¥ is a Weyl fermion, and F' is a bosonic field of
dimension 2.

One can show that under supersymmetry transformation the components
change as follows [590]:

0ed(x) = V2e(x),
dcp(x) = iV20"€0,0(x) + V2eF (x),
0. F () = iv/2e5" 0,9 (). (D.2.2)

The last equation states that J.F(z) is a total derivative, hence |F|* term can
appear in SUSY Lagrangian.

Moreover, the product of chiral superfields is also chiral, thus, F' terms
arising from linear combinations of products of other chiral fields will also form a
supersymmetric Lagrangian. Such terms, provided they are also gauge invariant,
form the superpotential WW.

We showed that

LSUSY 2 /dQQW((I)) + h.C., (D23)

where demanding renormalizability, we obtained [.#] < 4, and because [d*0] = 1,
(W] < 3 follows.

Using Taylor expansion in Grassmann variables, we obtain a part of SUSY
Lagrangian density

oW (¢)
00

L1 (0PW(9)
2 < IDID

Lsusy D ‘

i+ h.c.) , (D.2.4)
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where the first term is a Mexican-hat type potential, while the second term gives
the Yukawa interactions.

To introduce interactions with the gauge bosons, we introduce a vector
superfield which in the Wess-Zumino gauge has the following form:

_ _ __ 1
V(2,0,0) = 900V, (x) + i000A(x) + 56690 D (). (D.2.5)

where V), is a real vector field, A is a Majorana fermion? (called gaugino), and D
is a bosonic field of dimension 2.

Similarly to Eq. (D.2.2) one can show that the components of the vector
superfield transform appropriately under the supersymmetry transformation, and
that in particular the D term transforms as a total derivative. It is used to
construct another term in the SUSY Lagrangian, the so-called, Kéhler potential

Lsusy O K (,97)] ), (D.2.6)

where K is at most dimension 2, gauge invariant, real function of ® and ®f, while
|p indicates that one only takes the term proportional to D. Thus, thanks to
transformation properties of D and F', we obtained the kinetic term and potential
terms in the Lagrangian, respectively.

After introducing the basics of SUSY, one can easily construct realistic
phenomenological models of (softly-broken) supersymmetry, see. Section 6.2 for a
brief description of MSSM, the simplest realistic model of this type.

2Such fermion is its own antiparticle.
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Appendix for Chapter 7

E.1 Particle physics formulae

Below, we give expressions for the decay widths and scattering cross sections
relevant to our analysis described in Chapter 7.

E.1.1 Decay widths

Decay width of hp, The partial decay width of the dark Higgs boson decay into
a pair of leptons, hp — [T1™, is [267]

G%th?th (1 B 4mz2>3/2

2 2
8TVG my

U'(hp = 1T17) = (E.1.1)
where vgy = 246 GeV, and 0y, is the mixing angle between the dark and the
SM Higgs bosons. It is given by Ogpn, =~ Agn,vpvn/m% = Agnp,mavn/(m% gp),
valid for my, < mpy. The total decay width of hp is given by the relation
I'y, = I'(hp = 1717) /B(hp — [T17) where the B(hp — [717) can be found
in [591].

Decay width of A’

2 2
|MA/—)A”hD|2 My _4th

F ’ " =
A Ao (1672)? 48tm?,

(E.1.2)
where fi,n, = Anpnmar/gp. The amplitude M i, gnp,,, is given by the formula

Mo amn, = ) e(pr)S (@ gDt ) (APup1Cra (M3, i, 0, 10, M) (5 5 3
+ 49#!/000(7”124/77”%@7 0, My, My, M),

where p is the incoming momentum of A” and r denotes its polarization, while p; is
the outgoing momentum of A” and s denotes its polarization. To obtain the loop
functions Cyy (UV divergent) and Cj (UV finite), we used the X-package [557].
We follow the conventions of this software where, e.g., a constant factor 1/(16m)?
is factored out from the definition of loop functions and therefore reappears
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My = 0.25 GeV, Ny = 4 10-6 my =15 TeV, jiyy = 7.5 TeV, my = 1.5 TeV, m,, = 150 GeV

1s = 10~ kpe

2% 1072 f

1072

(ov) [em®/s)

6107

=10GeV
i = 40 Ge
__J — xx -
e e -
0" 0 0 0 .
1077 107 10

ma [GeV]|

my, [GeV]

Figure E.1: Left: The lifetime of A’ decaying into hp and A” as a function of
m, (particle flowing in the loop). Right: Dotted black line denotes the (ov) for
xX — nnA’ which is relevant for x ID, as a function of m 4., while the solid black
line corresponds to the (ov) yielding Q,h% ~ 0.1.

in Eq. (E.1.2). In order to render the amplitude M/, 47, finite, we add a
suitable counterterm to our Lagrangian. We use dimensional regularization to and
determine the counterterms in the MS renormalization scheme.

In the mass regime defined by Eq. (7.4.7), the loop functions simplify are greatly
simplified and the amplitude squared is given by the following compact expression:

2 4,9 2 2 2
Qar9pHyh (Mm% — th)
. .

72m77

| Mar s ) |*= (E.1.4)

The resulting lifetime can be very large, as shown in the left panel of Fig. E.1.
There we fix the dark Higgs boson mass, my, = 250 MeV, the coupling constant,
Mpn = 4 x 107% and the kinetic mixing angle, ¢ = 107%. The same values also
correspond to the right panel of Fig. 7.7.

Decay width of ¢ Although not essential to our study, for completeness we also
provide the decay width of the heavy auxiliary scalar ¢ which can decay into both

the xx and 07 pairs
2 [ 2 2 2 [ 2 2
Py /g, — 4m Py ) Mg — 4m
* * 4 iy (E.L5)

167rm§5 167rm§5

Fqﬁ = Fdex + F<ZH7777 =

For the assumed mass scheme, Eq. (7.4.7), and for p, = fi,, f1,/mg ~ 0.1, we see
that ¢ decays promptly, and therefore does not have any impact on our analysis

8T _o5 (1 TeV ? Mg
~ ~ 10 _ E.1.6
TR S( i ) 10 Tev (E.L6)

E.1.2 Annihilation cross sections

xX — mm The xx annihilations, illustrated on the left panel in Fig. E.2, are
responsible for the x thermal freeze-out. The relevant cross section is given by the
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Figure E.2: Heavy DM annihilation processes contributing to the y relic density.
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Figure E.3: Feynman diagrams for the n annihilation processes into a pair of dark
vectors.

formula

o\ A 2
(0] _ p2 12 fmZ —m? 100 cey-2 [ <3o Ge\/) |
e 32mm? [(md — 4m2)? 4+ Tim?] 0.1 My

(E.1.7)

nn — A’A’ The relic density of 7 is obtained by its annihilations into light
mediators, A’ and hp, as shown in Figs. E.3 and E.4. Assuming a hierarchy of
masses defined by Eq. (7.4.7), the dominant mode of annihilation is into a pair of
dark vectors where the cross section is

<O-U>1717—>A’A’
R /m2 — m%, (941:) (3mf‘4, — 24m?4,m3, + 88mf14,m§ — 128m124,m§] + 64m§])
- 2
16mm; m, (m2, — Zm%)
295 npy (3my, — 8mZm2 +8mp)  A; L (3mfy, — 4m?,m? + 4m,)) >

m2, (m3; — 4m2) (m2 — 4m2)?

(E.1.8)

The above expression simplifies to

(OV)p ar = =1 - (E.1.9)

in the limit of m, > ma > my,,.
We also provide the expression for the n — hphp cross section contributing
subdominantly to the total annihilation rate.
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Figure E.4: Feynman diagrams for the n annihilation processes into a pair of dark
Higgs bosons.
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Figure E.5: Feynman diagrams for the dark vector annihilations into light dark
Higgs bosons.

nm — hphp The cross section for 7 annihilations into light dark Higgs bosons
is

2 2 _ 2
A m; —my

hpn

) - X (E.1.10)

_647rg}1)m% (mi —6m2 m2+8md)’
X (g% (5mfm — 18miDm% + 16m$) - 2Athm?4, (miD — 4777,2))2 ,
which, in the limit of m, > my,,,, simplifies to

)\2

h
COMNE S (E.1.11)
n

For values of A, that are relevant for our analysis, this cross section remains
much smaller than the one given by Eq. (E.1.9).

A’A’ — hphp The metastable relic density of the dark vector is obtained by its
annihilations into hphp pairs, as shown in Fig. E.5. The corresponding expression

is
AT -2 - g
<UU>A'A/—>hDhD T T 3rm2 ne 0.01-=5-,
m5, (8 — 6r 4 r?) m
where r = mj,_/m?%, < 1. Note that both Eq. (E.1.12) and Eq. (E.1.8) depend
on the dark gauge coupling gp as ~ ¢}, which due to stringent BBN bounds on
metastable relic density of A’, implies that €, ~ Q4. In fact, Eq. (E.1.8) leads to
a cross section proportional to m2/(wmY,) which can be compared to the factor
0.01/m?, present in Eq. (E.1.12). Given the assumed mass scheme, Eq. (7.4.7),
this leads to €, < Q.

(E.1.12)

xx — mmA’ For large values of the dark gauge coupling gp, the dark
bremsstrahlung process becomes important, cf. the right panel of Fig. E.1. The
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Figure E.6: Differential flux of photons produced in the DM cascade, shown as a
function of the photon energy. The result for the standard scenario is indicated
by the black solid line. The black dash-dotted, red dotted, and blue dashed lines
correspond to the long-lived regime where the relevant typical decay length of
boosted A’s equal to 0.1, 3, and 30 kpc, respectively.

amplitude of this process depends, among other things, on the momenta of all the

particles involved and the total energy in the CoM frame /s = /(p1 + p2)?

I ) —p3 — 2ps)H
ur :gDMx#n( (ps + 2pa) n (—ps — 2ps) >€u(p3,m3)7 (E.1.13)

A/
XX 5 — m?g (ps +pa)?—mi  (ps+ps)? —mi

where the incoming particles xy have momenta p;, p,, the outgoing particles n
have momenta p4, ps, and the outgoing dark vector A’ has momentum ps;. The
total cross section is obtained from the general formula, Eq. (A.4.1), described in
Appendix A.4

1 Eg‘ax T T
o ) = dE \/E2—m2/ d@sinQ/ df”* sin 6*
wemmA 6474/ A(s, m3, m3) /min VS °Jo 0

3

1y ((mas +ma)? — m2) ((mas — my)? — m2) ————
dﬂ,D = 3 2 p) |Mxx—>77nA’| )
0 8 mis + ms — mj
(E.1.14)
We set
mp = mg = Mm,,
PR (E.1.15)

mz =Mmar, My = M5 = My.

E.2 Spectrum of gamma rays induced by DM
cascade

For the primary ~ rays spectra we rely on the PPPC package [420], cf. also [592] for
useful discussion. We denote such spectrum obtained in the rest frame of the final
decaying light mediator - the dark Higgs boson - by (dN,/ dEgD)hD. To obtain
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the flux of photons in the Galactic frame, we first boost this spectrum to the rest

frame of A" [500],
AN mar dEP(dN
( 7) ~ Zhp / i ( 0 ) , (B.2.1)
dEfy A’ mar E,’Y E—yD dE»yD h

D

where £ denotes the energy of the photon in the rest frame of A’. In the above
expression, we assumed that m4 > my,, which in our analysis is the typical case.
Then, we boost the spectrum into the x rest frame. For a fixed energy of the dark
vector, 4, we obtain the corresponding photon spectrum from the yx — nnA’

process as
(_dN”) ~ / P dE, (_dNV) (B.2.2)
i)\, 2Bx Jo, By \dE,),

where I, is the energy of the photon in the rest frame of x which in practice is the
Galactic frame for DM x. To obtain the final y-ray spectrum (dN.,/dE.),, we then
convolute this quantity with the continuous A’ spectrum from 2 — 3 annihilations,
xx — mA’ (cf. Eq. (E.1.14) for the corresponding differential cross section). To
simplify our analysis, we compute it as a discretized weighted average

().~ % G (@),

bins E 4/

, (E.2.3)

where (ov)g,, corresponds to the 2 — 3 cross section integrated over a limited
range of the outgoing A’ energies (within the energy bin centered around FEy/),
while (ov) is the total cross section. We used 20 uniformly distributed bins in
ra = Ea/E, on a logarithmic scale which is numerically sufficiently accurate
treatment.

An example of a gamma-ray spectrum obtained in this way is shown by the
black solid line in Fig. E.6. There we fixed the masses of the DS species m, =
1.5 TeV, m, = 150 GeV, my = 10 or 3 GeV, and my,, = 500 MeV, as well as for
the dark coupling constant set to gp = 0.01. While the assumed mass of x is above
1TeV, the resulting spectrum is much softer, with a peak near £, ~ tens of GeV.
We show the photon fluxes for the ||, |l|< 12° region around the GC. As discussed
in Section 7.6.3, for da < dror =~ 2.3 kpc the impact of non-local effects on the
observed spectrum is very small and the photon spectrum resembles that obtained
in the short lifetime regime which we indicated with the black dash-dotted line.
For larger values of the decay length, da ~ dror, We see a relative increase in the
photon flux coming from this Rol due to the anisotropy effects, indicated by the
red dotted line. Finally, for very large decay lengths, da > dgor, the flux becomes
suppressed due to finite support of the DM density distribution which is illustrated
by the blue dash-dotted line. The suppression is even more pronounced for highly
energetic photons which originate from more boosted dark vectors that can more
easily escape the Rol before decaying. As a result, the observed photon spectrum
is even more shifted towards lower energies.
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