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Abstract

Dark matter remains one of the most pressing and enigmatic challenges in fun-
damental physics. Despite overwhelming gravitational evidence for its existence,
its identity and particle properties remain unknown. Among the most promising
frameworks explaining dark matter are thermal relic scenarios, in which dark
matter was once in equilibrium with the Standard Model plasma. Their attrac-
tiveness relies on their predictivity and independence from the initial conditions
of the universe. Within this class, inelastic dark matter offers a minimal and
flexible setup that naturally evades stringent bounds from direct and indirect de-
tection experiments while predicting rich experimental signatures, particularly
at particle colliders.

This thesis explores a generalization of inelastic dark matter that lifts the
often-unquestioned assumption of parity conservation in the hidden sector. We
develop a framework called not-so-inelastic dark matter, which smoothly inter-
polates between inelastic and Majorana dark matter models and involves two
mediators: a dark photon and a dark Higgs boson. We show that parity viola-
tion in this context enables novel decay channels, allows for large mass splittings,
and introduces distinctive di-decay signatures that can be observed at intensity
frontier experiments. It further gives rise to a minimal scalar-mediated variant,
referred to as minimal-inelastic dark matter, offering predictive signals for direct
detection experiments.

Through detailed theoretical and phenomenological analysis, we identify vi-
able regions of parameter space that are consistent with thermal freeze-out and
current experimental limits. Moreover, large portions of the viable parameter
space are expected to be probed by ongoing experiments such as Belle 11, NA64,
and NA62, as well as by future detectors like DARWIN. Our results suggest
that combining multiple collider observables—especially di-decay signatures—
can enable reconstruction of the coupling structure, or “flavor structure”, of dark
matter in these models. In particular, our work highlights the complementarity
between direct detection, collider searches, and cosmological probes in exploring
the not-so-inelastic dark matter framework. This work not only broadens the
scope of viable thermal dark matter scenarios but also motivates a re-evaluation
of discrete symmetries—particularly parity—in the construction of dark sector
theories.
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Zusammenfassung

Dunkle Materie bleibt eine der driangendsten und réatselhaftesten Herausforderun-
gen der fundamentalen Physik. Trotz iiberwaltigender gravitativer Hinweise auf
ihre Existenz sind ihre Identitdt und Teilcheneigenschaften nach wie vor un-
bekannt. Zu den vielversprechendsten Erklarungsansitzen gehoren thermische
Relikt-Szenarien, bei denen sich die Dunkle Materie einst im thermischen Gle-
ichgewicht mit dem Standardmodellplasma befand. Ihre Attraktivitdt beruht
auf ihrer Vorhersagekraft und Unabhéngigkeit von den Anfangsbedingungen des
Universums. Innerhalb dieser Klasse bietet inelastische Dunkle Materie einen
minimalen und flexiblen Rahmen, der es erlaubt, strenge Beschriankungen durch
Experimente direkter und indirekter Detektion zu umgehen, wéahrend gleichzeitig
vielfdltige experimentelle Signaturen, insbesondere an Teilchenbeschleunigern,
vorhergesagt werden.

Diese Arbeit untersucht eine Verallgemeinerung der inelastischen Dunklen
Materie, bei der die oft nicht kritisch hinterfragte Annahme der Paritatserhal-
tung im verborgenen Sektor aufgehoben wird. Wir entwickeln ein Modell, das
wir nicht-so-inelastische Dunkle Materie nennen, das kontinuierlich zwischen in-
elastischen und Majorana-Modellen der Dunklen Materie interpoliert und zwei
Vermittlerfelder beinhaltet: ein dunkles Photon und ein dunkles Higgs-Boson.
Wir zeigen, dass die Paritétsverletzung in diesem Zusammenhang neue Zer-
fallskandle ermoglicht, grofie Massendifferenzen erlaubt und charakteristische
Di-Zerfall-Signaturen erzeugt, die in Experimenten, die die Intensitidtsgrenzen
testen, beobachtet werden kénnen. Dartiber hinaus ergibt sich eine minimale,
skalar-vermittelte Variante, minimale-inelastische Dunkle Materie genannt, die
vorhersagbare Signale fiir direkte Detektionsexperimente bietet.

Durch detaillierte theoretische und phinomenologische Analysen identifizieren
wir Parameterbereiche, die mit thermischem Freeze-out und aktuellen experi-
mentellen Beschrénkungen vereinbar sind. Grofie Teile des zuléssigen Param-
eterraums diirften zudem durch laufende Experimente wie Belle II, NA64 und
NAG62 sowie durch zukiinftige Detektoren wie DARWIN getestet werden. Un-
sere Ergebnisse deuten darauf hin, dass die Kombination mehrerer Beobachtun-
gen an Teilchenbeschleunigern (insbesondere Di-Zerfall-Signaturen) die Rekon-
struktion der Kopplungsstruktur oder , Flavor-Struktur® der Dunklen Materie in
diesen Modellen ermoglichen kann. Insbesondere zeigt unsere Arbeit die kom-
plementére Stédrke von direkter Detektion, Beschleunigern und kosmologischen
Beobachtungen bei der Erforschung der nicht-so-inelastischen Dunkle-Materie
auf. Diese Arbeit erweitert nicht nur den Giiltigkeitsbereich von Szenarien ther-
mischer Dunklen Materie, sondern motiviert auch eine Neubewertung diskreter
Symmetrien (insbesondere der Paritit) bei der Konstruktion verborgener Sek-
toren.
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CHAPTER 1

Introduction

Dark Matter (DM) remains one of the most profound and longstanding mysteries
in modern physics [6-9], with its first hints dating back nearly a century [10, 11].
Over the decades, a multitude of astrophysical and cosmological observations—
from galaxy rotation curves [12-16] to gravitational lensing [17-20], from large-
scale structure formation [21-23] to anisotropies in the cosmic microwave back-
ground (CMB) [24-26]—have consistently reinforced the existence of this unseen
component of the universe. Yet, despite this overwhelming evidence, we still lack
any direct information about its fundamental nature.

There are two principal directions for addressing the DM problem. The first
assumes the existence of a new form of matter that interacts very weakly, or
not at all, with light—hence the term “dark matter” [27].! The second proposes
modifications to Einstein’s theory of General Relativity, potentially altering our
understanding of gravity on galactic and cosmological scales [28]. Although al-
ternative gravity theories are being explored, the new-matter hypothesis has
emerged as the leading paradigm. It is incorporated into the current cosmo-
logical standard model, ACDM [26, 29], and successfully explains DM across
all observational scales—from early-universe imprints in the CMB, to structure
formation, to galaxy dynamics [30].

Given its explanatory power, much effort has been dedicated to identifying
plausible candidates for this new form of matter. Two broad categories remain
viable: particle dark matter [7] (new particles beyond the Standard Model) and
black holes formed from early-universe dynamics—often referred to as primordial
black holes (PBHs) [31, 32].? Among these, particle DM remains the more
promising candidate, as it arises naturally in many extensions of the Standard
Model (SM) [33-43] and offers minimal yet predictive mechanisms for early-
universe production [44-57]. In particular, thermal DM [58]—particles that were
once in thermal equilibrium with the SM plasma—has become a cornerstone

1Strictly speaking, “transparent matter” would be a more accurate term, as it reflects the
fact that dark matter does not interact with light, rather than implying it is intrinsically dark.

2In order to avoid current constraints, PBHs must have masses within the specific range
107'%Me < mppn < 10712 Mg, with the solar mass denoted by Mg ~ 2 x 10%* g [31].
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of model building. The thermal freeze-out production mechanism is especially
attractive for its predictivity and independence from initial conditions [59-62].3

Over the past decades, thermal DM has been the focus of extensive exper-
imental efforts across multiple frontiers: direct detection [63], indirect detec-
tion [64], and collider searches [65]. These searches have placed increasingly
stringent limits on canonical candidates, particularly Weakly Interacting Mas-
sive Particles (WIMPs) [66, 67], which are now strongly constrained across most
regions of parameter space [68]. Nevertheless, the attractive properties of ther-
mal DM continue to motivate refined versions of the WIMP paradigm, known
as WIMP-like models [58]. Among these, inelastic dark matter has emerged as
a minimal and flexible framework that remains viable and phenomenologically
rich.

In its simplest realizations, inelastic Dark Matter (iDM) [69] consists of a sta-
ble dark matter particle—referred to as the ground state—and a slightly heavier
excited state, with interactions mediated by inelastic transitions between states.
This structure alters DM phenomenology in experiments, astrophysical systems
and cosmology [70-78]: elastic scattering is strongly suppressed, while inelastic
up-scattering can occur only when kinematically allowed. Furthermore, excited
states are typically short-lived on cosmological timescales but can be long-lived
at particle colliders. These features allow iDM models to accommodate a wide
mass range—from sub-GeV to well above the electroweak scale—while remain-
ing compatible with thermal freeze-out production and predicting striking decay
signatures at colliders [3, 79-83].

In this thesis, we develop and investigate a generalization of fermionic iDM
models with a focus on the role of discrete symmetries—particularly parity—
in the dark sector. Many existing models impose parity conservation in an ad
hoc manner, despite the fact that parity is known to be maximally violated in
the electroweak sector of the SM [84-86]. We argue that parity conservation
should not be assumed by default in the construction of dark sector models. In
fact, we show that parity breaking is not only consistent, but can also alleviate
existing experimental constraints and unlock a variety of novel phenomenological
signatures.

Specifically, we demonstrate that parity violation enables:
e the existence of iDM models with large mass splittings;

e anew minimal iDM framework involving only a Dirac fermion and a single
scalar mediator;

o excited DM states that decay into dark Higgs bosons;

3Some authors also refer to particles in thermal equilibrium within a secluded sector—
completely decoupled from the SM bath—as thermal DM. However, such scenarios generally
lack the key advantages mentioned above.
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e and the appearance of new di-decay signatures at colliders, which—when
combined with other, more standard searches—may enable full reconstruc-
tion of the coupling structure between DM states and mediators.

The thesis is structured as follows. Chapter 2 reviews the current observa-
tional and theoretical status of the DM problem (with an emphasis on thermal
DM scenarios), and experimental strategies for probing DM particles. It also in-
cludes a brief review of dark sector portals. Chapter 3 explains the basic concepts
behind the iDM framework and introduces the most commonly studied iDM re-
alization: the pseudo-Dirac iDM model [70, 87, 88], which typically assumes
parity conservation. Motivated by the arbitrary and overly restrictive nature of
this assumption, we propose a more general framework—called not-so-inelastic
Dark Matter (niDM) [89]—that allows for parity violation and smoothly inter-
polates between iDM and Majorana DM (mDM) [90] scenarios within a setup
featuring both a dark photon and a dark Higgs mediator.

Chapter 4 focuses on the sub-GeV mass regime with only the dark photon
portal active [89]. We identify a “not-so-inelastic” regime enabled by parity
violation, which mimics iDM signatures at colliders while preserving an mDM-
like thermal history. This regime opens viable parameter regions that can be
probed by Belle II [91] and NA64 [92]. Chapter 5 turns to the scalar portal and
presents a new minimal model for iDM involving only a Dirac fermion and a
pseudo-scalar mediator [93]. Although less suited for sub-GeV DM, this model
yields concrete predictions for direct detection and becomes an excellent target
for future experiments such as DARWIN [94]. Chapter 6 investigates the niDM
setup with both mediators active. We show that parity-violating interactions
give rise to a novel decay channel—excited DM decaying into a ground state
and a dark Higgs boson—which can be probed at Belle II via displaced vertex
signatures accompanied by high-energy photons. These regions are shown to be
consistent with thermal freeze-out.

Chapter 7 introduces the concept of di-decay signatures at intensity fron-
tier experiments [95]—events in which two dark sector particles decay inside the
detector—and highlights their prospects for distinguishing between new physics
models. We demonstrate that such signals arise naturally in parity-violating
niDM models, and propose a UV-agnostic parametrization to study them. When
combined with other more standard signatures, they offer a pathway to recon-
structing the DM flavor structure. Finally, chapter 8 concludes the thesis with a
summary of key results and a discussion of future theoretical and experimental
avenues.



CHAPTER 2

Dark Matter physics

In this chapter, we introduce the longstanding mystery of Dark Matter (DM): the
gravitational evidence for mass not accounted for by the Standard Model (SM)
of particle physics. Our goal is to set the stage for the discussion of thermal
DM scenarios. More specifically, we lay out the relevant concepts, equations,
and reference plots that will be used later in the analysis of inelastic DM and its
generalizations.

First, in section 2.1 we briefly review the current standard cosmological
model, ACDM [29, 96]. Then, in section 2.2 we examine the empirical evi-
dence for DM and survey possible explanations. The particle DM solution is dis-
cussed in section 2.3, with particular emphasis on the well-established paradigm
of weakly interacting massive particles (WIMPs). We then summarize the main
experimental strategies for detecting DM particles in section 2.4. Finally, sec-
tion 2.5 introduces the concept of dark sectors, setting the stage for the inelastic
DM models explored in this thesis.

2.1 A simple picture of our cosmos

Throughout human history, a diverse set of “Cosmological Principles” has been
proposed based on philosophical, aesthetic, and physical considerations [97]. Af-
ter the introduction of Einstein’s theory of general relativity [98, 99], Einstein
sought solutions to his equations that allow for a static and spatially homo-
geneous and isotropic space-time [100, 101]. The assumption of an (at least
approximately) spatially homogeneous and isotropic universe was later referred
to as the “Cosmological Principle” (a term coined by Edward A. Milne [101, 102])
and is the central organizing idea of our current cosmological picture. Although
homogeneity cannot be experimentally confirmed [97], the excellent agreement of
the standard cosmological model—which assumes the Cosmological Principle—
often justifies this working assumption. As for isotropy, measurements of the
CMB show that temperature fluctuations on the sky at recombination were at
the level of AT/T < 1075 [26, 103], consistent with an isotropic universe to
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high precision. Late-time measurements from galaxy cluster surveys similarly
show no statistically significant (> 30) deviation from isotropy [104]. It is worth
noting that, because the early-universe presents some degree of anisotropy (ren-
dering the Cosmological Principle an approximate symmetry), today’s universe
exhibits homogeneity and isotropy only on sufficiently large scales, beyond a few
megaparsecs [104, 105].

The Robertson-Walker (RW) metric g, is the most general metric satisfying

the Cosmological Principle. In spherical coordinates z# = (t,7,0,¢), it can be
written in terms of the proper time 7 as [9]

dr?

2 _ v 342 2
dr* = g datdx” = dt* — a®(t) <1—kr2

+ r? (d@2 +sin? 9 dgb2)> , (2.1)

where a(t) is the scale factor of the Universe and k is the (constant) spatial cur-
vature parameter. The scale factor a(t) characterizes the Universe’s expansion,
a > 0, contraction, @ < 0, or static evolution, a = 0, and encodes the relative
size of spatial slices at a cosmological time t.

Einstein’s field equations for General Relativity read [106]
G =81G T, (2.2)

where G denotes Newton’s constant, T}, the energy-momentum tensor, and G,
the Einstein tensor,

1
G,uz/ = R,uz/ - §Rg;w ) (2'3)

with R, and R the Ricci tensor and Ricci scalar, respectively.! Plugging the RW
metric into eq. (2.2) and adopting the energy—momentum tensor of a perfect fluid

with energy density p and pressure p in its rest frame (the cosmological frame),?
p 0 0 0
0 p 00

Tw=10 0 p o= gmdesl™ (2.4)
00 0 p

!The Ricci tensor and scalar are defined, respectively, by R, = R*Ml, and R = R, =

9" R, where the Riemann tensor is
A A
Ry = 0ulle — 0l +T0\T0, — TP T

The Christoffel symbols are given by

(e 1 [ed
L = 59 P (Ougvp + Ougop — Opguv)
with ¢*7g,5 = 3.
2In a general inertial frame where the fluid moves with a four-velocity U*, the stress—energy
tensor is [9]
™ = (P+p)U*U” — Pg"”.

By the Cosmological Principle, U* is spatially constant.
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one obtains the Friedmann equations:

N
a 81 k
a e
o T3 (p+3p), (2.6)

where H = a/a is the Hubble parameter. The conservation of the energy—
momentum tensor, D, T = 0 (with D, the covariant derivative),® does not
yield an equation independent of egs. (2.5) and (2.6).

Matter and energy in the universe are well modeled by perfect fluids under-
going adiabatic expansion with a simple equation of state

p=wp, (2.7)
where w is constant. Energy—momentum conservation implies
p oc a 30+ (2.8)

Two important examples are “dust” and radiation. For dust (collisionless non-
relativistic matter), w = 0 and pqust o< a2 simply tracks the dilution of the
number density. For radiation (either photons or relativistic massive species),
w = 1/3 and praq o a~?, the additional factor a—! reflecting redshifting of
individual quanta. The curvature term in eq. (2.5) is sometimes written as an

effective energy density,
3 k

871G a2’
with w = —1/3 so that it does not contribute to eq. (2.6). This notation can be
misleading, however, as k is a geometric property of spacetime [107].

Pr = (2.9)

From eq. (2.5) together with eq. (2.8), one sees that a homogeneous and
isotropic universe cannot be static. Seeking a static solution, Einstein introduced
the cosmological constant A [100, 101],

Guv + Agy = 87G1T),, , (2.10)

which effectively adds A/3 on the right-hand side of both Friedmann equa-
tions [107]. However, Hubble’s 1929 observation that the universe is expand-
ing [108] confirmed the dynamic solution expected for generic matter—radiation
contents without fine-tuning.

The cosmological constant is equivalent to a perfect fluid with w = —1. This
component, which accelerates the expansion, is often called dark energy in the

3For a rank-2 tensor V**,

D, VI = 9,VH + TH VN 4 Th, V.
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context of dynamical explanations for an accelerated Universe’s expansion. In
the standard cosmological model, A is simply taken to be a proper constant,
yielding the ACDM framework [29, 96]. Recently, tensions with the simplest
cosmological-constant picture have been discussed: DESI baryon acoustic oscil-
lation measurements combined with CMB and supernova data show a preference
for dynamical dark energy over a pure cosmological constant [109-111].

Current values of cosmological parameters are denoted with a subscript 0.
The present Hubble parameter Hy is the “Hubble constant”. It is also useful to
define the “critical density” [107]

3H?

= — 2.11
srG Pk ( )

Pe
and the dimensionless density parameter for each fluid,

Pi
Q= —. 2.12
- (212)

Including the cosmological constant as an energy density,

A
— e - 2.13
Prov = Piuid TP PAT g (2.13)
the first Friedmann equation becomes
k 2
? == H (Qtot - 1) 5 (214)

where Qiot = prot/pe. Thus, Qo > 1 corresponds to a closed universe (k > 0),
Qtot < 1 to an open universe (k < 0), and Qiy = 1 to a spatially flat universe
(k = 0). Consequently, the overall geometry of the Universe is fixed by the
observed total energy budget [107].

In the standard model of cosmology, the universe is well described by four
components: matter (a mixture of cold dark matter, CDM, and baryonic matter),
radiation (photons and neutrinos), a cosmological constant A (which in princi-
ple could be an effective dark-energy component with negative pressure), and
spatial curvature k. Neutrinos, while weakly interacting like DM, are too light
and constitute hot DM, thus cannot explain structure formation; the CDM-+ A
combination defines the ACDM paradigm [9], our current standard cosmological
model.

CMB measurements are in excellent agreement with ACDM, and the Planck
Collaboration [26] has determined its parameters at the percent level [30]. The
inferred cosmological parameters are summarized in table 2.1, where the reduced
Hubble parameter h is defined as

h = Hy/(100 km/s/Mpc) (2.15)
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Table 2.1: Planck 2018 cosmological parameters [26].

Parameter Symbol Value
Hubble constant [km/s/Mpc] Hy 67.66 + 0.42
Total matter density Qm 0.3111 £ 0.0056
Cold dark matter density Q.h? 0.11933 4 0.00091
Baryonic matter density Qph? 0.02242 + 0.00014
Dark energy density Qa 0.6889 £ 0.0056
Spatial curvature density Qp 0.0007 £ 0.0019

and present-day density parameters Q? are simply denoted by €; for brevity.

From table 2.1, DM comprises ~ 84% of the matter density, while baryons
account for the remaining ~ 16%. The universe is currently dominated by
the cosmological-constant-like component, with 24 ~ 0.69, whereas matter
only contributes with €, =~ 0.31. The present radiation density is negligi-
ble, since Q. ~ 10~* (estimated from Toyp = 2.7255 K, Ny = 3.046, and
T, = (4/11)'3Toyp with m,, =~ 0 [6]). The large value of Q, motivates ex-
tensive exploration of dark-energy alternatives to a strict cosmological constant,
and recent DESI results hint at an evolving dark energy [109-111]. Finally, the
universe is remarkably flat: k is consistent with zero, with |Qx| < 0.4% at 90%
C.L.. This a key motivation for an early period of accelerated expansion (in-
flation), which dilutes away the curvature and generates the initial anisotropies
(perturbations from perfect homogeneity) required for structure formation in the
late Universe [112-114].

The large amount of non-baryonic matter is at the heart of the DM problem.
This discrepancy—far above the 5o level—is arguably the clearest indication
of new physics beyond the Standard Model of particle physics (or of gravity).
The central aim of DM physics is to explain the origin and composition of this
component. Alternative approaches modify General Relativity to alter inferences
of energy densities. We will discuss these possibilities in the remainder of the
chapter. Before that, we briefly summarize the key events in the thermal history
of the universe and introduce tools needed later for DM production, in particular
early-universe thermodynamics.

2.1.1 A brief (thermal) history of the universe

Conventionally, the beginning of the Universe is set at ¢ = 0 with a(0) = 0
(the big bang). However, our physical description is not expected to be valid
before the Planck time, tp = 5.39 x 10™* s, where quantum gravity is required.
One therefore typically takes tp as the effective starting time, with a negligibly
small scale factor. As noted, the universe likely underwent an early period of
inflation [114]. The end of inflation is model-dependent but occurs at times
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Figure 2.1: Evolution of the different components of a flat Universe as a
function of the scale factor a. The corresponding evolution with cosmic time,
temperature T, and redshift z is also indicated (see main text for details).
Reproduced from Ref. [6].

< 1 s (temperatures > MeV), so it does not affect the broad timing of later
cosmological events.

From eq. (2.8), the components of the Universe redshift differently with a,
and their relative abundances evolve in time; see fig. 2.1. The redshift is defined
as [9]

ao
z=— -1, 2.16
! (2.16)
so that today corresponds to z = 0 and the earliest times to z — oo. As

a — 0, radiation dominates, and the initial conditions for ACDM correspond
to a flat, radiation-dominated universe: reheating after inflation deposits en-
ergy primarily into radiation. Matter comes to dominate at t.q ~ 60 thousand
years (matter-radiation equality) [6]. Structure formation proceeds mainly dur-
ing matter domination [9]. As the universe expands further, both matter and
radiation dilute, and at z ~ 0.55 (about 5.3 Gyr ago) the cosmological constant
begins to dominate [115].

One can relate the redshift, cosmic time, or the scale factor to the temperature
of the Universe by recalling that the radiation energy density scales as p, oc T4.
This implies that the temperature decreases approximately as the inverse of the
scale factor, T o< a~! (see next section for further details). Consequently, the
early Universe must have been extremely hot, giving rise to the term hot Big
Bang cosmology [116].

At times well below a second, several transitions and mechanisms may occur:
inflation [114], the electroweak phase transition [117], the QCD (quark-hadron)
transition [118], possible DM production and baryogenesis [119], and the break-
ing from a Grand Unified Theory to the SM gauge group [120]. At the high
temperatures of this epoch, all SM species are in thermal (chemical and kinetic)
equilibrium, erasing most microphysical information [9]. Gravitational waves,
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however, remain out of equilibrium and can probe such early times [121-123].

Two of the earliest SM-era events leaving observable imprints are neutrino
decoupling [124] and Big Bang Nucleosynthesis (BBN) [125]. Neutrinos decouple
at t = 1s (T ~1MeV) [126]; thereafter they free-stream, and a possible cosmic
neutrino background would carry information about this epoch and their subse-
quent propagation. Once neutrinos decouple, weak interconversion of neutrons
and protons ceases to be efficient. Without nuclear binding, free neutrons would
rapidly decay, leaving behind a Universe composed almost entirely of hydrogen.*
However, during BBN (¢ ~ minutes) [9], nuclear reactions locked most neutrons
into “He and produced trace abundances of D, ®He, "Li, and "Be, in good agree-
ment with observations except for "Li (the so-called lithium problem) [128]. BBN
thus provides the earliest robust test of ACDM, bringing together cosmology with
particle, nuclear, and statistical physics.

At t ~ 372,000 years [126], photons decouple, forming the CMB [129]. Above
a few eV, electrons and nuclei are ionized, and photons efficiently scatter on
these charged particles. Near T ~ 1 eV, electrons and nuclei combined into
neutral atoms (“recombination”), rendering the Universe neutral and allowing
photons to propagate freely for the first time. Later, the formation of stars
and galaxies reionized the Universe once again (“reionization”) [130], marking
the end of the cosmic dark ages (i.e., the epoch between recombination and
the appearance of the first luminous sources [6]). CMB photons thus probe
both early-universe physics and the subsequent expansion history via redshifting
(today Tovmp ~ 107* eV), as well as astrophysics of first stars and galaxies [131].
Measurements of these photons form the basis of many of the results reported
by the Planck Collaboration [26].

Together with observations of the stochastic gravitational wave background
and BBN, the CMB provides one of the earliest cosmic epochs from which con-
straints on (new) physics models can be derived. Moreover, the exceptional
precision of Planck in measuring CMB properties makes the CMB perhaps the
most important probe in cosmology.

Figure 2.2 summarizes the cosmic history discussed above. We emphasize
that our limited knowledge of physics at extremely high energies (E > TeV) and
of quantum gravity prevents us from ruling out new phenomena that could alter
this picture at very early times (t < 1 s).

To understand neutrino decoupling, BBN, and CMB decoupling quantita-
tively, we turn to early-universe thermodynamics in the following sections. We
will not detail these events (see Refs. [126, 133, 134] for reviews). Instead, we

1At these “low” temperatures, baryon pair creation is inefficient, so no new neutrons are
produced. Thus all baryons present today must have been created at earlier times, through
baryogenesis and the QCD transition. Moreover, baryon pair creation would also produce anti-
baryons; the observed absence of large amounts of antimatter implies that baryogenesis must
have generated the observed matter—antimatter asymmetry [127].
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Figure 2.2: Key milestones in the thermal and structural evolution of the
universe. Adapted from Ref. [132].

revisit the thermodynamics needed for DM, since the same mechanism that pro-
duced the neutrino and photon backgrounds—thermal decoupling (freeze-out)—
also provides an elegant production mechanism for DM. We first present a simple
approximation to freeze-out (with neutrinos as a standard example) and later
return to a refined treatment when discussing particle DM.

2.1.2 Early universe thermodynamics

We introduce basic statistical tools to describe particles in the early plasma.
The phase-space distribution f(Z,p,t) gives the occupation number of a particle
species such that [105] (we use natural units ¢ = h = kg = 1)
d¥ dp
T,p,t) —= 2.17
f(@,pt) 2n)? (2.17)
is the number of particles with positions in the interval [#, Z 4+ dZ] and momenta
within [p, p+dp] at time ¢. For kinetic equilibrium with a bath at temperature T

1

F=mmriy (2.18)

where the minus (plus) sign is for bosons (fermions), F is the particle energy,
and p its chemical potential [135].°

5These Fermi-Dirac and Bose-Einstein distributions apply to dilute, weakly interacting
gases, which is generally the case in the early Universe.
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Integrating eq. (2.18) over momentum yields the number density n, energy
density p, and pressure p for a gas with g internal degrees of freedom [135]:

n= (2;qr)3/f(k) &Pk, (2.19)

p= # / E(k) f(k) d®k (2.20)

p= (2i)3/3gg) Fk)d3k . (2.21)

In chemical equilibrium, chemical potentials are conserved: for i+ j <> c+d,

Mi + pj = pe + prg-  Since photon number is not conserved, for example in

Bremsstrahlung processes like ee <+ ee, one has i, = 0. Thus, for species anni-
hilating into photons, particle and antiparticle share the same chemical potential.
In a perfectly symmetric plasma with equal particle and antiparticle densities
and such massless 1 = 0 species, annihilations persisting to 7" — 0 would com-
pletely eliminate massive particles (as in eTe™ in a static universe [136]). Thus,
a particle—antiparticle asymmetry implies a nonzero chemical potential. Nonzero
1 may also arise when a species departs chemical equilibrium from the bath con-
taining particles with © = 0, since particle and antiparticle are then no longer
constrained to share the same p. Consequently, if DM is its own antiparticle
or carries no initial asymmetry, thermal equilibrium (i.e., kinetic and chemical
equilibrium together) with the SM ensures that its chemical potential vanishes.
For this reason, we neglect chemical potentials in what follows. In section 2.3 we
return to DM decoupling and number-density evolution with a treatment that
also avoids explicit use of u.

For T > m (relativistic), one finds that the integrations in eq. (2.19) simplify
to [137]
Geft
n = §<(3)T3, (2.22)

with geg = g (bosons) and geg = %g (fermions), and

7T2

p= %geff*T‘*, (2.23)

where gore = ¢ (bosons) and gegr = %g (fermions). Since \];] ~ F, the pressure
satisfies p ~ p/3 (w =1/3).

While for m > T (non-relativistic), one finds [137]

n=g <T;Lﬂ_> e/ (2.24)
3
p=mn+ §nT ~mn, (2.25)

p=nT. (2.26)
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Since p < p, their ratio w < 1, so in practice non-relativistic species behave as
matter (w = 0), as expected.

DM production typically occurs during radiation domination, before BBN
and CMB, to avoid spoiling the remarkable agreement of ACDM with observa-
tions from those epochs. In a radiation-dominated Universe, the Hubble param-
eter from eq. (2.5) reads

T2
H = 1.66 /gy (2.27)
P

where Mp = 1.22 x 10* GeV [138], and

T\, 7 7\
= Toz) S 2o e
bosons fermions

with T" the SM plasma temperature and T; the effective temperature of each
relativistic species [135].

The entropy S in a volume V can be defined as S = sV using the entropy
density of a particle bath [137]

pi + pi — pini
= —_— 2.29

Contributions from non-relativistic species are generally negligible, thus the en-
tropy density reads (neglecting y)°

272
~ 2 g..T° 2.31
S 4595 ) (3)

with 5 5
T; 7 T;
=Y 0 (3) 45 X () (2:32)
bosons fermions
The entropy of all relativistic species is conserved while they follow a ther-
mal distribution, so assuming adiabatic expansion for our Universe is an excellent
approximation. Consequently, the total entropy inside a comoving (i.e. cosmo-
logically expanding) volume V = Vya?/ ag is conserved, implying
dS  d(sV)  Vyd(sa®)

5Note that for a non-relativistic particle species X (with antiparticle X) in thermal equilib-
rium with the SM bath and having no significant asymmetry with respect to photons, i.e.,

nx —ng _p
1 —_ X = 2.
> ==, (2.30)

its chemical potential p is negligible for the entropy calculation [139].
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This relation allows the bath temperature to be tracked throughout cosmic
expansion. As mentioned earlier, T o< a~!, except when g.s decreases (e.g.,
when a particle species becomes non-relativistic), in which case the cooling slows
down [137].

It is customary to normalize particle number to entropy,

y=", (2.34)
s
which factors out the expansion (o a?). In the absence of number-changing pro-
cesses, Y is thus constant. This will be convenient when discussing the Boltz-
mann equations, which describe in detail the evolution of number densities, in
section 2.3. Using the results above and eq. (2.31), the equilibrium yield for
relativistic species is [135]

45 Yeff Geff
Yoo = =—((3)=— ~ 0.278=— , 2.35
0 = 5 C(3) 20 ~ 02781 (2.35)
and for non-relativistic species,
45 /N2 g /m\3/2
€q 27T4 8 Grs T € ( )

In both expressions we assumed the species shares the bath temperature T'; for
decoupled sectors with different temperatures, T should be replaced accordingly.

2.1.3 Freeze-out

So far we have described species in thermal equilibrium without addressing why
equilibrium holds. A simple criterion compares the characteristic timescale for
particle collisions ¢, with that of the expansion of the Universe, ty ~ H~'. If
t. < ty, interactions are rapid and drive the plasma to equilibrium. If ¢, > tp,
expansion outpaces collisions and equilibrium is lost. Thus, a species initially
in equilibrium will decouple when . ~ tg, i.e. when its interaction rate I' ~
t-1 drops below the Hubble rate H as the universe expands and cools. This
decoupling is called freeze-out and, if no particle-antiparticle asymmetry exists,
it erases memory of any initial abundance.”

For a process with cross section o, target density n, and relative velocity v,
the reaction rate is [7]
' =nov. (2.37)

Freeze-out occurs approximately when

I'(Ty) = H(Ty) , (2.38)

"Out-of-equilibrium interactions may also erase an existing asymmetry; in that case, freeze-
out is completely independent of initial conditions [140]. However, such scenarios require rather
complex models. Typically, one simply assumes a small or vanishing initial asymmetry.
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defining the freeze-out temperature Ty. A detailed treatment via the Boltzmann
equation will be given in section 2.3.

Hot dark matter freeze-out: As an illustration, consider neutrinos. Using
the above equations, we can estimate their decoupling temperature T5° from the
SM bath and verify that they are produced with relativistic speeds (79 > m,,),
corresponding to hot DM species during most of the Universe’s history.®

At temperatures well below the weak boson masses, T' < my, but still much
larger than the neutrino masses, 7' >> > m, ~ 0.1 eV [144], the cross section for
weak interactions scales as [8]

Ni
T 16

where Gr ~ 1.16 x 107° GeV~2 is the Fermi constant [145]. Since T > m,,
neutrinos are relativistic (v ~ 1), and their number density is given by eq. (2.22).
In a radiation-dominated Universe (the case for T' > eV), we can use eq. (2.27)
to write the freeze-out condition as

r 1 9 9.3 T \3
—_~ — G+T°Mp ~ 2.40
H = 321 g: = P 5MeV /) ’ ( )

where in the last step we used g.s = 10.75 (valid below 7" < 100 MeV, when the
relativistic bath contains e™, e™, v, 7, and ) and g, = 2 (left-handed neutrino
plus right-handed antineutrino). We thus obtain 75 ~ O(MeV), confirming
that neutrinos freeze out while still relativistic. The decoupling scale lies safely
between the 100 MeV and the eV regime, ensuring the consistency of our analysis.

After T9°°, neutrinos decouple from the SM bath and, within the SM frame-
work, have no strong self-interactions. Hence no number-changing processes take

place, and their yield remains constant. Using the relativistic equilibrium yield
in eq. (2.35), one finds

o G2T?, (2.39)

Y, ~ 029 (2.41)
Gxs
which leads to a present-day abundance [135]
Yl/ 3 1% 3 Vi
Qi = YeS02i Mo o | DM (2.42)
Pe 91 eV

For >"m, ~ 0.1 eV, this gives Q,h? ~ 1073, i.e. neutrinos contribute about 1%
of the total DM density today.

8We say “most” because, although neutrinos are produced as relativistic species with an
initial temperature T, ~ MeV > m,, (given Y m, < 0.1 eV from cosmological observations [26]
and > m, < 1.35 eV from KATRIN [141, 142]), today, after redshifting, their temperature
is T, ~ 107* ¢V [143]. This is expected to be below the masses of at least two of the three
neutrino mass eigenstates, according to oscillation data [144], so those states now behave as a

(subdominant) cold DM component.
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2.2 The Dark Matter puzzle

As previously discussed, measurements of the CMB find that most of the matter
in the Universe (about 84%) does not correspond to SM particles,” pointing to
the presence of a dark matter component. In fact, evidence for a large amount of
unknown matter dates back nearly a century, when Fritz Zwicky [10, 148] stud-
ied the peculiar motion of galaxies in the Coma cluster [149]. The term “dark
matter” is often attributed to Zwicky’s 1933 work [10], but its usage was al-
ready common in the contemporary scientific literature, where “dark” described
unknown astronomical objects such as dark stars, dark planets, or dark “nebu-
lae” [11].

Interestingly, long before Zwicky, astronomers had already faced DM crises:
in the 1840s, the proper motion of stars and the orbits of planets in the Solar
System were not consistent with the visible mass at the time. In particular, the
stars Sirius and Procyon, as well as the planets Uranus and Mercury, showed
anomalous motion. The mathematician Friedrich W. Bessel was possibly the
first to predict the existence of a new source of matter based solely on grav-
itational influence [11]. In a letter published in 1844 [150], he explained the
observed proper motion of Sirius and Procyon through faint companion stars,
later discovered as Sirius B in 1862 [151] and Procyon B in 1896 [152]. For
the Solar System, prediction and discovery followed within a month (at least
for Uranus): on 31 August 1846, Urbain Le Verrier predicted a new planet per-
turbing Uranus’s orbit, and on 23 September 1846 Neptune was found [105].
John Couch Adams independently predicted Neptune using essentially the same
perturbation theory techniques [153]. Similarly, to explain Mercury’s orbit, Le
Verrier proposed an inner planet—mnamed Vulcan. In this case, no extra mat-
ter was found; instead, the anomaly was resolved by a new theory of gravity,
Einstein’s General Relativity (GR), which superseded the otherwise extremely
successful Newtonian dynamics [154].

It is important to remark that in the above cases, one first attempted to
solve unrelated problems at very different scales with the same type of solution:
a new astrophysical object. Near the Sun, at Vulcan’s hypothetical orbit, the
gravitational potential ¢ is much larger than at Neptune’s location or between
stars. Thus, corrections to ¢}, with n > 2, coming from modifications to gravity
(such as in GR), can be safely ignored in the latter cases [105]. In contrast, the
dark matter problem is not a collection of unrelated anomalies but a coherent set
of observations across a wide range of scales, all pointing to compatible amounts
of missing mass. This coherence makes the hypothesis of a new, undetected
form of matter particularly compelling. In the remainder of this section, we
summarize the evidence for DM, showing its robust experimental foundation.
We also highlight some possible solutions.

9Possibly with the exception of a hypothetical six-quark state [146, 147].
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Figure 2.3: Fit of an exponential luminous disk and a spherical halo to the
observed rotation curve of the spiral galaxy NGC 3198. Reproduced from
Ref. [15].

2.2.1 Evidence for dark matter

At the somewhat “small” scales ¢ < 100 kpc [105], we have evidence for DM from
rotation curves of spiral galaxies. Assuming a spherical concentration of mass
for simplicity M (r), the rotation velocity of objects around this mass satisfies

GM(r)

v = (2.43)
The clearest example is in the Solar System, where essentially all mass is at the
center (the Sun), yielding a 1/4/r law, well verified by data [105]. In the outskirts
of galaxies, where M (r) should saturate, one would therefore expect a similar
1/4/r decay. However, Vera Rubin’s observations of galaxy rotation curves [12,
13] showed a surprisingly slow decrease of velocity with galactic radius. Later,
Bosma [14] and van Albada and Sancisi [15] demonstrated that this behavior
could not be explained by simply adjusting the relative contributions of bulge,
disc, and gas [135]. Thus, a new component was required with a different spatial
distribution: the DM halo (see fig. 2.3). Such a flat rotation curve is obtained
if Mya1o(r) o< r, precisely the relation expected for a self-gravitating gas of non-
interacting particles [135].

At larger scales, £ ~ 10 Mpc, those of galaxy clusters, one can follow Zwicky’s
approach [10, 148] and use the virial theorem to relate the average velocity of
objects with the gravitational potential—i.e., the total mass of the system—
assuming the cluster to be an isolated system. As with rotation curves, this
method is sensitive only to total mass, DM plus visible matter, and can be
contrasted with luminosity-based estimates to infer extremely large mass-to-light
ratios, indicating the presence of DM. Modern techniques exploit the fact that in
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Figure 2.4: Left: Schematic illustration of light from a distant galaxy lensed
by the gravitational potential of a galaxy cluster in the line of sight. Illustration
by NASA/ESA (L. Calcada) [155]. Right: Matter in the Coma cluster inferred
from weak lensing. The red crosses represent luminous matter, while the green
contours show the mass distribution responsible for the gravitational field.
Reproduced from Ref. [20].

GR, light trajectories are also bent by gravitational potentials; thus weak lensing
methods [19, 20] provide precise gravitational determinations of cluster masses
(see fig. 2.4). In either case, the results are consistent, indicating the presence of
large amounts of missing mass.

An even more striking case for DM at cluster scales involves dynamical sys-
tems. The Bullet Cluster (1E0657-558) is a paradigmatic example of two galaxy
clusters that underwent a collision [18]. The most accepted interpretation of the
remarkable separation between the visible and DM distributions (see fig. 2.5)
is that the gas of the two clusters interacted efficiently through SM cross sec-
tions and was left behind, while the DM components passed through without
significant interaction [135]. This yields an upper bound on the self-interaction
strength of DM particles—and on their interaction with the SM, although the
latter are not competitive with terrestrial or other astrophysical constraints.

At the largest observable scales, the CMB provides evidence of DM in the
early Universe. The CMB power spectrum (the spherical Fourier transform of
the photon temperature field) displays distinct peaks from acoustic oscillations of
the baryon-photon plasma. The positions of these acoustic peaks depend on the
DM density (more DM implies an earlier radiation-matter equality), while their
amplitudes depend on the ratio of DM to baryons (since DM does not undergo
such oscillations), see fig. 2.6. This yields the most precise measurement of the
DM density Qpy, already discussed in section 2.1.

There are additional lines of evidence for DM not mentioned above, such
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Figure 2.5: Green contours of the weak lensing reconstruction of the mass
distribution superposed on the X-ray imaging of the visible matter of the two
galaxy clusters composing the Bullet Cluster (1E0657-558). Reproduced from
Ref. [18].

as at even smaller scales from dwarf galaxies, or across multiple scales related
to structure formation. Detailed simulations [156] show the emergence of fila-
mentary structures, which have recently been detected observationally as dark
filaments (matter distributions lacking visible counterparts) connecting, for ex-
ample, two clusters in the Abell 222/223 supercluster [157], as well as other
nearly dark filaments between superclusters [158, 159]. Moreover, statistical re-
sults from these simulations agree well with astronomical data from the late
Universe [160]. It is also worth noting that BBN constrains the baryonic matter
density to be much smaller than the total matter density inferred from other
probes, €, < Qpym. In particular, CMB and BBN estimates of ) are in excel-
lent agreement, QPBN ~ QCMB 138 161]. For further discussion of these and
other evidences, see Ref. [6] and references therein.

2.2.2 Possible solutions

It is important to emphasize that all evidence for DM so far is gravitational in
nature. This makes the DM problem somewhat analogous to the gravitational
anomalies of the 19th century. At that time, two distinct approaches were pur-
sued: invoking new matter (planets or stars), and modifying gravity (Einstein’s
GR). Consequently, two broad classes of solutions exist for the DM problem: 1.
a hidden mass component of matter not yet identified (possibly multiple compo-
nents), pointing to new physics in particle physics or early-Universe cosmology;
2. a breakdown of the laws of gravity on the relevant scales.

A recent discussion of these two approaches can be found in Ref. [162].1Y A

%0One could imagine extreme possibilities: that the vast body of experimental data is merely
a statistical fluctuation, that systematic errors pervade all measurements, or even that the
laws of physics somehow conspire to mislead us. Such scenarios, however, are not scientifically
productive. We therefore restrict to the viable options discussed in the main text.
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Figure 2.6: Left: CMB temperature power spectrum measured by Planck.
The ACDM theoretical best fit is shown in light blue. Image from Ref. [26].
Right: The best-fit ACDM spectrum compared to alternative models with-
out DM. Reproduced from Ref. [6].

third option combines both approaches [163-165], though such solutions are less
minimal, given that neither direction alone has yet been completely ruled out.

The regularity of rotation curves, asymptotically converging to a constant
circular velocity v, and the absence of non-gravitational evidence for DM, mo-
tivated M. Milgrom in 1983 to propose a modification of Newtonian dynamics at
low accelerations [28]. This framework, known as Modified Newtonian Dynamics
(MOND), has been remarkably successful in describing galaxy rotation curves
and in explaining the Baryonic Tully—Fisher relation, vo, o M;/ 4, which con-
nects asymptotic velocity v, with baryonic mass My, and matches observations
from dwarf galaxies up to clusters [6, 166].

However, the simplicity of MOND fades when addressing the full DM problem
across all scales and phenomena, and when remembering that Newtonian gravity
is merely an approximation to GR—this means that MOND must be embedded
into a covariant framework to preserve GR’s successes. On the phenomenological
side, MOND struggles with several key observations: structure formation and
baryon acoustic oscillations [7, 167], the CMB acoustic peaks [168], and merging
clusters such as the Bullet Cluster (1E0657-558) [169]. On the theoretical side,
covariant extensions of MOND, such as the TeVeS (Tensor—Vector—Scalar) theory
proposed by Bekenstein in 2004 [170, 171], introduce multiple new fields, reducing
its minimality. Furthermore, multimessenger observations from GW170817 [172]
constrain the relative speed of gravitational and electromagnetic waves, excluding
a significant class of GR modifications [173]. For more on MOND, see Refs. [6,
174] and references therein.

Solutions involving a new dark component of matter also face challenges,
but all current evidence can be accommodated within the CDM framework,
given the uncertainties in data and modeling [30]. A DM component is also the
most minimal and natural explanation, since we already know of astrophysical
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objects that behave exactly like CDM (e.g., black holes [31, 32]), and because
new particles generically arise in extensions of the SM addressing other funda-
mental problems. Historically, several astrophysical objects were considered as
DM candidates, such as large planets, small dead stars, and stray black holes (all
non-luminous). These were collectively termed Massive Compact Halo Objects
(MACHOs) [175, 176]. However, BBN and CMB constraints exclude baryonic
DM, ruling out MACHOs [6]. The sole exception is black holes produced before
BBN, known as primordial black holes (PBHs) [177, 178].

On the particle side, DM candidates arise naturally in many SM extensions.
Examples include solutions to the hierarchy problem such as supersymmetry [33,
39, 43], technicolor [35, 36], and composite Higgs models [40]; solutions to the
strong CP problem (axions) [34]; and candidates from unifying frameworks like
GUTs [37, 42] and string theory [38, 41]. The variety of DM production mecha-
nisms in the early Universe is equally broad [44-57], with thermal freeze-out [60]
standing out as a particularly natural and predictive scenario. This breadth
strongly favors particle DM as the most promising solution.

PBHs as DM, on the other hand, require somewhat contrived early-Universe
dynamics to avoid disrupting the successes of the standard cosmological model,
and are subject to stringent bounds on their possible masses, 1076 Mo < mppy <
10712M, [31]. Realizing such PBHs typically demands complex inflationary
models [179, 180] or other non-minimal cosmological scenarios [181], making
them less minimal and appealing.'!

In the remainder of this thesis, we will restrict our attention to particle DM
scenarios.

2.3 The particle Dark Matter

The idea of new particles beyond our current understanding is not driven solely
by Dark Matter physics. In fact, several outstanding questions of the SM point
to new degrees of freedom: the origin of neutrino masses [186], the matter—
antimatter asymmetry [119], electric charge quantization [187, 188], the strong
CP problem [189], and the hierarchy problem [190]. Assuming DM is composed
of new particles, what properties must these particles have to be compatible with
the broad phenomenology discussed so far?

Remarkably, the diverse body of DM evidence—from dwarfs to clusters, from
the CMB to structure formation—can be addressed by a single new particle that
is sufficiently massive to be non-relativistic, stable on cosmological timescales,
effectively collisionless (at least on cluster scales), feebly interacting with the

"'PBHs have regained attention recently due to possible connections with gravitational-wave
observations [182-185].
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SM, and non-baryonic [105]. Of course, multi-component DM remains a viable
possibility.

2.3.1 Dark Matter properties

Let us briefly examine these properties in turn.

Cold (non-relativistic): Numerical simulations of structure formation re-
quire that DM behaves as a pressureless fluid (w & 0) to seed the growth of small
perturbations visible in the CMB. Massless (or relativistic) DM would instead
behave as radiation (w = 1/3) and erase small-scale structure via free stream-
ing. Thus DM must be “cold” (small typical velocities) to accumulate in galactic
halos. By contrast, hot (relativistic) DM has a large free-streaming length and
conflicts with observations—one of the reasons neutrinos cannot account for all
DM.

At the smallest galactic scales, vanilla CDM simulations predict more subha-
los than observed [191]. Warm DM, with intermediate velocities, would partially
suppress small-scale structure and may alleviate these tensions [192]. However,
a definitive conclusion requires detailed simulations including baryonic feedback.

Stable: DM must be present already at recombination, facilitate structure for-
mation, and still manifest in galaxies and clusters today. If it decays, its lifetime
must exceed the age of the Universe; stronger bounds arise channel by channel
from indirect searches. Stability is often guaranteed by a symmetry, making DM
the lightest state carrying a new conserved quantum number. In scenarios with
decays, extremely small couplings and/or small mass splittings are required to
achieve cosmologically long lifetimes.

Collisionless: Dynamical systems such as merging clusters indicate that DM is
predominantly collisionless, passing through with little drag while the baryonic
gas is shocked and slowed. The near-sphericity of halo profiles also disfavors
strong dissipation. A range of astrophysical probes—most notably the absence
of significant drag (deceleration) of the DM component in the Bullet Cluster—
constrain the DM self-interaction cross section per unit mass to [193]

7 <0.7em?/g. (2.44)

mbpMm

Intriguingly, self-interactions in the range 0.1 < o/mpy < 1 cm?/g at galaxies
and dwarf scales may help with small-scale puzzles [193].
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Dark (feebly interacting): By definition, DM must be very weakly coupled
to the SM. Its interactions with the baryon—photon plasma must be sufficiently
small to avoid spoiling the CMB, and small enough to evade the many null results
from direct, indirect, and collider searches. The canonical example is the Weakly
Interacting Massive Particle (WIMP), historically motivated by weak-scale cross
sections and masses.

In particular, DM must be effectively neutral: even a tiny electromagnetic
charge ee is strongly constrained by recombination-era observations and direct
detection [6, 194]. For mpy ~ TeV, one typically needs ¢ < 1079 [6].

Non-baryonic: BBN and CMB tightly constrain the baryon fraction, 2 ~
0.16 €2,,,, implying that most matter is non-baryonic. This motivates particle
DM over MACHO-like solutions (with the exception of PBHs). Setting aside
still-debated exotic baryonic states such as uuddss hexa-quarks [195, 196], the
inequality €, > €2 is a clear sign of physics beyond the SM.

2.3.2 Examples of candidates

The DM phenomenology can be reproduced by an enormous variety of models.
Since we do not yet know anything about its fundamental properties—its mass,
spin, charges, or even whether it is a particle at all—we must remain agnostic
and explore as many directions as possible until a positive signal arises [197].

Indeed, the possible DM mass impressively spans over 90 orders of magnitude.
On the light side, bosonic candidates can be as light as [198]

mpy > 1072 eV ~ 107 Mp . (2.45)

Such ultralight DM presents extremely large number densities that it can be
treated as a classical field, much like photons or electromagnetic fields. Lighter
bosons are excluded, since their de Broglie wavelengths would exceed the size of
dwarf galaxies. Fermions face even stricter constraints, mpy 2 0.1 keV [199], due
to the Pauli exclusion principle, which forbids too many fermions from occupying
a confined region such as a dwarf galaxy [200].

On the heavy side, DM masses can in principle exceed the Planck mass Mp,
provided DM is a composite object, possibly reaching up to the gravitational
limit where they collapse into black holes. At that point DM would no longer
be composed of quantum particles but macroscopic objects. A generic upper
bound can once again be derived from dwarf galaxies: since they contain large
amounts of DM, the DM particle mass must be smaller than the total mass of
such systems, giving [6]

mpm < 1037 kg ~ 104 Mp . (2.46)
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Figure 2.7: Possible range for the DM mass highlighting the three qual-
itatively distinct regimes: fields, particles, and macroscopic objects. Some
well-known DM candidates are also shown. Reproduced from Ref. [6].

In the intermediate mass regimes, DM is expected to behave more like an
ordinary particle interacting with individual atoms, since in this case its de
Broglie wavelength is much smaller than atomic scales.

Although the possible DM mass range is gigantic, we can, as discussed above,
conceptually split it into three qualitatively distinct regimes: fields, particles, and
macroscopic objects. While the particle-field duality of quantum field theory
formally unifies the first two, their phenomenological behaviors are so different
that this pragmatic separation is useful. The three regimes are summarized in
fig. 2.7.

Similarly, the DM coupling to the SM, g, can span many orders of magnitude,
from the purely gravitational limit g ~ mpy/Mp up to strong-interaction-like
couplings g ~ 47 [6].

Clearly, it is impossible to cover the full landscape of DM candidates in
this thesis. Instead, we will present a short and admittedly biased selection,
focusing on those models that have become most prominent in the literature or
in experimental searches.

The most intensively studied candidate of the past decades has been the
Weakly Interacting Massive Particle (WIMP), motivated by its natural connec-
tion to electroweak physics and the hierarchy problem [201]. WIMPs are a broad
class of models, but notable examples include supersymmetric neutralinos, Lit-
tle Higgs models, and Kaluza—Klein theories with extra dimensions. In each
case, stability is typically ensured by a discrete symmetry such as R-parity in
supersymmetry [202], T-parity in Little Higgs models [203], or KK-parity in
extra-dimensional scenarios [204].

A second, and increasingly popular, candidate is the axion [205], originally
introduced to solve the strong CP problem. Axions correspond to decaying DM,
but with lifetimes so long that their decays are effectively suppressed by very high
mass scales. Other notable decaying DM candidates include gravitinos [206, 207],
whose decays are suppressed by gravity, and sterile neutrinos vy, whose decays
are suppressed by their tiny mixing with SM neutrinos [208].

Other well-known examples include simplified models such as Asymmetric
DM [209], strongly interacting massive particles (SIMPs) [49], self-interacting
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DM (SIDM) [193], and Fuzzy DM [210].

Finally, there exist candidates whose only free parameter is their mass, since
they correspond to new SM multiplets and interact simply through the known
SM forces. These are collectively known as Minimal DM [211].

Production mechanisms: Many production modes are possible. Here we
briefly outline some of the most widely studied in the literature before focus-
ing on the particularly predictive thermal freeze-out, already foreshadowed in
section 2.1.

Perhaps the most popular mechanism to produce relatively heavy (2 MeV)
DM is thermal freeze-out, precisely because of its independence from the initial
conditions of the Universe thanks to DM achieving thermal equilibrium with
the SM plasma. The DM annihilation processes, typically driving the equilib-
rium, automatically ensure that DM inherits the adiabatic inhomogeneities of
the SM [212], as required by CMB observations [25, 26].

For ultra-heavy masses, non-thermal production becomes more natural. One
possibility is the direct generation of super-heavy WIMPZILLAS from gravity
during inflation [45], with masses up to the inflationary scale. Other non-thermal
mechanisms include production from decays or annihilations of other bath parti-
cles, collectively known as the freeze-in mechanism [213]. In freeze-in, any initial
DM abundance is assumed to be negligible, and the requirement of avoiding
thermal equilibrium forces extremely small couplings to the SM.'? Such candi-
dates are often called Feebly Interacting Massive Particles (FIMPs) [213]—or
superWIMPs [46] when their dominant production comes from decays. Freeze-in
is particularly well suited for sub-MeV DM, which cannot thermalize without
conflicting with BBN constraints.

Closely related is the Dodelson—Widrow mechanism, where sterile neutrinos
are produced from oscillations of active neutrinos in thermal equilibrium with
the SM bath [215].

At even lighter masses, where DM behaves as a coherent field, production
can arise from the dynamics of cosmological topological defects, such as cosmic
strings [216] or domain walls [217], often tied to phase transitions. In the spe-
cific case of axions, another important mechanism is vacuum misalignment [218].
If the Peccei-Quinn U(1)pq symmetry (associated with the axion field) breaks
after inflation, the axion field is initialized with random phases in causally dis-
connected patches. Since any pre-inflationary abundance is erased, the axion
effectively starts with zero abundance, and the subsequent misalignment of these
phases—together with contributions from topological defects—can generate the
observed DM relic density. This renders axion DM both predictive and largely

12 Assuming a very low inflationary reheating temperature can instead allow such couplings
to reach freeze-out values [214].
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independent of initial conditions.

However, axion production is subject to large systematic uncertainties arising
from the complex dynamics of cosmological topological defects. In addition,
axions may emerge either from simple UV-complete field theories or from more
elaborate constructions involving extra dimensions or string theory. The UV
origin of axions can determine, for example, the domain wall number and whether
cosmic strings are formed at all, both of which are intrinsically linked to the
predictions for the axions coupling with the SM [219]. In any case, axions remain
among the leading DM candidates.

Finally, phase transitions in the early Universe have recently become a rapidly
growing field, largely due to their connection with gravitational waves [220].
They also open up alternative DM production channels, such as those associated
with bubble collisions [221-223], which are attracting increasing attention.

Other examples of production mechanisms can be found in Refs. [6, 224] and
references therein.

In the remainder of this section, we will zoom in on the thermal freeze-out
scenario and, in particular, on the case of WIMPs. Before doing so, we present
in fig. 2.8 a schematic overview of the main possible directions for solving the
DM problem.

2.3.3 Prelude: Boltzmann equations

In this prelude, we derive the Boltzmann equation governing the evolution of the
number density of particles in kinetic equilibrium with a thermal bath (or, more
generally, with a thermal phase-space distribution). This equation will later be
applied to the freeze-out mechanism (and could be applied to freeze-in as well).

The evolution of the phase-space distribution f(&,p,t) is described by the
Liouville equation [60]:

LIf (@ pit)] = Clf (7,9, )], (2.47)

where L is the Liouville operator, and C is the collision operator, encoding
processes that change the number of particles with momentum p’ at position &
(e.g. annihilations, decays, or scatterings).

In covariant form, for z# = (¢,Z) and p* = (E,p), the Liouville operator
reads [135]:

. 0 0
— _TH TP
L=pgm — o050 (2.48)

where gravitational effects enter through the Christoffel symbols I';,.
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Figure 2.8: A schematic summary of possible solutions to the DM problem.
Reproduced from Ref. [197].
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The Liouville equation can be recast as a total time derivative of f, making
it manifest as the conservation of particles in phase space [105]:

= (gain of p-particles at & per unit time)

— (loss of p-particles at & per unit time). (2.49)

In a homogeneous and isotropic Universe, described by the Robertson—Walker
metric (2.1) and the Friedmann equations (2.5)—(2.6), the Liouville operator
simplifies to

L= EQ— \*]2 (2.50)

We can integrate Liouville’s equation over the covariant phase-space measure,

g &’p
= —= 2.51
@r)P 2B (251)
to obtain an equation for the number density n. The Liouville side becomes
dn
/dHL— E+3Hn (2.52)

while the integrated C represents the net creation and annihilation of particles.

For concreteness, let us focus on annihilation processes in which two DM par-
ticles (x, X) annihilate into two SM particles (X, X), and vice versa, yx <> X X.
Annihilations with two incoming particles generally dominate over processes with
n > 3 initial particles, as the likelihood of multiple particles encountering each
other in the bath is strongly suppressed. Larger numbers of final states are
typically disfavored by phase-space suppression, while increasing the number of
particles either in the initial or final states (or both) usually entails an extra
suppression from higher powers of the couplings. Decays could in principle be
more efficient, since they do not require particle encounters, but DM is assumed
to be stable (or at least extremely long-lived), while SM particles generally have
negligible branching fractions into DM (due to constraints on their properties
or simply kinematics). Consequently, the dominant contribution usually arises
from 2 <+ 2 annihilations, and we may restrict to the process

XY & XX (2.53)
In this case, the collision operator (governing f, ) takes the form
/ - / I, dld T xdl g (27)*6™ (py + py — px — px)

% (1Mo xxPAfe(UE fx) (L fr) = Mo PAx Fr (U2 L0 £o)]
(2.54)
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The delta function ensures four-momentum conservation. In particular, en-
ergy conservation, together with the assumption that all particles are non-relativistic
(m; > T)," implies

Fxfr = FOf = o= (Bx+B/T — o~(BxtB)/T _ peafed, (2.55)

where f{9 describes particles in thermal (i.e., kinetic and chemical) equilibrium
with the SM bath of temperature T' (hence p; = —p;) and, in the first equality,

we use the fact that SM particles are in equilibrium (which is generally true at
high temperatures).

The factors (1 £ f;) account for Pauli blocking (fermions, minus) or Bose
enhancement (bosons, plus). For non-relativistic species, f; < 1, and thus (1 +

fi) = 1.1
Assuming CP conservation (and hence 7 invariance from the CPT theo-
rem [227]), both spin averaged amplitudes squared can be related as

M, ozl = 1My g/ = 1M (2.56)

If DM remains in kinetic equilibrium with the SM bath,'® then f,/fy! =
ny/ny'. In this case, the integrated collision term reduces to

2/dHXé = —(ov)(n® — n?

eq) > (2.57)

with the thermally averaged cross section
_ 1 45(4) 2 peq peq
(ov) = — diLydlgdllxdIlg (27)°6" (py+px—px —px) M7 £ 15 (2.58)
eq

This leads to the well-known Boltzmann equation for the number density:

dn

I +3Hn = —(ov)(n?® — ngq) . (2.59)
When T'apn = (ov)n > H, the right-hand side dominates over the Hubble

term, the number density is driven towards equilibrium, erasing any initial over-

!3This assumption is generally valid in the absence of degenerate Fermi species (u; > T)
or Bose condensates [225]. More generally, within the CDM paradigm, DM must be non-
relativistic. If, on the other hand, the SM particle is relativistic, only the high-energy tail
of its distribution contributes to annihilations into DM, since T" < m,. In this regime, all
three distribution functions (classical, Bose-Einstein, and Fermi-Dirac) are very similar at
large momenta, making the non-relativistic assumption a good approximation. Alternatively,
one may bypass this discussion entirely by invoking the Principle of Detailed Balance [226] to
derive the Boltzmann equation, see Ref. [60].

“More generally, (E) ~ m + 3T/2, and the approximation (1 £ f;) = 1 is accurate at the
~ 10% level [6].

15Maintained through elastic scatterings xX <« xX, which are typically much faster than
annihilations since nx > n, for my, > mx.
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Figure 2.9: Illustrative solution of the Boltzmann equation for different
values of {(ov) (with constant g.s). Larger cross sections yield smaller relic
abundances 2, o« myn,. For a given m,, only one value of (ov) reproduces
the observed abundance €2y, = {pnm, provided DM thermalized with the SM
(T = (o) max(ny,n$Y) > H). If T' < H, n o< a=® and DM is simply diluted
by expansion.

or under-abundance of DM. Eventually, however, the Hubble rate takes over,
since neq < e~™x/T decreases exponentially while H o T2 falls only as a power
law. In this regime, the right-hand side becomes negligible and the differential
equation dn/n = —3da/a implies n  a~3. Physically, this corresponds to DM
particles no longer annihilating or being produced, so that their number density
decreases solely due to the expansion of the Universe. In other words, this is
precisely the freeze-out mechanism previously discussed.

It is convenient to introduce dimensionless variables, in particular the yield
Y (see Eq. (2.34)) and & = m,/T. Entropy conservation then gives

dy Aov) o 9
—_— = Y*-Y 2.60
A ) (2.60)
with 5
ST Jxs MP]
A= 0262 TP 2.61
H(T =m,y) Vs My (261)

where we used Eq. (2.31) and the Hubble rate in a radiation-dominated Uni-
verse (2.27). Eq. (2.60) is a Riccati equation, which generally requires numerical
solution [135], though approximate analytic solutions are sometimes possible.
See Fig. 2.9 for a schematic numerical example.
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In particular, for a DM model with two free parameters—the DM mass m,,
and its coupling to the SM g—one can determine g as a function of m, by com-
puting the thermally averaged cross section (ov) and requiring it to reproduce
the observed relic abundance, 2, ~ 0.11, via freeze-out. The resulting relation
gt(my) is commonly referred to as the thermal relic target, or simply the ther-
mal target—sometimes also called the relic abundance line.'® This line is often
displayed in parameter-space plots as a benchmark for experimental sensitivi-
ties. If the coupling is smaller than g < g, the model overproduces DM and is
therefore excluded in standard cosmology, except in the extreme limit of very
small couplings where DM never thermalizes with the SM. Larger couplings are
allowed, but in that case the model can no longer account for the entirety of the
DM abundance. In this way, the relic abundance line can also be interpreted as
a lower bound on the coupling of any stable (or very long-lived) new particle.
Thus, freeze-out provides a predictive and testable framework, setting the stage
for the WIMP paradigm and the so-called WIMP miracle.

2.3.4 WIMPs: the standard Dark Matter particle

A leading hypothesis for the nature of this new non-baryonic component of the
universe is the Weakly Interacting Massive Particle (WIMP). The relic abun-
dance of WIMPs is set as they fall out of equilibrium with the high-temperature
plasma of the early Universe. When the temperature 1" drops below the WIMP
mass m,, the equilibrium distribution becomes Boltzmann-suppressed, n, ~
exp(—m,/T). Soon after, the expansion rate H exceeds the DM annihilation
rate I' = (ov)n,, preventing further annihilation into SM particles and thereby
freezing out the DM density, which subsequently evolves only through dilution,
ny o< a3, See fig. 2.9 for a detailed example of the freeze-out process.

In general, the annihilation cross section ¢ can be expanded in terms of the
relative velocity v between the annihilating DM particles. One finds

ov =a+bv? + Ov?), (2.62)

where a is the s-wave coefficient and b the p-wave coefficient. Such expansion
makes sense since freeze-out occurs for non-relativistic particles (m, > T ~
myv?, hence v < 1).!” Thermal averaging then yields [228]

T b
(ov) =a+ b6— + (’)(TQ) =a+ 6 + O(JFZ) , (2.63)
my x

where in the last step we introduced the dimensionless variable z = m, /T

16More generally, the thermal target denotes the region of parameter space where the thermal
freeze-out mechanism yields the observed relic abundance.

'"This expansion may fail if 2m,, lies near a kinematic threshold for heavier final states, where
the kinetic energy permits annihilation, or near a resonance (pole) in the cross section [44].



2. DARK MATTER PHYSICS 32

Using this expansion, one can obtain approximate analytical results for the
relic abundance [135], or solve the full Boltzmann equation numerically, keep-
ing only the leading coefficient. The latter approach has been carried out in
Ref. [228], yielding

a~22x10"%cm3/s, (2.64)
b~ 17 x 1072 cm?/s. (2.65)

For m, < 10 GeV, changes in the relativistic degrees of freedom across the QCD
phase transition can enhance these values by up to a factor of ~ 3. These results
are robust and essentially independent of the annihilation channel.

Remarkably, for DM interacting with the SM through weak gauge bosons,
one generically finds [8, 135]

2
m
ov ~ lG%mQ (1orv?) = 2.2x 10" em®/s x —(1 or v?), (2.66)
16 X ms,
via s-channel exchange, or alternatively [67]

2

4
ov ~ 15;’:%(1 or v?) ~ 2.2 x 1076 cm? /s x ng(l or v?), (2.67)

through ¢- and u-channel processes, with gweax =~ 0.65.

In either case, if DM has masses of order the weak scale (my, myz) and in-
teracts via the weak force, it naturally yields the correct relic abundance. More
broadly, any DM with couplings g, ~ O(1) to the SM and masses around the
electroweak scale vgw = 246 GeV generically accounts for the observed DM
abundance—unless the particle is unstable and decays away, or if the cosmolog-
ical history deviates from the standard picture. This coincidence of scales, often
dubbed the WIMP miracle, together with the robustness of thermal freeze-out
and the appearance of weak-scale particles in theories addressing the hierarchy
problem [190], elevated WIMPs to the status of the “standard” DM candidate.

However, null results from a wide range of WIMP searches, together with
the absence of new physics at the LHC associated with the Higgs boson and the
hierarchy problem, have significantly diminished the appeal of WIMPs [68]. To-
day, WIMPs compete with a diverse set of alternative candidates. Furthermore,
many variations of the WIMP scenario have by now developed into distinct and
well-motivated frameworks in their own right, as we will discuss in chapter 3.
For further review on WIMPs, see Ref. [67].

2.4 Searches for the Dark Matter particle

With so many observations supporting the existence of DM, determining its
nature has become a central challenge in physics. A wide range of strategies aim
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Figure 2.10: Illustration of the complementarity between the three main DM
search strategies. WIMPs (or more generally freeze-out DM) require efficient
annihilation of DM particles x into SM particles X in the early universe,
typically implying observable rates for indirect detection, direct detection, and
collider searches.

to identify possible interactions of DM with the SM beyond gravity, but so far
no conclusive evidence has been found.

The freeze-out mechanism and the WIMP miracle, however, motivate a vari-
ety of experimental signatures. The same annihilation processes that produced
WIMPs in the early universe allow us to search for DM annihilation in the late
universe, for instance in galaxies or compact astrophysical objects with high
DM densities. Such searches are referred to as indirect detection. Efficient DM
annihilation in the early universe generally implies that DM can also scatter
off ordinary matter; searches for such scatterings are known as direct detection.
Finally, the same annihilation processes imply the inverse reaction, where SM
particles annihilate into DM pairs. These can occur in high-energy experiments,
leading to collider searches. The interplay between these three approaches is il-
lustrated in fig. 2.10. This web of strategies and their mutual consistency is often
referred to as DM complementarity. In the WIMP case, the requirement of not
overproducing DM in the early universe implies lower bounds on the strength of
these interactions, which in turn provide promising experimental targets.

Although WIMPs have recently lost some of their central status, these searches
probe generic DM models far beyond the WIMP framework,'® and therefore con-
tinue to be of prime importance.

Besides these traditional approaches, in recent years a new experimental
frontier in high-energy physics—the intensity frontier [230]—has emerged. This
program, which includes beam-dump experiments and high-luminosity collid-

8They even extend to scenarios such as small primordial black holes, provided they evade
evaporation [229].
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ers, offers unique opportunities to probe light DM models with extremely small
couplings [231].

For ultralight DM behaving as classical fields, entirely different search strate-
gies apply. A key example is the conversion of DM fields into SM fields in envi-
ronments where strong SM fields are present, as in axion haloscopes [232, 233].
For a recent review of searches for ultralight DM, see Ref. [234].

In the following, we focus on the three main search strategies for particle DM
(indirect detection, direct detection, and collider searches), briefly describing
their concepts and summarizing their current status. For further details on
each of these approaches, see Refs. [63, 65, 235], while a broader discussion of
additional search strategies can be found in Ref. [6] and references therein.

2.4.1 Indirect detection

The fact that DM plays a crucial role in structure formation implies that, al-
though its present-day density is small on large scales, it “clumps” on smaller
scales. This leads to significant density enhancements in astrophysical systems,
particularly in dwarf galaxies and in the central regions of larger galaxies. In
these regions, DM can still annihilate efficiently today, producing a flux of SM
particles that can be detected by satellites or ground-based telescopes. In the
case of decaying DM, one instead looks for the decay products emerging from
these high-density regions.

Among the possible detection channels, one can distinguish two classes of in-
direct searches [7]: not-so-indirect, when the observed particles (such as photons
or neutrinos) travel essentially in straight lines from the source; and pretty indi-
rect, when the detected particles do not point back to the annihilation site (for
example, charged particles deflected by galactic magnetic fields, or secondary
low-energy photons produced during propagation). In the latter case the source
cannot be identified directly, which makes background subtraction especially
challenging. In both categories, astrophysical backgrounds complicate the ex-
traction of a potential DM signal. Furthermore, the observed particles are not
always direct annihilation (or decay) products of DM particles, which motivates
the generic label indirect detection.”

One may also define a third, more generic category: wvery indirect probes,
which constrain the effects of DM on astrophysical systems or on cosmological
observables. For instance, if DM—SM scattering is efficient, DM may accumulate
inside neutron stars, altering their dynamics by annihilating and injecting energy
into the star [236]. These probes are considered very indirect because they rely
on our modeling of complex astrophysical systems and assume that all relevant

19For instance, strictly speaking, in the case of annihilation into two high-energy photons, we
have a pretty direct signal, but we will stick to the conventional classification.
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physical processes are accounted for; in practice, the imprint of a new particle
could easily be degenerate with other dynamics. A similar caveat applies to
cosmological probes, which rely on our modeling of the Universe itself.

Particle flux from annihilations: For a DM particle x annihilating through
multiple channels, each with thermally averaged cross section (o;v), the annihi-
lation rate per particle is [237]

px ()

= —— {0 2.68

32 o (2.65)
7

where p, is the DM energy density at the position & and m, the DM mass. The

total annihilation rate in a volume element d3z follows by multiplying by the
number of particles in that volume:

Tiot = (Z p:;f) <m~v>> X (/2‘”(;? d3:1:> ) (2.69)

7

The factor of 1/2 accounts for two particles being required in each annihilation.

To compute the flux of a given SM species X € {v,v,e*,p*, ...}, one mul-
tiplies 'yt by dN;/dEx, the spectrum of X per annihilation in channel i. This
quantity is in general non-trivial: heavy final states can decay through multiple
channels producing long decay chains, often requiring Monte Carlo simulations
to compute dN;/dEx. An example for the flux of photons is shown in fig. 2.11.

The position Z can be parametrized in terms of the line-of-sight distance ¢
and angular coordinates 2. The differential flux from a solid angle AQQ is then

d(I) o 1 21— <O'Z'7)> dNZ
1 dQ/der[x(e, Q)]Zi: St A (2.70)

with an extra factor of 1/2 if DM is not its own antiparticle.

Astrophysical uncertainties are usually encapsulated in the so-called J-factor [239],

J= AlQ/dQ/dzpi[f(z, )], (2.71)

such that

do _Z<O'i’u> le < J

— = —. 2.72
dEx 2m§< dEx = 4w (2.72)

i
The larger the J-factor, the more promising the target for indirect detection.
Typical values are J ~ 109720 GeV? /cm® for dwarf galaxies, J ~ 102 GeV?/cm®
for Andromeda, and J ~ 10?2~ GeV?/cm® for our Galactic Center.

Target selection requires balancing J-factor size with background contamina-
tion. Dwarfs are the cleanest systems since they are DM-dominated and contain
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Figure 2.11: Expected photon energy spectra from DM annihilation dN; /dE.
A monochromatic line from direct annihilation into a photon pair is shown in
blue, while photons from virtual internal bremsstrahlung (VIB) emission are
shown in red. The box-shaped spectrum (green) arises when DM annihilates
into a new state that subsequently decays into a photon pair. Secondary
photons from annihilation into quarks and gauge bosons are represented by
the gray band. Dotted versus solid lines compare detector energy resolutions
AFE/E = 0.02 and 0.15, respectively. Reproduced from Ref. [238].

little baryonic matter. The Galactic Center provides stronger signals due to its
proximity and large J-factor, but suffers from large and uncertain astrophysical
backgrounds [237].

Status of indirect detection: In fig. 2.12 we summarize current bounds on
DM annihilation cross sections from indirect searches. These results typically
assume DM annihilates dominantly through a single channel, (o;v), for sim-
plicity. In practice, constraints are model-dependent, since realistic scenarios
involve multiple channels. Nevertheless, indirect searches strongly constrain
WIMP models with mpy < 100 GeV, as it is difficult to avoid limits across

all channels simultaneously.

A particularly powerful probe—often classified as very indirect—is energy
injection at recombination. CMB measurements [26] are among the most precise
cosmological data and probe relatively low energies, where atomic physics is
extremely well understood. The CMB thus constrains both annihilation and
decay without strong dependence on DM model details,?” while being free of
the large astrophysical uncertainties related to DM density profiles or particle

20The only relevant assumption is whether annihilation is s- or p-wave, since DM velocities
at recombination are much smaller than in galaxies (or than at freeze-out).
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Constraints on sub—GeV annihilating Dark Matter AllIndirect Detec
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Figure 2.12: Current indirect detection bounds on DM annihilation for sub-
GeV DM (left) annihilating into electrons, muons, or pions, and for heavier
DM (right) annihilating into muons, b quarks, or W bosons. The orange band
shows the thermal relic target for s-wave DM from (2.64). Reproduced from

Ref. [6].

propagation. These measurements currently provide the strongest limits on light
(s-wave) DM, mpym S 100 MeV.

2.4.2 Direct detection

The fact that DM particles surround normal matter—facilitating structure for-
mation as inferred from galaxy rotation curves and weak lensing—and that they
cannot have zero velocities (since such a distribution would be gravitationally
unstable), together with the motion of the Earth and the Solar System relative
to the Galactocentric rest frame, implies a non-zero DM flux passing through
Earth. Assuming DM couples to the SM beyond gravity, one expects some of
these particles to scatter off ordinary matter on Earth. Detectors with large
numbers of target particles are therefore promising experiments to measure such
interactions directly, hence the name direct detection (DD). The picture is simi-
lar to that of neutrino detectors—unsurprising given that neutrinos themselves
contribute a small fraction of DM today.

The Dark Matter flux: A combination of astrophysical data, numerical sim-
ulations, and analytical methods yield an estimate of the local DM density ,og?,
with a commonly quoted value [6]

ps ~ 0.4 GeV /em® . (2.73)

This value carries systematic uncertainties of up to a factor of 2, due to the
spread among different methods.

The DM velocity distribution is obtained with relatively better precision—
limits vary at the ~ 60% level around the median [240]—from simulations, but
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can be approximated analytically by an isothermal Maxwell-Boltzmann distri-
bution truncated at the Milky Way escape velocity vese (since faster particles are
unbound):?!

Cev/v8 ;U < Vesc
F(v) = { (2.74)

0, UV > Vesc 5

where C' normalizes [ d3vf(v) = 1, and vg is the velocity dispersion. Around
the solar neighborhood, one may approximate vese ~ 544 km/s [243] and vy =~
220 km/s [244].

In the Earth’s frame, the distribution is Galilean-boosted by the Earth’s
velocity Vg relative to the halo: fq (V) = f(U + vg). This results in an effective
“DM wind” with average velocity (v) = vy ~ 235 km/s, modulated annually at
the ~ 7% level due to the Earth’s orbit.??

From the above results, ne expects a large flux of DM particles at Earth,

oo, OV
X

o=y -
My My

10" em 2571, (2.75)
where we approximate p% ~ pg?. The exception is ultra-heavy DM, where the
flux is suppressed due to the small DM number density.

Kinematics: Such fluxes of DM particles can induce scattering in detectors,
producing nuclear or electronic recoils. Nuclear recoils set the strongest con-
straints for m, 2 few GeV, while electronic recoils are powerful probes for lighter
DM masses. The recoil energy ERr is a key observable since it is limited by the
detector’s energy threshold (set by background noise and finite resolution).

A notable background is due to neutrino-induced recoils, originating from
astrophysical neutrino fluxes (especially from the Sun) [246, 247]. This so-called
“neutrino fog” (or “neutrino floor” in a more pessimist regard) [248, 249] will
eventually slow down the progress of DD searches, potentially turning such ex-
periments into neutrino detectors [250-253]. Hints of this background are already
emerging in PandaX-4T [254] and XENONnT [255], with nearly 3o significance.

For elastic scattering, the kinematics are straightforward: a DM particle of
velocity v < vese K ¢ scatters off a stationary target T € {V, e}, giving [105]

q2 M2 2
Ep = = —(1 0 2.76
R= g = (1 cosd). (2.76)

where ¢ is the momentum transfer, u = m,mg/(m, + mr) the reduced mass,
and 6 the scattering angle.

21 A small fraction of DM particles with v > vesc may exist, e.g. from acceleration in cosmic
ray collisions [241] or boosted from the Large Magellanic Cloud [242]. See Ref. [6] for a review.

22This annual modulation can help separate signal from background and is the basis for
directional DD experiments [245].
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The maximum recoil EF** occurs for head-on collisions (6 = 0) with mp ~
my. For WIMPs of m, ~ 100 GeV, typical nuclear recoils are EZ** ~ 10—
100 keV: low enough for elastic scattering—smaller than typical nuclear binding
energies Ep 2 1 MeV—but high enough to be detected in very-sensitive setups.

Given a detector threshold Egﬂn, the minimal DM speed for a detectable
event is
mTEmin
VUmin — Té% . (277)
For xenon detectors (E}?in ~ keV), this gives vmin ~ 1074, well below the mean
DM velocity at Earth (v ~ 107?).

The scattering cross section:  The particle physics nature of DM is encoded
in the DM-target (nucleus or electron) scattering cross section, dop/dEg. Its
description is simplified by the non-relativistic nature of the collision, which
allows for an expansion of the cross section in powers of the momentum transfer
q = +2mpER x v (suppressed by the small velocities involved). This framework
is known as the Effective Field Theory of Dark Matter Direct Detection, see
Ref. [256].

After ignoring velocity-suppressed operators, two dominant possibilities re-
main: interactions that involve the target spin, leading to spin-dependent (SD)
cross sections, or interactions that do not involve spin, leading to spin-independent
(SI) cross sections. In practice, SI interactions are more common and, in the case
of nuclear recoils, typically dominate over SD contributions because of a coherent
enhancement proportional to the number of nucleons A (or equivalently to Z for
charged nucleons). This enhancement arises since the de Broglie wavelength of
DM wave packets, A ~ 1/(m,v), is often larger than the nuclear size, so the DM
particle scatters off the entire nucleus coherently.

Nuclear cross sections involve non-trivial nuclear form factors and response
functions. Fortunately, these have already been worked out in great detail in
the literature up to quadratic order in momentum transfer [256]. For electrons,
additional complications may arise from collective excitations and other many-
body effects, but these too have been studied extensively [257-259]. As a result,
in most cases it is sufficient to compute the fundamental cross section for DM
scattering with quarks and electrons (or the corresponding effective theory co-
efficients) [4, 5, 260], and then use the tabulated nuclear/electronic response
functions from the literature to obtain DD constraints.

As an explicit example, consider millicharged DM, which exhibits a Rutherford-
like SI cross section (approximating nuclei and electrons as free particles) [261,
262):

dor 2rale? 72

= F*(E 2.78
dFr mrEL (ERr), (2.78)




2. DARK MATTER PHYSICS 40

where « is the electromagnetic fine structure constant, ee is the DM electric
charge, and F(FER) denotes the nuclear form factor. The form factor accounts
for the loss of coherence at large momentum transfer (i.e. large Er), and is a
decreasing function of the recoil energy.?® Its standard Helm parameterization
is given in Ref. [263, 264].

From eq. (2.78), one clearly sees the characteristic SI coherent enhancement
with the nuclear charge Z at small momentum transfer, where the DM couples to
the entire nucleus. At larger Er, the scattering resolves individual nucleons and
the enhancement is reduced.In the case of scattering with electrons, one simply
sets Z =1 and F(ER) =1 [261].

The event rate:  Having discussed the kinematics and the scattering cross
section, we are now in place to introduce the differential event rate for DD
experiments, i.e. the number of scattering events per unit time and per unit

recoil energy:
dR do T

_ ®
iEn Nrny <U dER> , (2.79)

where N7 is the number of target particles in the detector (proportional to its
size), ni‘? is the local DM number density at Earth, and the average is taken over
the DM velocity distribution.

Using the relation between recoil energy and scattering angle from eq. (2.76),
the differential cross section can be rewritten as
dor mp  dor

= 2.80
dEr  p2v2 dcosf’ (2:80)

where mqp is the target particle mass, p is the reduced mass of the DM—target
system, and € the scattering angle. Substituting this into eq. (2.79), one obtains

a more explicit expression:?*

dR Py OO fe(w) dor
— = (Z"Y My X / A3y 2222 2.81
dEgR (Z) M my p? J, YT dcosd’ (2:81)

where My is the total detector mass, Z' = 1 for nuclear recoils and 7' = Z
for electronic recoils, p% is the local DM density, and fg(v) is the DM velocity
distribution in the Earth’s frame.

23For extremely small momentum transfer, the nuclear charge can itself be screened by atomic
electrons, since the target is embedded in an overall neutral medium. This requires introducing
an additional atomic form factor Fa(FEr) satisfying Fa(oco) =1 and Fa(0) = 0, see Ref. [261].

24If one neglects the small contribution of DM particles not gravitationally bound to the
Milky Way, the velocity integral upper limit can be set t0 Umax =~ Vesc. Likewise, the recoil
energy upper limit is F* ~ Er(0 = 0,v = vesc), which is relevant for computing the total
number of events, see below.



2. DARK MATTER PHYSICS 41

For scattering via a relatively heavy mediator ¢ (my > ¢), the cross sec-
tion becomes approximately isotropic, since angular dependence is suppressed
by v2/c? ~ 1076 [135], i.e. do/d cos § ~ const. In this case, the velocity average
reduces effectively to (v™1). It is therefore convenient to define the dimensionless
function o

P [ fa(v
n/(vmin) = X/ d*v ( ) ) (2‘82)
mX Umin v
which encapsulates all the astrophysical uncertainties related to the local DM
distributions.

For light nuclei, the DM de Broglie wavelength is typically larger than the
nuclear size, so nuclear form-factor corrections are small [135], and the separation
of astrophysical and particle-physics contributions through 7(vmin) is accurate.
For heavier nuclei, however, nuclear form factors must be included, which spoil
this clean separation but 7' (v ) still provides a useful estimate of astrophysical
uncertainties. Additional sources of uncertainty can arise from collective nuclear
effects at low momentum transfer, which are particularly relevant for low-energy
scattering.

Finally, the total number of expected events in an experiment is obtained
by integrating the differential event rate over the accessible recoil energies and
multiplying by the observation time ¢,:

*° dR
N =1, / dEp ——
Egin dER

(&) [e) 1
— (2 X / dBov fa(v) / d(cos0) 27T (2.83)

mr mX v

min cos Omax

where € = t,Mp denotes the experimental exposure (often quoted in tonne-year),
and )

m Emll’l
TR (2.84)

c0S Opax =
11202

with E}?in the detector threshold.

Status of direct detection: In figs. 2.13 and 2.14, we show the current status
of bounds from DD experiments on the SI scattering cross section of DM with
nucleons and electrons, respectively. It is evident that nuclear recoils provide
by far the most sensitive probe of DM interactions. However, for sub-GeV DM
masses, electron recoils become the dominant signature thanks to their much
lower recoil energy thresholds. Remarkably, electron-recoil searches are already
sensitive enough to test the spin-independent thermal target of a variety of sub-
GeV DM models [265].
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Direct Detection constraints on SI scattering
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Figure 2.13: Current status of direct detection bounds on the DM-
nucleon spin-independent scattering cross section for light (left) [6] and heavy
(right) [269] DM masses. Results for white dwarfs denote indirect bounds
applicable to efficiently annihilating DM. Note that the latest LUX-ZEPLIN
results [267] improve upon XENONIT [268] by over an order of magnitude.
Reproduced from Refs. [6, 269].

At higher masses, nuclear recoil experiments achieve extraordinary sensitivi-
ties. Current results are so powerful that they can even probe the thermal targets
of models with velocity-suppressed cross sections, provided that the DM mass
lies above the O(10 GeV) scale where these experiments are most effective [89,
266]. The most stringent limits come from large liquid-xenon detectors, with the
LUX-ZEPLIN experiment [267] improving upon XENONI1T [268] by more than
an order of magnitude.

2.4.3 Collider Searches

Collider experiments provide a crucial and complementary approach to probing
the nature of DM, offering a controlled, high-energy environment where DM par-
ticles and their potential mediators can be produced and studied. This strategy
relies on the hypothesis that DM interacts with SM particles with strengths large
enough to be detectable—a possibility that arises naturally for thermal relic can-
didates, allowing their production either directly or via new intermediate states
in SM collisions.

Collider searches can be interpreted using different levels of theoretical de-
scription [7]:

o Top-down approaches: frameworks such as supersymmetry or grand
unified theories, where DM candidates emerge as part of a larger structure.
These scenarios may predict correlated collider signatures, e.g., cascade
decays leading to displaced vertices plus missing energy [3, 271].

o Bottom-up approaches: including Effective Field Theories (EFTS), which
parametrize DM—-SM interactions via higher-dimensional operators (valid
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Direct Detection constraints on SI electron scattering
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Figure 2.14: Current status of direct detection bounds on the DM—electron
spin-independent scattering cross section. Results for white dwarfs denote in-
direct bounds applicable to efficiently annihilating DM. Note recent improve-
ments from DAMIC-M [270]. Reproduced from Ref. [6].

if the mediator is much heavier than the collider energy), and simplified
models, which explicitly introduce the relevant mediators when the EFT
description breaks down. Both approaches, however, may miss correlations
present in full UV-complete theories.

The main experimental challenge of DM searches at colliders arises from the
expected properties of DM itself: feebly interacting and stable. As a consequence,
DM particles typically leave no direct signature in detectors, revealing themselves
only via an imbalance in (transverse) energy—and momentum—commonly re-
ferred to as missing energy signatures.

This canonical signature usually involves DM production in association with
visible SM particles—often radiated from the initial states or produced in de-
cay cascades (see fig. 2.15). Such searches are collectively referred to as mono-
X [272], where X denotes the accompanying SM object, typically a photon or
a jet [273, 274]. These objects serve both as experimental triggers and as han-
dles to suppress backgrounds. At lepton colliders, fully invisible final states can
in principle be probed thanks to the well-defined initial conditions and reduced
backgrounds [275]. Hadron colliders, on the other hand, provide access to heav-
ier candidates, in particular weak-scale DM such as WIMPs, due to their much
larger center-of-mass energies.

The most basic observable in collider searches is the expected number of
signal events Nevents for a given process. This quantity can be factorized into
three pieces: a collider-specific input describing the initial state (the integrated
luminosity £), a process-specific input describing the physical interaction (the
total production cross section oot ), and detector-specific efficiencies ¢; for each
SM final state particle, which account for trigger and detection requirements.
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X X

Figure 2.15: Example Feynman diagrams for DM production at colliders in
association with a SM particle, leading to mono-X events.

Altogether, one obtains [8]

Nevents = Otot £ H €;- (285)
[

Beyond mono-X channels, several complementary strategies are actively pur-
sued. Omne notable example is the search for invisible decays of SM parti-
cles, in particular invisible Higgs decays, which remain relatively weakly con-
strained [9].2° Another example are precision measurements, which may deviate
from SM predictions due to contributions from virtual DM particles or, more
typically, their mediators [6].

Additional signatures appear in more elaborate models of DM, such as su-
persymmetry, GUTs, or simplified models with extra states at collider scales. In
these cases, the collider program expands from searching for DM directly to also
looking for the associated new particles. Such states are usually unstable and can
give striking detector signatures, for instance displaced vertices at colliders [3,
271], or long-lived mediator decays in far detectors at beam-dump facilities [276,
277]. The latter exploit extremely high luminosities and are uniquely sensitive to
feebly interacting particles (FIPs) [278]. High-intensity facilities can also probe
DM scattering downstream, where DM produced in collisions subsequently in-
teracts with detector material [279, 280].

Broader overviews of collider searches can be found in Refs. [6, 65, 281],
which expand on the points summarized here.

An essential consideration in interpreting collider searches is their cosmolog-
ical relevance. The discovery of new invisible particles at colliders would not au-
tomatically imply that they constitute the DM dominating the Universe’s matter
density. Collider measurements guarantee stability only on detector timescales,
7 2 107"s, whereas cosmological DM must survive for > 10'7s [67]. More-
over, the observed particle might represent only a subdominant DM component.
Establishing a cosmological role requires complementary confirmation from DD
and ID searches, ensuring consistency of the mass, couplings, and relic abun-
dance across all probes [6]. Exceptions arise for highly predictive candidates

25Searches for invisible decays are sometimes grouped together with mono-X signatures.
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(such as thermal relics), for which the relic abundance can be directly calculated
and compared to the total DM density.?"

Status of collider searches: The breadth of search strategies and observ-
ables, together with the strong model dependence of their predictions, makes it
difficult to summarize collider searches with a single general status.

The EFT approach offers the greatest generality, and in principle one could
present limits on the Wilson coefficients of DM—SM operators. However, degen-
eracies among coefficients typically force additional assumptions, complicating
the picture—an issue already familiar from the SMEFT program [282, 283]. For
comprehensive discussions of EFT interpretations and their current status, see
Refs. [284-288].

For top-down models, the collider status must be evaluated in the context
of each specific extension of the SM. Two of the most studied examples are
supersymmetry—see Refs. [289-291] for reviews—and grand unified theories—
see Refs. [292, 293].

Simplified models, though less predictive, are widely used as benchmarks
and also span a wide variety of frameworks [294-298]. Nevertheless, when re-
stricted to minimal DM models with both DM and mediators being SM singlets,
only three (or four, if including operators suppressed by a single power of a
heavy scale) distinct mediator possibilities remain. Since this is the framework
adopted in this thesis, we will focus in the next section on these mediators—
often referred to as portals—and review their collider status specifically in the
scenarios explored later in this work.

2.5 Dark sectors and Standard Model portals

Over the past few decades, there has been a remarkable theoretical and experi-
mental effort to explore new physics at the TeV scale, culminating in the LHC
program and the design of future high-energy colliders. However, the absence of
direct evidence for physics beyond the SM in these searches (as well as in direct
and indirect DM searches) has motivated a shift of attention toward light new
physics at sub-electroweak scales [299, 300]. This direction is further supported
by the large variety of existing detectors already capable of probing such light
scales—including electron and proton beam fixed-target experiments, eT™e™ col-
liders (meson factories), and even dedicated experiments at the LHC—together
with a diverse set of search strategies. These strategies range from bump-hunt
searches for promptly decaying resonances, to displaced-vertex and long-lived

26This is not a definitive proof, however, since modifications to the standard cosmological
history could still alter the relic abundance.
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particle searches, and to missing (transverse) energy and momentum signatures
in both collisions and rare decays [301].

If such light particles exist, they must be neutral under SM gauge interac-
tions. Otherwise, they would already have been detected in earlier experiments
(recall that even neutrinos were observed decades ago).?” The only apparent
loophole would be particles carrying a tiny fractional electric charge, but such
scenarios are usually disfavored since they violate the empirical law of charge
quantization and clash with expectations from Grand Unification. Thus, the
most natural setup for light new physics consists of states that are singlets un-
der the SM gauge group and interact only via new mediators with feeble cou-
plings to the SM—see fig. 2.16. These frameworks are commonly referred to
as dark sectors or hidden sectors. Their suppressed interactions allow them to
evade current collider limits while remaining theoretically and cosmologically
well-motivated [300].

Dark sector models are compelling for several reasons. They can address some
of the deepest open questions in physics, including the nature of DM, the origin of
neutrino masses, the baryon asymmetry of the Universe, the hierarchy problem,
and the strong CP problem [301]. They are also valuable frameworks for explain-
ing various experimental anomalies [301]. Furthermore, hidden sectors can arise
naturally from the compactification of supergravity or superstring theories, or,
in the case of new (pseudo-)scalars, as pseudo-Nambu-Goldstone bosons of spon-
taneously broken symmetries at high scales [312, 313].2® Within the Swampland
program, weakly interacting dark sectors have even been interpreted as a natural
consequence of the smallness of the observed dark energy [315]. See Refs. [301,
313, 316] for further motivation and comprehensive reviews of the dark sector
framework.

This naturally raises the question: how can such hidden sectors couple con-
sistently to the SM in a way that yields testable predictions?

One possibility is that the mediator itself directly couples to the SM, being
the carrier of a new gauge force under which both SM and dark sector particles
are charged. In the Abelian case, anomaly cancellation requirements (without
invoking fine-tuned cancellations between SM and dark charges) restrict the op-
tions to just three flavor-dependent symmetries which can at the same time result
in viable CKM matrices [317]: U(1)r,-r., U(1)z.-z1,, and U(1)z,—r,.*’ Such
scenarios are commonly studied when the mediator is heavy enough to avoid
severe limits from searches for long-range forces [318, 319]; see Ref. [317] for a
review. Non-Abelian mediators, by contrast, require embedding SM fermions

2TUltralight particles with sizable SM interactions would in addition be strongly constrained
by measurements of Negs.

28Non-Abelian hidden forces provide yet another class of examples, notably in Hidden Valley
scenarios [314].

291f right-handed neutrinos are included, U(1)p—1 also becomes anomaly-free and viable.
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Figure 2.16: Schematic parameter space of new physics in the plane of par-
ticle mass versus coupling to the SM. The Energy Frontier [302] targets heavy
new particles with O(1) couplings, requiring extremely high-energy colliders
such as the LHC or the future FCC [303] (we show as examples the current
detectors LHCb [304], CMS [305], and ATLAS [306]). The Intensity Fron-
tier [230] focuses on lighter new particles with tiny couplings, where extremely
high statistics are needed to overcome the feeble interaction strengths (exam-
ples include Belle II [91], NA62 [307], NA64 [308], and SHiP [309]). Precision
measurements of SM properties probe both frontiers and can also be sensitive
to ultralight states [310], forming what is sometimes called the Precision Fron-
tier [311].

into new multiplets [320, 321], and must avoid confining SM states into com-
posite objects, making such models considerably less minimal. This complexity
likely explains their rarity in the light new physics literature.

A second, and more minimal, approach assumes that the SM and the dark
sector do not share any new gauge force (or at least not one mediated by light
particles). In this case, the mediator itself belongs to the dark sector, and inter-
actions between the SM and hidden sector must proceed through specific inter-
action channels known as portals. This approach is by far the most common in
the literature [322] and will be the focus of the following discussion.

Portals to the dark sector: A remarkable feature of the SM is that, given
its gauge symmetries and field content, only three gauge- and Lorentz-invariant
terms built solely from SM fields exist with mass dimension smaller than four:

H'H, B and L;H +h.c., (2.86)
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Figure 2.17: Schematic illustration of scenarios in which the Standard Model
(SM) is connected to a dark sector (DS) through renormalizable or non-
renormalizable portal interactions. Reproduced from Ref. [324].

where H, = eapH; [323] with H the Higgs field and e the Levi-Civita symbol,
B"¥ denotes the field-strength tensor of the hypercharge gauge boson B, and L;
(with i € {e, u, 7}) the SM lepton doublets.

This implies that, in extensions of the SM featuring a dark sector where all
new particles are singlets under the SM gauge group, the only renormalizable
interactions connecting the SM and the dark sector can be built from one of the
operators in eq. (2.86). These three possibilities are known as the minimal portal
models (or renormalizable portals). They are usually classified according to the
type of mediator they introduce: the scalar portal, associated with HTH; the
vector portal, associated with B*"; and the fermionic (or neutrino) portal,
associated with L;H.

A schematic illustration of these possibilities is shown in fig. 2.17.

In addition to these three renormalizable portals, a fourth, relatively minimal
option is widely studied: the axion(-like) portal. This case involves operators
suppressed by a single power of a high scale f, > v, i.e. dimension-five operators.
The mediator is a gauge-singlet pseudoscalar a, usually called an axion or axion-
like particle (ALP), which couples derivatively to the SM. These couplings reflect
an approximate shift symmetry, a(z) — a(z) 4 const, broken only softly by a
bare mass term mi,o [325].  ALPs naturally arise as pseudo-Nambu-Goldstone
bosons of spontaneously broken global symmetries, or as remnants of the com-
pactification of higher-dimensional gauge fields, and can thus be much lighter
than the fundamental scale f, that generates them [301]. The specific realiza-
tion of the QCD axion remains especially compelling, since it simultaneously
solves the strong CP problem and provides a natural DM candidate [34].
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The portal interactions in eq. (2.86), as well as the ALP portal, imply that the
mediators themselves are generally unstable, making them promising targets for
collider experiments. Indeed, extensive theoretical and experimental work exists
on collider searches for each of these portals [322]. In what follows, we revisit the
definition of each portal model, discuss their essential theoretical features, and
summarize the phenomenology and current experimental status most relevant
for this thesis. A more detailed discussion can be found in the comprehensive
review of Ref. [301] and references therein.

The framework outlined here—DM particles residing in a hidden sector, in-
teracting with the SM via portals, and accessible to detection across different
search strategies—provides the foundation for the (not-so-)inelastic DM model
that will be explored in the remainder of this thesis.

2.5.1 The scalar portal

The most minimal realization of a portal involves a new SM-singlet real scalar
field A/, commonly referred to as the dark Higgs. The most general scalar poten-
tial for the SM extended by h' can be written as [320]

2
, A A
Ve (W, H) = — 2 HTH + \g(HTH)? ¥ %lh’Q + S ShPH
3
Y, K3 53 Koo r ot
+ Py B E gty 2.87
NV LAY (2:87)

where H is the SM Higgs doublet, and the choice of sign in front of the h’? term
determines whether h’ develops a vacuum expectation value (vev)—at least at
tree-level.

Usually, one sets u; = pu3 = 0, since these parameters often do not lead
to measurable phenomenological consequences. Indeed, u; = 0 if the potential
is expanded around a stationary configuration (otherwise u; # 0 would imply
nontrivial boundary conditions), while pg3 induces (suppressed) interactions be-
tween mediators. Moreover, if a Zy symmetry is imposed (b’ — —h') or if a
complex scalar H' with a U (1)’ symmetry is considered (as will be relevant later
in this thesis), then p; = ps = p = 0 automatically. In what follows, we adopt
p1 = pz = 0.

The above Lagrangian induces a mass mixing between the new scalar field A’
and the SM Higgs H whenever u # 0, or even for p = 0 if the scalar potential
generates a vev for h/. The Lagrangian can be diagonalized by a simple field
rotation, yielding the physical mass eigenstates

Hy =cosOh+sinfh (2.88)
Hy = cosOh —sinfh, (2.89)
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where h is the SM Higgs excitation after electroweak symmetry breaking in the
unitary gauge H = (h + v)/v/2, and, the shifted field is defined as h' = &/ + w
with the dark vev denoted by w (w = 0 in the case h’ has no vev). For brevity,
we will use i’ to denote A/ whenever no confusion arises.

If A’ develops a vev, the scalar mixing angle 6 is given by

2uv + 2 vw
2202 — 2 \pw? + pv?/(2w)

tan 20 = (2.90)

with minimization conditions of the scalar potential requiring, in particular,®’
2 2 1y 9 2 2 1y o 1w
Wi = Agv” + 5)\10 + pw, W = Apw® + 5)\1) + CILE (2.91)

If A’ has no vev, the mixing angle is instead

dpv

tan 20 = .
(Ahg — A\)v? — 242,

(2.92)

This mixing parameter 6 is commonly referred to as the scalar mizing angle.

For further details on the mass eigenvalues after diagonalization, see appendix
A of Ref. [330]. In the limit of small mixing, the eigenmasses reduce to the usual
SM Higgs mass my, = /2, v for Hy, and a similar expression my = /2y w
for the new scalar Hs.

From Eqs. (2.88-2.89), one sees that the physical Higgs H; inherits interac-
tions with the dark sector suppressed by sin #, while the dark scalar Hy inherits
interactions with SM particles suppressed by —sinf. Conversely, both retain
interactions with their original sectors weighted by cos 6.

Relevant status: In practice, the scalar portal is often parametrized more
simply by the effective Lagrangian [301]

1
£5-3 (\/iu K+ )\h’z) H'H, (2.93)

so that the phenomenology can be described by just two main parameters: the
dark Higgs mass mys and the scalar—Higgs mixing angle #. In some cases, the
role of the quartic coupling A is also considered, since it enables pair production
of dark Higgs bosons [95].

In fig. 2.18, we show the current experimental status of searches for visibly
decaying dark Higgs bosons (my < 2m, ) in the light mass regime my, < 10 GeV,
together with the partial widths into SM states. For heavier masses, constraints
are shown in fig. 2.19.

30More generally, minimization and vacuum stability impose additional conditions on the
scalar potential parameters. Assuming both initial mass terms are negative (V;(H;) D —u%|HZ~\2
with g7 > 0), one obtains (at tree level): Ap/p? < 4w A, Aurn + An &+ An > 0, and Ap/, Ap > 0.
For a full discussion see Refs. [327-329].
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Figure 2.18: Top: Current constraints on the scalar portal for a visibly
decaying mediator, shown as upper limits on the scalar mixing angle sinf as a
function of the scalar mass my.. Bottom: Partial and total decay widths of
a dark Higgs boson into SM states, illustrating the strong dependence on my,
as heavier final states with larger Yukawa couplings become accessible. Both
plots focus on light dark Higgs bosons. Reproduced from Ref. [331].

Since we will also be interested in invisibly decaying dark Higgs bosons
(mp > 2my), we show the current status for sub-GeV masses in fig. 2.20.
For heavier my/, the most stringent bound is simply the SM-like Higgs signal
strength, already illustrated in fig. 2.19. For a comprehensive review of the dark
Higgs boson, see Ref. [331].

2.5.2 The vector portal

The inclusion of a vector mediator is, in some respects, more straightforward than
that of the scalar portal thanks to the gauge symmetry intrinsically associated
with any fundamental vector field. Since the only gauge-invariant field strength
is that of a U(1) symmetry, the renormalizable spin-1 mediator A’—dubbed
the “dark photon” in the sub-GeV regime or “Z’” at higher masses—must be
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Figure 2.19: Constraints on the scalar portal for a heavy visibly decaying
mediator, shown as upper limits on sin # as a function of the scalar mass my,:.
Reproduced from Ref. [331].

associated with a new U(1)" dark force [332] (multiple U(1) factors can also
be introduced). The minimal extension of the SM Lagrangian simply adds the
standard kinetic term for A’ together with a kinetic mixing between A’ and the
SM hypercharge gauge boson B [301]:

1 €
i ey Ly p—— L > S
- 4 Y 2 cos Oy me

m2,

SUAMA, (2.94)

where 6,, is the weak mixing angle, A*” is the field-strength tensor of the new
vector boson, and the parameter ¢ is referred to as the kinetic mizing.

In eq. (2.94), we have also included a possible mass term for A’ which can
arise from the Stueckelberg mechanism [333] in the most minimal case, or from
spontaneous breaking of U (1)’ in more elaborate dark sectors. If the dark photon
is massless, one can always redefine the vecotr fields such that a vector field is
completely decoupled and another behaves exactly like the SM photon—such
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diator, shown as upper limits on sinf as a function of the scalar mass my:.
Reproduced from Ref. [331].

that A’ has no physical implications—provided no particles charged under the
new U (1) exist [334, 335]. Even if such particles exist, a massless dark photon is
strongly constrained: it would mediate long-range forces [318, 336, 337], possibly
allow for DM bound state formation [338, 339], and contribute new relativistic
degrees of freedom in the early universe [340], all of which are tightly bounded
by data. For this reason, in the remainder of this thesis we will restrict to the
case my # 0.3

The Lagrangian in eq. (2.94) induces kinetic mixing of A" with both the pho-
ton and the Z boson, requiring a diagonalization to obtain the physical propa-
gating fields. Neglecting O(e?) terms, this can be achieved by the following field
redefinitions:

AP 5 AP = AP — A (2.95)
2
Tl 7t = I — A ctan O, AT = ZP 4 ey AP (2.96)
mA, — mZ
2
A s A= Ay — 2 ctanf, 20 = A" — ey 2t (2.97)
mZ — mA/

where the hats denote physical fields. Here we have assumed no near-degeneracy
between the new vector boson and the SM Z boson, i.e. |mz/(mz —mys)| < 1.
A full diagonalization keeping all powers of € can be found in Refs. [341, 342].

From these transformations we see that the physical mediator A couples to
SM particles with photon-like couplings suppressed by €, and with Z-like cou-
plings suppressed by €4/. Conversely, the Z boson inherits suppressed couplings

31In addition, DM freeze-out would proceed dominantly into dark photons, thereby greatly
reducing the predictive power of the scenario.
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caying mediator, presented as upper limits on the kinetic mixing € as a func-
tion of the mediator mass m /. The figure focuses on the dark photon case
mas < 10 GeV. Reproduced from Ref. [344].

to dark-sector states proportional to e€z. Importantly, dark-sector particles re-
main neutral under electromagnetism and do not couple to the physical photon A.

In the limit m 4 < my, the Z—A’ mixing is negligible (e4/, €z < €), and only
the photon mixing remains relevant. In this case, all SM particles appear to be
charged under the new U(1)" with effective millicharges ' = —e@, where Q is
the electromagnetic charge. This is precisely the scenario typically referred to as
the “dark photon.”

Relevant status: The phenomenology of the vector portal is essentially gov-
erned by two parameters: the dark photon (Z’) mass m s and the kinetic mix-
ing e. This is in contrast to the scalar portal, which typically involves additional
couplings. If new particles are charged under U(1)’, the dark gauge coupling €’
and the corresponding charges and masses may also be considered as relevant
paraumeters.32

In fig. 2.21, we show the current status of searches for invisibly decaying
dark photons (mas > 2m,) in the light-mass regime, my < 10 GeV. For a

~

comprehensive review of dark photon phenomenology and searches, see Ref. [343].

32If only a single new U(1)-charged particle exists, its charge can be absorbed into the
definition of €’.
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2.5.3 The fermionic portal

For completeness, we briefly describe the fermionic portal, also known as the
neutrino portal. This portal introduces a gauge-singlet spin-1/2 fermion, com-
monly referred to as a heavy neutral lepton (HNL) or sterile neutrino (vs). We
denote it here as a right-handed fermion N, which couples to the SM lepton
doublets L; and the Higgs doublet H via Yukawa interactions [301, 345]:

LD —y; L;AN +hec.. (2.98)

Since N is a SM singlet, a Majorana mass term for N is also allowed in the
Lagrangian.

After electroweak symmetry breaking, a mixing arises between the HNL and
the SM neutrinos, so that HNLs inherit the weak interactions of neutrinos, albeit
suppressed by the corresponding mixing angles. A common convention in the lit-
erature assumes that the HNL mixes predominantly with one particular neutrino
flavor. The phenomenology of the fermionic portal is therefore characterized by
the HNL mass my and the mixing angle U;, with ¢ € {e, u,7} depending on
which flavor dominates the mixing.

With the introduction of at least two HNLs, one can generate nonzero neu-
trino masses through the seesaw mechanism [346, 347].33 Moreover, light HNLs
with my ~ keV (commonly referred to as sterile neutrinos) are excellent DM
candidates, since such light masses (along with tiny mixings) render vs cosmo-
logically stable [349]—although in this case they can no longer explain neutrino
masses in a minimal or natural way. However, strong bounds on the mixing
angle, together with constraints from BBN on N, prevent v, from being a
thermal relic in standard cosmology. Instead, a freeze-in(-like) mechanism is
typically invoked for these DM candidates [6].

Finally, we note that if HNLs were to carry charges under a new gauge
symmetry, such charges would need to be carefully aligned with those of the
Higgs and/or lepton doublets in order to preserve the fermionic portal coupling.
In particular, HNLs cannot be charged under a purely dark sector gauge force.
This is precisely the reason why the fermionic portal will not be further explored
in this thesis.

33For two HNLs, one active neutrino remains massless. At least three HNLs are required for
all neutrinos to be massive; in such scenarios, these models can also account for the baryon
asymmetry of the Universe via leptogenesis [348].



CHAPTER 3

The case for (not-so-)inelastic
Dark Matter

As discussed in the previous chapter, the dark matter (DM) particle has been
extensively studied over the past decades and faces a broad range of experi-
mental constraints; yet, no conclusive evidence of its nature has been found.
Looking again at fig. 2.13, we observe that direct detection (DD) experiments
place strong bounds on heavy DM candidates with masses above a few GeV,
mpMm 2 10 GeV [267]. On the other hand, indirect detection (ID) experiments
constrain light DM models with masses below a few GeV, mpy < 10 GeV [26,
235, 350] (see fig. 2.12), essentially excluding most DM models based on ther-
mal decoupling (i.e., the freeze-out mechanism), including the traditional WIMP
paradigm [351].

Henceforth, we adopt the terms “WIMP” or “WIMP-like” to refer broadly to
any DM model whose relic abundance is set via thermal freeze-out. These models
typically involve only modest deviations from the original assumptions under-
lying the WIMP miracle and thus occupy a nearby region within the broader
theoretical landscape of DM particle models.

Despite increasing pressure from experimental bounds, the thermal freeze-
out mechanism continues to stand out as one of the most compelling scenarios
for DM production, due to its independence from initial cosmological conditions
and strong predictive power. Consequently, alternative strategies for generating
DM via thermal decoupling have been proposed in the literature, and several
remain viable to this day [44, 352-355].!

Persisting with weak-scale or heavier DM masses: In this case, 1D
bounds are easily evaded since they are strongest for DM masses below the
weak scale [64]. Evading DD bounds requires, however, highly suppressed DM-
SM scattering rates, as DD searches depend on DM interactions with nuclei or
electrons. Achieving such suppression often leads to fine-tuned or less natural

'We focus on scenarios consistent with the standard ACDM cosmological model.

56
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models. Some exceptions include fermionic DM with a scalar mediator having
a pseudoscalar coupling to DM and a scalar coupling to SM particles [326, 356,
357], and inelastic DM [69, 93], discussed further below. Moreover, as DD exper-
iments approach the so-called neutrino floor, detecting heavy DM with extremely
small couplings becomes increasingly challenging [247, 249, 358].

Note also that heavy thermal DM has a natural upper bound on the DM
mass of about ~ 100 TeV, imposed by unitarity constraints on the annihilation
cross-section [359]—omne can build models which evade this bound, but usually
at the cost of increased complexity [58].

Exploring light DM masses in the sub-GeV regime: In this mass range,
DD sensitivity drops off sharply. To evade ID constraints, models require velocity—
or temperature-suppressed annihilation rates, since typical DM velocities at

galactic scales (vpm < 1073 [360]) and relevant CMB temperatures (T$MB ~

0.3 eV [361]) are much lower than freeze-out scales (Ty 2 MeV, vpy 2 0.1 [6]).
This suppression can arise from p-wave annihilation cross sections ((ov) o v?)
[362], resonant annihilation via fine-tuned masses [363], or kinematically forbid-

den channels at low temperatures [353, 364-366].

Concrete realizations of p-wave DM include a variety of simple models, such
as Majorana or complex scalar DM with vector mediators [265, 355] and scalar-
mediated DM [367]—note that recent DD results from DAMIC-M now rule out
complex scalar DM across much of its mass range [265].

Another path involves asymmetric DM [44, 69, 352, 353], where some asym-
metry between the (co)annihilating particles suppresses late-time (co)annihilations.
For example, Dirac fermion DM x may have a depleted antiparticle ¥ popula-
tion by CMB time [368], analogous to the baryon asymmetry in the SM [355,
369]. While the origin of baryon asymmetry remains unknown, many mecha-
nisms have been proposed [370, 371], and similar (or simplified) mechanisms can
be constructed for the dark sector. More often, one may consider mechanisms to
transfer the matter/anti-matter asymmetry from baryons into DM particles (or
vice versa) [372, 373]. These, however, often lack minimality and reduce model
predictability [209, 374]. In contrast, inelastic DM models realize an asymmetry
in a natural way, as shown later.

Closely related are “co-scattering” or “conversion-driven freeze-out” mod-
els [52, 53], where freeze-out occurs through inelastic scattering (e.g., X — xX
with |my —m,| < my). This process yields naturally suppressed couplings to
the SM, evading both DD and ID constraints [375]. While sometimes absorbed
into the inelastic DM framework, these models are often highly model-dependent.

Light DM scenarios have gained attention for their accessibility at collider
experiments [352, 376] and potential signatures involving multiple light particles
in the dark sector [313, 377-381]. They are also attractive for astrophysics [382]
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and cosmology [383], since these kind of probes, so far, are often limited to
temperatures well below GeV, for example Tgupernova S 100 MeV [384, 385] and
TN < 1 MeV [386]. The exception being cosmic ray particles which achieve

energies well above GeV and can be interesting probes for heavy DM candi-
dates [383].

There exists a robust lower bound on the DM mass, mpy 2, 10 MeV, for any
DM particle thermally coupled to the SM, arising from constraints imposed by
BBN and CMB observations. [387, 388].> Another relevant constraint is the Lee—
Weinberg bound [391], mpy 2 1 GeV, which applies to thermal DM interacting
via SM force mediators. However, it can be circumvented by simply introducing
new particles that serve as mediators between the dark and visible sectors [355].

Hiding annihilation into “invisible” channels: A third strategy is to im-
pose that DM annihilates only into particles that escape detection, such as new
feebly interacting dark sector particles or SM neutrinos [47, 392, 393]. These
invisible final states may either be directly produced in the annihilation or arise
as decay products of heavier intermediates. Their feeble couplings to the rest of
the SM particles naturally suppress both DD and ID signals.

The annihilation into new feebly interacting particles, generally known as
secluded freeze-out [47], turns DM interactions with the SM irrelevant for the
DM production, reducing the model’s predictive power. For heavy DM, such
weak couplings may prevent thermalization with the SM [394-396], necessitating
an ad hoc initial abundance. On the other hand, Light DM in this regime can
still maintain independence from initial conditions and remains attractive.

DM annihilation into neutrinos requires non-trivial extensions of the SM,
as neutrinos are embedded within electroweak lepton doublets. Consequently,
avoiding sizable contributions from associated charged lepton annihilation chan-
nels typically necessitates complex model-building [397].

To summarize, thermal freeze-out remains one of the most compelling frame-
works for explaining the DM abundance, offering a predictive and testable mech-
anism that continues to attract significant interest from both the theoretical
and experimental communities. As traditional WIMP scenarios face increas-
ingly stringent constraints, models such as inelastic DM present a promising
and timely direction for exploration, capable of evading current bounds while
preserving the appealing features of thermal production.

2If DM only thermalizes with SM neutrinos after their decoupling, the bound can drop to
keV scales [389, 390].
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3.1 Inelastic Dark Matter

Inelastic dark matter (iIDM) represents one of the most minimal and well-motivated
frameworks for constructing WIMP-like models that remain viable in light of
present-day constraints. Its appeal lies in its emergence across the three main
thermal DM approaches discussed earlier, while also offering a rich landscape of
phenomenological features. In particular, the inelastic structure enables efficient
suppression of both direct and indirect detection signals, thereby evading many
of the bounds that strongly disfavor conventional WIMP scenarios. Moreover,
iDM finds theoretical support in well-studied UV completions of the SM, remain-
ing particularly relevant in the context of supersymmetric DM models [69, 88,
398-405]. It may even represent the so-called Last Supersymmetric Electroweak
WIMP Standing [403]. For example, Higgsino-like DM with weak-scale masses
mg =~ 1.1 TeV, naturally interacting via weak bosons, remains a viable inelastic
DM candidate [400, 404]. Furthermore, iDM models often imply rich dark sec-
tors, making them ideal targets for high-intensity experiments worldwide [230,
406-412).

3.1.1 Inelastic scattering

The term inelastic dark matter was first introduced in 2001 by David Tucker-
Smith and Neal Weiner, physicists at the University of California (Berkeley) and
the University of Washington (Seattle), respectively [69]. However, key features
of iDM models—such as co-annihilation and inelastic scattering—had already
emerged in earlier supersymmetric frameworks. Notably, in 1997, also at the
University of California (Berkeley), Lawrence J. Hall, Takeo Moroi, and Hitoshi
Murayama proposed a DM model based on sneutrinos with lepton-number viola-
tion, in which they first demonstrated that inelastic scatterings could kinemati-
cally evade DD constraints [398]—they have also noted that inelastic scatterings
suppress the capture of DM by astrophysical bodies.

Tucker-Smith and Weiner’s iDM model was originally motivated by the DAMA
anomaly, first reported in 1998 [413]. The anomaly arose from an apparent
tension between results from two DD experiments: while the DAMA /Nal ex-
periment [414] observed an annual modulation in its event rate consistent with
WIMP DM, the CDMS experiment [415] appeared to exclude the region favored
by DAMA /Nal. At the time, alternative explanations such as DM with purely
spin-dependent interactions were considered, but these typically ran into conflicts
with either ID data or other DD constraints [69, 416].

The iDM proposal posits that DM consists of two states, x; and x2, where
one is slightly heavier: mg = my + 6 with 6 > 0, referred to as the mass splitting.
These states are also denoted y (or x_) for the ground state and x* (or x4)
for the excited state, with my~ = my + 9 = (1 + A,,)my, where Ay, is the
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Figure 3.1: Schematic representation of the three main features of inelastic
dark matter models and their interplay. Here, X represents a SM particle—
typically a quark or electron—as these are the components of target materials
in direct detection experiments.

normalized mass splitting commonly used in the literature. The key idea is
to forbid, at least at tree level, elastic scattering of ground-state DM off SM
particles, xX-AxX, while allowing inelastic scattering into the excited state:
xX — x*X, as illustrated in fig. 3.1. In this setup, a DM particle cannot scatter
off a nucleus N unless it has sufficient kinetic energy to excite itself:

vi“gx >4, (3.1)
where v, is the DM velocity and pyy, = mym, /(mn +m,) is the reduced mass
of the nucleus-DM system. For typical galactic velocities v, ~ 1073, this leads to
A,, > 1075, Alternatively, this condition can be recast in terms of the minimal
velocity vmin required to induce a nuclear recoil with energy Eg:

1 myERr >
Vmin = +4), 3.2
M V2mNER < HNx (3.2)

which reduces to the standard elastic case (see eq. (2.77)) in the limit § — 0.
In summary, the inelastic nature of the interaction provides a simple kinematic
mechanism to suppress signals in DD experiments.

One way to implement this scenario for a DM particle interacting with the
SM via a mediator a is by forbidding diagonal couplings of the form?

LD gy axx, (3.3)
while introducing off-diagonal couplings of the type
LD gyax™x. (3.4)

3The Lagrangian notation is schematic, as the precise form depends on the DM spin, medi-
ator type, and Lorentz structure of the interaction.
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Off-diagonal couplings to mediators are among the most common mechanisms
used to realize iDM scenarios in the literature (see [3, 70, 71, 73, 417-421] and
references therein).

Tucker-Smith and Weiner observed that DAMA /Nal employed iodine (A =
127) as a target, while CDMS used the lighter element germanium (A = 73). For
a DM mass of m,, = 100 GeV and velocity v, ~ 220 km/s (a typical DM velocity
for DD), CDMS could probe mass splittings up to ~11 keV, while DAMA /Nal
would be sensitive to splittings as large as ~15 keV. Thus, a splitting of § =~
13 keV would allow both results to be reconciled. Taking into account the velocity
distribution in DM halos, the viable window for reconciliation actually widens
to & ~ 50-100 keV [69].

However, the parameter space for iDM as an explanation for the DAMA
anomaly has become increasingly constrained by updated results from new DD
experiments [422-425]. Furthermore, the COSINE-100 [426] and ANAIS-112 [427]
experiments, which use the same target material as DAMA/LIBRA [428] in an
effort to reproduce its annual modulation signal,® have so far found no evidence
for such a modulation. Each experiment independently disfavors the DAMA sig-
nal at approximately 3o, and their combined six-year datasets exclude DAMA
at 3.53-4.680 confidence level [431].

Magnetic iDM [432], which further leveraged the large magnetic moment of
iodine to enhance scattering rates, was proposed as an alternative explanation of
the DAMA anomaly. However, the absence of expected (albeit weaker) signals
in the XENON [433] and CRESST [434] experiments, together with null results
from COSINE-100 and ANAIS-112, turn this scenario strongly disfavored as
well.

As a result, recent interest in iDM has shifted away from the DAMA anomaly
and toward its broader phenomenological implications at colliders, as well as its
relevance in astrophysical and cosmological contexts.

It is worth noting that iDM models have also been considered in the context
of explaining other anomalies, such as the INTEGRAL 511 keV line [435-437],
as well as the excesses reported by ATIC [438] and PAMELA [439], particularly
in scenarios involving exciting or decaying DM [401, 402, 440, 441].

3.1.2 Asymmetric dark matter from inelasticity

The same inelastic interaction introduced for the process yX — x*X in DD
experiments implies the presence of decay-type processes such as xy* — xXX
in the theory, as illustrated in fig. 3.1. If these decays are not kinematically

“The DAMA /LIBRA experiment, a successor to DAMA /Nal at the same facility, confirmed
the annual modulation with a significance improved from 6.3¢ [429] to 11.8c, reaching a com-
bined significance of 13.7¢ [430].
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forbidden (2mx < §), the excited state x* can decay into the ground state
x and the SM particles X and X. Loop induced decays into lighter or even
massless SM particles are, in general, always possible. However, such processes
are typically highly suppressed, often resulting in excited-state lifetimes longer
than the age of the universe. Therefore, in most cases where tree-level decays are
kinematically forbidden, one considers a two-component DM scenario composed
of both x and x*. For models with the off-diagonal coupling introduced in
eq. (3.4), if the mediator mass satisfies m, < §, the decay x* — xa becomes
allowed and typically dominates the x* decay width.

With a decaying excited state, it becomes straightforward to generate an
asymmetry in the cosmological abundance of the two states. It suffices to ensure
that x* decays on cosmological timescales, so that its population can be safely
neglected in the late universe. For lifetimes shorter than a few hundredths of a
second, 7, < 0.02 s, the excited state has negligible effects during both BBN and

~

CMB epochs [442].

Another crucial feature of iDM models is coannihilation [44].° In thermal
iDM scenarios, freeze-out is typically dominated by coannihilation processes of
the form yx* — X X, as the inelastic interaction structure naturally suppresses
the standard annihilation channel yxy — X X. This suppression arises from the
off-diagonal nature of the DM—SM coupling, as illustrated in fig. 3.1. However,
standard annihilation can dominate DM production if the final states are not
SM particles, for instance yx — aa. Such scenarios fall under the secluded
freeze-out paradigm, which, as discussed, lacks a clear thermal target and thus
is significantly less predictive. For this reason, most iDM models kinematically
forbid annihilation into non-SM final states—for example, by imposing m, < m,
in the case of mediator final states—thereby ensuring that DM is produced via
coannihilation into SM particles, yx* — X X.

A notable feature of coannihilation in iDM models is that large mass splittings
require exponentially larger DM—SM couplings compared to standard annihila-
tions. This is because, at freeze-out, the number density of the excited state is
Boltzmann suppressed relative to the ground state:

TCeon = ns{00)con = (1 + Am)g/Qe_Amxn,@wcoa, (3.5)

where © = m, /T is the usual dimensionless inverse temperature parameter, and
n_, ny denote the number densities of the ground and excited states, respectively.
In contrast, the standard annihilation rate is given by:

Cann = n—(00)ann - (3.6)

SHere we focus exclusively on thermal production. An alternative is non-thermal production
via freeze-in [443-445], where the excited state may remain cosmologically populated, leading
to non-trivial dynamics in the late universe.

50ther interesting, though less conventional, possibilities involve resonance-enhanced coan-
nihilation through an s-channel mediator, where m, +my= ~ m, [78] or forbidden annihilation
channels when 1 < mas/my S 2 [446].
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Assuming the (co)annihilation cross sections are proportional to the square of
the DM—SM coupling, (ov); o< €7, and that all other mass parameters are fixed,

the ratio becomes: )
<UU>COH _ 6coa

(oV)ann B eazmn .

(3.7)

To obtain a similar rate for both processes at freeze-out (z § 2~ 20) Feoa = Lann,
ensuring a similar DM relic abundance, one must satisfy:’

elOAm

€coa = meann . (3-8)

For A,, ~ 1, this implies €coa ~ 10%*€ann. Thus, iDM models with A, 21
(i.e., 6 2 my) generally cannot achieve the observed relic density via freeze-
out unless they invoke exponentially large couplings to the SM—values that are
either excluded by experimental bounds or violate perturbative unitarity. For an

alternative explanation of why iDM scenarios typically require larger couplings,
see Section IV of Ref. [70].

One could alternatively consider DM masses exponentially lighter than the
weak scale [354]. However, such models are often excluded by combined BBN
and CMB observations if thermal equilibrium with the SM is achieved [387, 388].

Combining the fact that DM is produced via coannihilation between y and
x* with the instability of x* leads to an elegant suppression of ID signals. Since
the excited state decays after freeze-out, it is absent at late times, thereby elim-
inating coannihilations xx* — XX during the CMB epoch or in astrophysical
environments. In this way, iDM models naturally evade ID constraints by dy-
namically removing the coannihilation partner from the thermal bath shortly
after freeze-out.

3.1.3 Further implications from inelasticity

Although the concept of iDM was originally proposed to explain the DAMA
anomaly, it was soon recognized that iDM models have much broader impli-
cations. These include modifications to cosmology, such as altered structure
formation due to inelastic and dissipative self-interactions [447-451], and to as-
trophysics, notably the potential to impact the evolution of compact stellar ob-
jects [72, 403, 452-455].
Another class of signatures arises from excitation and de-excitation processes—

commonly referred to as up- and down-scattering—where transitions between

DM states can produce distinctive signals [73, 440, 456-461]. One notable ex-
ample is luminous dark matter, in which a ground state DM particle up-scatters

"This relation holds in the absence of s-channel resonances. In resonant cases, one must also
account for differing center-of-mass energies between annihilation and coannihilation.
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into the excited state within Earth and subsequently decays back to the ground
state via photon emission, potentially inside a neutrino or DD detector [456].

In this thesis, however, we focus on the phenomenological implications of
iDM at collider experiments. For a detailed account of its cosmological and
astrophysical aspects, the reader is referred to the references above. Moreover,
these effects are generally irrelevant in the regions of parameter space considered
here, and we therefore refrain from discussing them further.

The most striking consequence of iDM for high-energy experiments lies in
the unique experimental signatures enabled by the same decays that suppress ID
signals. These decays can give rise to multiple displaced vertices and semi-visible
signatures at particle colliders, as well as long-lived particle (LLP) candidates
suitable for exploration at beam-dump facilities, all within a broad array of
experimental strategies [3, 70, 462-465].

Another particularly interesting experimental signature is the so-called double-
bang (or “double-cascade”) topology—analogous to that of ultra-high-energy tau
neutrinos [466-468]. In this scenario, the first “bang” results from the up-
scattering process xX — x*X via interaction with a SM target, followed by
the delayed decay of x* back to x, producing a second SM shower within the
detector.

Furthermore, iDM models frequently emerge from extensions of the SM that
involve rich dark sectors, often containing multiple new particles and interactions.
Owing to the inelastic structure of these models, the associated new states can
remain light and thus accessible to a broad array of experimental probes [71,
80, 90, 300, 469, 470]. Altogether, the combination of distinctive experimental
signals, theoretical consistency, and compatibility with thermal freeze-out for
light DM makes iDM an especially promising framework for discovery at current
and future collider experiments.

3.1.4 The case for small mass splittings

A particularly interesting scenario arises when the mass splitting J is very small,
such that tree-level decays of the excited state x* are kinematically forbidden.
In this regime, DM generally consists of two nearly degenerate components, with
x* being a metastable state with a lifetime well exceeding the age of the universe,
7 > 1017 s.
It is convenient to define the fraction of DM in the excited state as
Ny Ny

N_ + N« npMm

where n, and n_ denote the number densities of the excited and ground states,
respectively, and npy is the total DM number density assuming the DM is
entirely composed of x and x*. Although both states are effectively stable, an
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asymmetry between their abundances can still arise through processes such as
X*X — xX (from inelastic scattering) and x*x* — xx (present in models with
mediators). Importantly, these processes do not change the total DM abundance.

If these interactions are efficient, they maintain chemical equilibrium between
the two states. In this case, the population ratio is given by

¢ = ;L = (1+ Ap)*? e /T (3.10)

where T, is the temperature of the dark sector. If the dark sector remains in
kinetic equilibrium with the SM or with itself, T} reflects the bath temperature.
Otherwise, it can often be interpreted as an effective temperature associated with
the momentum distribution of the excited state.

From this, the excited state fraction in equilibrium is given by

ca _ 3 - e—0/Tx
14+ E 14e T

(3.11)

The temperature 7, can be computed from entropy conservation or, in the ab-
sence of kinetic equilibrium, by redshifting particle momenta due to cosmic ex-
pansion. Eventually, fraction changing interactions decouple at a temperature
T;Ciec and the excited state fraction freezes out to a constant value:

o—6/Tde

fOON
.~

T4 e O 12

If f° <« 1, a significant asymmetry between x and x* develops, suppressing
ID signals. In this case, the DM coannihilation rate is approximately

Fcoamn ~ 2f:<>onDM <Uv>coann s (3'13)

which is suppressed because of the small residual excited state fraction.

Conversely, if a substantial population of excited states remains today, DD
constraints become severe. Down-scattering processes in which x* transitions to
x can deposit sizable recoil energies ~ § > mxvi, producing distinctive “exother-
mic DM” signals [471]. These signals are strongly constrained by existing DD
data, excluding splittings § 2 200 eV for 6 < m,, [73, 75, 419].

Further complications arise if the mass splitting satisfies § < mxvi. In this
regime, up-scattering of ground state particles into the excited state becomes
kinematically accessible at DD experiments. In some cases, up-scattering may
even restore chemical equilibrium between states in localized astrophysical en-
vironments (e.g., galactic centers), reactivating coannihilation channels at late
times. This reopens the possibility of DM annihilation into SM particles and
brings back the relevance of ID constraints for splittings 0 < 10 eV, as discussed
in [419]—see also fig. 3.2.
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Figure 3.2: Schematic timeline of key events in the cosmological evolu-
tion of iDM with tiny mass splittings, § < m,, such that x* is metastable
(x1 = x, X2 = x*). For concreteness, we adopt a dark photon mediator A’.
Coannihilations xx* — XX freeze out at Ty, ~ m, /20 > &, initially leav-
ing a symmetric DM population with f, ~ 1/2. Subsequently, x* is depleted
through DM-SM (x*X — xX) and DM-DM (x*x* — xX) transitions. The
dark sector remains in kinetic equilibrium with the SM until decoupling at
Tia- The final chemical freeze-out occurs at Tgec, yielding a suppressed ex-
cited state fraction f&° < 1. However, for splittings § < 10 eV, up-scattering
in galaxies, e.g., the Milky Way, may regenerate x* with f, ~ e~%/Tmw where
Thw is an effective DM temperature at the Milky Way. Reproduced from
Ref. [419].

In summary, the small mass splitting regime of iDM can still generate a
cosmological asymmetry that suppresses ID signals while potentially evading DD
constraints. However, the dynamics are significantly more intricate and model-
dependent, requiring detailed treatment of freeze-out, kinetic decoupling, and
local astrophysical conditions. We further discuss some elements of this scenario
in section 3.1.6 in the context of a specific realization: pseudo-Dirac inelastic
Dark Matter.

3.1.5 Pseudo-Dirac Dark Matter

Although iDM can consistently arise within well-motivated BSM frameworks—
such as supersymmetric theories [398-400, 404, 472] or minimal extensions that
gauge global SM symmetries like U(1)p [420, 473]—its appeal as a WIMP-like
DM candidate has motivated the construction of a wide range of simplified mod-
els in the literature, many of which are of significant phenomenological interest.

Among these, models in which DM is a pseudo-Dirac fermion—i.e., a Dirac
fermion split into two nearly degenerate Majorana mass eigenstates—represent
one of the simplest and most elegant realizations of the iDM concept [70, 87,
88]. These models are not only minimal but can also be embedded within UV-
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complete frameworks in a straightforward manner [418]. In particular, the in-
elastic nature of the interaction emerges naturally when a dark electromagnetic
force, U’(1), is introduced in the hidden sector [88, 470, 474]. The mass split-
ting between the Majorana states can then arise via a dark Higgs mechanism,
which simultaneously breaks the U’(1) symmetry and generates a mass for the
associated dark photon [418].

Other iDM realizations often require larger gauge sectors [475], non-renormali-

zable portal interactions with the SM [417, 432, 465, 476, 477], or the introduc-
tion of multiple new fields [477-479], typically leading to an increase in model
complexity and parameter space, as well as challenges in achieving full UV com-
pleteness.

A scalar analogue of the pseudo-Dirac setup can be constructed by intro-
ducing a real scalar mass term that breaks the U’(1) gauge symmetry [70, 470].
However, generating this term through a minimal dark Higgs mechanism, as
in the fermionic case, significantly complicates the scalar model. Unlike the
fermionic scenario, which involves a single Yukawa interaction, the scalar case
allows for multiple interaction terms—quadratic, trilinear, and quartic couplings
with the dark Higgs. Furthermore, when the dark Higgs mass is not much heavier
than the rest of the dark sector—which is often the case in models with sizable
gauge couplings—all these interactions can become relevant for DM production
and self-interactions, rendering the scalar iDM framework less minimal and more
computationally involved.

Additional motivations for the fermionic scenario include the fact that fermion
masses are radiatively stable, thus avoiding the hierarchy problem typically as-
sociated with scalar masses. Achieving radiative stability for bosonic masses
would generally require either spin-1 particles (or scalars embedded within more
complex models). However, to date, no viable vector iDM models have been
proposed in the literature—to the best of the author’s knowledge. Moreover, by
analogy with the SM, where fermions constitute the matter content and bosons
act as force carriers or symmetry-breaking agents, fermionic DM may appear to
be a more natural candidate for accounting for the bulk of matter in the universe.

3.1.6 The status of pseudo-Dirac and Majorana Dark Matter

In this section, we briefly review the current status of dark photon portal models
involving pseudo-Dirac inelastic DM (piDM) and Majorana DM (mDM). Both
serve as viable sub-GeV, WIMP-like fermionic DM candidates.® These models

8Dirac DM scenarios typically require fine-tuning of the dark sector masses to enable
resonance-enhanced annihilation cross sections, or the introduction of an asymmetry between
DM and anti-DM to evade stringent CMB bounds [355]. For this reason, we do not discuss
Dirac DM further.
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for DM are among the most studied in collider and beam-dump experiments due
to their predictive thermal relic targets, which remain within reach of current
and upcoming facilities [90, 265, 279, 322, 408, 480-485].

In what follows, we introduce simplified interaction Lagrangians for both DM
models:

¢ Pseudo-Dirac inelastic Dark Matter:

For piDM, the interaction Lagrangian between the ground state y = x°
and the excited state x* = x*¢ mediated by a dark photon A’ is given by

LPM o %6'/1; X - %e’AL XX (3.14)

where ¢’ is the dark electromagnetic coupling (o’ = e?/4r).

e Majorana Dark Matter:

For mDM, the DM x = x° interaction with the dark photon A’ is axial,
and the simplified Lagrangian is

1
LpPM 56’AL XYY x (3.15)

In both cases, the dark photon A’ interacts with the SM via kinetic mixing:

1 ¢

LD —=
2 cos 0,

B Al (3.16)

el
where € is the kinetic mixing parameter, 0,, is the weak mixing angle, and B,
(A],) denotes the hypercharge (dark photon) field strength.
A useful dimensionless parameter widely used in the literature is
e \ 4
y =2 (X) . (3.17)
m s

In the limit m 4 > m,, my~ and for 6 < m,, the relic density depends solely on
this variable [3].

In the pseudo-Dirac limit,
§ =My —my = Ay, K My (3.18)

the excited state x* is typically stable at collider scales, but may still decay
rapidly enough to avoid cosmological constraints. Thus, the searches for decays
of LLPs are often not considered in the analysis [90, 344, 485], as illustrated in
fig. 3.3. This limit is technically natural, as 6 — 0 restores a U(1) symmetry in
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Figure 3.3: Top: exclusion limits in the (m,,y) plane for o/ = 0.1 (left) and
o/ = 0.5 (right), assuming m 4. = 3m,. Bottom: same limits in the (m,,a’)
plane for pseudo-Dirac (left) and Majorana (right) DM. Shaded regions show
excluded parameter space from NA64 [92],LSND [279, 486], E137 [483], Mini-
BooNE [487], BaBar [488], COHERENT [489], and XENON10 [490], obtained
in Refs.[316, 344, 376, 491-493]. Thermal relic targets for different DM models
are also shown. Reproduced from Ref. [344].

the dark sector. We first focus on this regime, where piDM is often simply re-
ferred as pseudo-Dirac DM, in comparison with the mDM case, before discussing
scenarios with larger mass splittings, which yield a richer phenomenology.

As shown in fig. 3.3, the thermal targets for both models survive current
constraints for my = 3m,. However, Majorana DM is excluded for o/ < 0.1,
whereas pseudo-Dirac DM remains viable down to o/ ~ a ~ 1/137 (the SM
electromagnetic fine-structure constant). The heavy mediator regime, m4 >
m,y, is essentially excluded for both models, as the e thermal target scales roughly
as m%, [90]. This motivates the frequent use of m4 = 3m, as a benchmark.

With mediator masses and couplings pushed toward resonant and/or non-
perturbative regimes, these models are expected to be comprehensively tested in
the sub-GeV mass range by current and upcoming experiments such as NA64 [344],
LDMX [90], and Belle II [3]; see Refs. [3, 89, 90, 344, 493] and references therein.

A similar picture holds for DM masses above the GeV scale; however, ex-
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Figure 3.4: Collider and beam-dump sensitivities to piDM in various planes
of (my, €) and (my, ') for different mass splittings. The current most stringent
limits are from BaBar [488, 496] and LEP [494, 495]. Projected sensitivities are
shown for ATLAS [70, 306], CMS [70, 305, 497], LHCb [498-500], CODEX-
b [501], FASER [502], MATHUSLA [503], Belle II [91] and SeaQuest [280].
Thermal relic targets are also shown. Recent CMS results [81] strengthen the
exclusion limits on long-lived excited states for m, 2 3 GeV. Reproduced from
Ref. [71].

ploring the remaining viable parameter space in this regime will require future
high-energy colliders capable of surpassing current limits from electroweak pre-
cision measurements at LEP [494, 495], as illustrated in the top-left panel of
fig. 3.4.

Out of the pseudo-Dirac limit, the excited state x* may decay at collider
scales, thereby enabling constraints from LLP searches. A wide range of current
and proposed experimental facilities are sensitive to this regime, as shown in
figs. 3.4 and 3.5.” The large number of detectors sensitive to piDM has signif-
icantly strengthened the interest in this type of models. As seen in the plots,

90ther experiments with relevant sensitivity include NA62 [504], SeaQuest [280], BDX [505],
MiniBooNE [506], ANUBIS [507], and FACET [508]. See also [89, 90, 470] for additional
coverage.
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Figure 3.5: Constraints on pseudo-Dirac DM in the (m,, €) plane for o/ = 0.1
and ma = 3m, with mass splittings A,, = {0.05,0.1,0.2,0.4}. Current
bounds from NuCal [463], CHARM [463], LSND [279], E137 [280], Mini-
BooNE [506], LEP [494], and BaBar [488] are shown, along with projected
sensitivities from Belle IT [3]. Thermal targets are indicated with dashed black
lines. Contours of constant y* decay length are also included. Reproduced
from Ref. [3].

the combination of searches for decays of LLPs and missing energy signatures—
together with the large kinetic mixing e values required by freeze-out—places
stringent constraints on large mass splittings. In general, only splittings A,, <
0.1 remain viable, as larger values lead to a Boltzmann-suppressed excited state
population during freeze-out, thereby requiring excessively large DM—-SM cou-
plings.

For mass splittings below the electron threshold, § < 2m,, the decay x* —
xete™ becomes kinematically forbidden, rendering x* cosmologically stable [75].
This naturally arises in the pseudo-Dirac limit and requires consideration of
constraints from ID and DD due to a residual excited state fraction f, ~ 0 [73].

Figure 3.6 summarizes the constraints in this regime. As shown in the figure,
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Figure 3.6: Constraints on cosmologically stable piDM in the (m,,€) plane
for o/ = 0.5 and mar = 3m,, assuming § = 3 keV (left) and 6 = 100 keV
(right). Direct detection bounds from XENONI1T [73, 512] are shown in blue.
Light and dark gray regions represent constraints from CMB [26] and miss-
ing energy searches at NA64 [513] and BaBar [488], respectively. Projected
sensitivities from LDMX [90, 376, 491, 514] and Belle II [91] are shown with
dashed lines. Thermal targets appear as solid black curves. Reproduced from
Ref. [73].

previous DD experiments like XENONI1T could already probe thermal piDM for
0 2 keV via exothermic down-scattering x*e~ — xe™, which produces a unique
mono-energetic recoil signal. Current experiments such as CRESST-II [434],
XENONNT [433], PandaX-4T [509], and LZ [267] have sensitivity down to split-
tings of a few hundred eV, § > 200 eV [73, 75, 419, 510].! CMB constraints are
also relevant in this scenario, excluding DM candidates down to several hundred
MeV in mass.

For even smaller mass splittings, d < 100 eV, direct detection loses sensitiv-
ity, and indirect detection becomes the dominant probe. As shown in fig. 3.7,
mass splittings below & < 10 eV are essentially excluded by a combination of
CMB data [26] and gamma-ray observations of the Milky Way halo [419, 515—
518].'" Future ID experiments and next-generation CMB measurements [519]
are expected to further probe this regime. These include proposed gamma-ray
satellites such as e-ASTROGAM [520], AMEGO-X [521], and MAST [522], as
well as CMB observatories like the Observatory [523] and Simons Array [524].

It should be noted that for extremely small mass splittings, A,, < 1076,
DM particles possess sufficient kinetic energy to scatter in DD experiments via
xe~ — x"e”, producing signals nearly indistinguishable from those of mDM. As

10 Additional enhancements to low-energy detection may come from Migdal effect signals [77]
or cosmic-ray accelerated DM [74] as well as non-galactic diffuse DM components [511].

See [419] for the definition of the effective cross section (owv)esr, which accounts for non-
standard halo profiles for excited state DM generated by up-scattering processes in galaxies.
Experimental ID limits must be appropriately recast using this effective cross section.



3. THE CASE FOR (NOT-SO-)INELASTIC DARK MATTER 73

Primordial Excited States

" R " "
>107% > 107 > 107°1 Al

(T V) [cm?/s]

&
>
>

10%

L
10°

1 10
my [MeV] my [MeV]

Figure 3.7: Left: Contours of the excited state fraction f. = n./(n_ + ny)
in the early Universe after chemical decoupling in the (m,, ) plane, assuming
o' = 0.5, ma = 3m,, and e chosen to yield the correct relic abundance via
freeze-out. CMB constraints from Planck [26] exclude the gray region. Right:
Effective coannihilation cross section (ov)eg in the same plane. Constraints
from ID in the Milky Way halo are shown in dark gray [515-518]. Reproduced
from Ref. [419].

a result, conventional DD WIMP searches may effectively probe this regime.

In summary, piDM exhibits a remarkably rich phenomenology across a wide
range of mass splittings and energy scales. For large splittings (6 > 2m,), the
excited state x* is short-lived, decaying rapidly into x and visible SM particles,
giving rise to distinctive collider and beam-dump signatures, including miss-
ing energy and prompt or displaced vertex signals. At lower mass splittings
(6 < 2me), x* becomes metastable, leading to strong constraints from DD via
down-scattering. For even smaller splittings (§ < 100 eV), ID observables—
particularly gamma rays from the Galactic halo and CMB observations—place
strong limits on piDM thermal production. These different regimes are summa-
rized in table 3.1. Taken together, these features make piDM one of the most
robust and versatile WIMP-like scenarios still open to exploration.

3.2 Not-so-inelastic Dark Matter

As discussed above, fermionic DM with a dark photon mediator ranks among the
most widely studied simplified DM models and remains one of the main targets
of current and future intensity frontier experiments (including beam-dump and
collider searches), as it can naturally predict WIMP-like DM in the sub-GeV
regime [90, 322, 408]. Among the two models compared previously, iDM and
mDM,'? one might argue that mDM constitutes the minimal model, as it involves

12Henceforth, we will refer to pseudo-Dirac inelastic DM (piDM) simply as iDM, since it is
the most commonly studied realization and the focus of this work. Thus, iDM = piDM.
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Table 3.1: Summary of key phenomenological regimes in pseudo-Dirac iDM
as a function of the mass splitting 9.

Mass

splitting x* lifetime | Phenomenology Experiments
> missing energy | BaBar, NAG64, Belle II,
0 % mx prompt searches LDMX
. displaced and missing | NA64, NA62, Belle II
> - ) ) 7
02 2me long-lived energy searches CMS, SHiP, LDMX

down-scattering in | XENONI1T, SuperCDMS,
DD and ID (CMB) CRESST, LZ

ID (CMB and re- | Planck, Fermi-LAT,
excitation at galaxies) | e-ASTROGAM, MAST

6 ~ 100keV | metastable

0 <100eV | metastable

only a single Majorana particle, whereas iDM introduces a second Majorana
fermion with one additional free parameter, the mass splitting § between the
two DM states.

However, constructing a minimal UV-complete theory for mDM with a U’(1)
mediator requires introducing at least one additional fermionic field to ensure
anomaly cancellation [525]. As a result, both iDM and mDM in their minimal
UV-complete forms involve the same number of fields and parameters. This
observation motivates a unified framework in which both models are embedded
as specific parameter limits. In fact, the most common UV-completion of iDM
already includes as special cases the effective Lagrangians of iDM and mDM, as
shown in egs. (3.14) and (3.15).

This UV-completion is commonly implemented via the inclusion of two chiral
fermions, yr and xg, charged under a new U’(1) gauge symmetry, accompanied
by Dirac and Majorana mass terms mg, my, and mpg [3, 88]. Since Majorana
mass terms explicitly break the U’(1) symmetry, their inclusion requires spon-
taneous symmetry breaking—typically via a dark Higgs mechanism [418]. In
the limit mq > mp,mp, one obtains a pseudo-Dirac fermion, i.e., two nearly
degenerate Majorana eigenstates.'?

The “inelasticity” of interactions in this framework—i.e., the suppression
of elastic scatterings involving only the ground state—results from imposing
my, ~ mpg, which corresponds to a nearly parity-conserving dark sector [79].
However, this symmetry is difficult to justify, especially when DM couples to SM
particles, where parity is maximally violated in the weak interactions [479].

3 The mDM case can be recovered in a seesaw-like configuration with mq ~ mg > myg (or
the L +» R counterpart), or more simply in the limit mgr > mp,mq (or L < R), yielding
my= > my and allowing one to integrate out the heavy Majorana field [376].
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In this thesis, we emphasize that the condition my ~ mpg is not necessary—
in fact, no assumptions regarding parity, charge-conjugation, or time-reversal
symmetries are required within the dark sector (except from the general CPT
invariance [227]). The presence of diagonal (elastic) interactions does not under-
mine the attractive features of iDM. Since the two mass eigenstates are Majorana
particles, their elastic scattering and annihilation cross sections are suppressed
in the non-relativistic limit, rendering such interactions negligible in ID and DD
contexts. On the other hand, diagonal couplings can enhance the annihilation
rate in the early universe—when DM was (nearly) relativistic—thereby relaxing
the relic density constraint. Moreover, for very small mass splittings (meta-
stable x*), diagonal interactions can help deplete the excited-state population
through processes like x*x — xX, thereby enhancing the population asymmetry
between states [75]. See appendix F for an example illustrating how parity vio-
lation can dramatically alter this asymmetry, even within the commonly studied
pseudo-Dirac iDM scenario.

We define this general framework as not-so-inelastic Dark matter (niDM),
with the not-so-inelastic region corresponding to scenarios where DM appears
inelastic in DD and collider searches but freezes out as Majorana-like in the early
universe. The model introduces two new parameters: a CP breaking phase ¢4,
and a mass asymmetry parameter ¢, quantifying the deviation between mz, and
mpg, i.e., the breaking of parity in the dark sector. The usual iDM scenario is
recovered in the limit 6, — 0 and ¢4 = 0. In contrast, for ¢, > 1, the model
deviates significantly from standard iDM, with relaxed relic density constraints,
similar to mDM, allowing for larger viable mass splittings. In this sense, niDM
smoothly interpolates between mDM and iDM, as shown in fig. 3.8. It can even
encompasses the standard Dirac DM scenario when § = 0. Consequently, all
simplified fermionic DM models coupled to the SM via a dark photon portal can
be fully characterized within this unified framework, without loss of generality.
Such a general picture also extends to DM models interacting through a dark
Higgs portal [93]—see chapter 5.

More broadly, niDM can be understood as any two-state DM scenario with-
out constraining its coupling structure. Even the most theoretically motivated
iDM candidates—supersymmetric models—typically have suppressed elastic in-
teractions due to the assumption of near-degeneracies between neutralino and
chargino masses [526]. While this assumption may be justified in some regions of
the parameter space (e.g., when their mass splittings arise from loop corrections
or large mass hierarchies are found in the supersymmetric mass spectrum [461,
526, 527]), more general cases fall under the niDM umbrella. Thus, by extending
the concept of iDM beyond rigid unnecessary assumptions, the niDM framework
offers a more flexible framework for understanding DM interactions.

In what follows, we focus on a specific fermionic niDM model often employed
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Figure 3.8: Schematic illustration of the particle spectrum and the contin-
uous transition from inelastic DM (iDM) over not-so-inelastic DM (niDM) to
Majorana DM (mDM). The left panel shows the effect of the normalized mass
splitting A,,, and Yukawa asymmetry d,, see egs. (3.29) and (3.40), where we
indicate also the relevance of the elastic (diagonal) and inelastic (off-diagonal)
interactions. The right panel shows the typical relative mass spectrum of yx, x*
and A’ for different regimes of the normalized mass splitting A,,. Reproduced
from Ref. [89].

in studies of pseudo-Dirac iDM.'* This specific version without the ¢4 phase has
appeared in previous studies [70, 88, 418, 528, 529]. While Ref. [528] identifies
both the iDM and mDM regimes, it overlooks the intermediate not-so-inelastic
region. Ref. [529] partially explores this regime, but still restricts attention
to 0y < 1, Ay, < 0.4, and relies on strong s-channel resonances with my ~
my+ +m,. Crucially, the phase ¢4 is not a trivial extension—it is a physical free
parameter of the model and can play a significant role, as we will demonstrate
in chapter 5. To conclude, we advocate for this more general formulation of
iDM and mDM models—captured within the niDM framework—which enables
a complete characterization of fermionic DM and reveals novel phenomenological
features that remained hidden in more restrictive approaches.

3.2.1 The general Lagrangian

In this section, we present a minimal anomaly-free UV-complete realization of
fermionic niDM featuring a spontaneously broken U’(1) symmetry, though its
essential features can be adapted to other niDM constructions. This model is
often used as a UV-complete starting point for the standard pseudo-Dirac iDM.

We consider a dark sector containing a new U’(1) gauge symmetry, character-

Y Unless otherwise stated, niDM refers to this specific realization.
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ized by a gauge coupling e’ (with its corresponding dark fine-structure constant
o/ = €?/4r). The matter content includes two 2-component Weyl fermions of
opposite chirality, xr and x g, both singlets under the SM gauge groups but car-
rying the same U’(1) charge ¢,. This charge assignment ensures the cancellation
of gauge anomalies in our extension of the SM [525].

To generate Majorana masses and spontaneously break the U’(1) symmetry,
we introduce a complex scalar field H' with charge gy = —2¢, under U’(1),
which acquires a vacuum expectation value (vev) (H') = w/+/2. The vev induces
a mass for the U’'(1) gauge boson A’, as well as Majorana mass terms for both
xr and xR.

The full Lagrangian involving the new fields and their interactions with the
SM is given by
Lnp = EX + Ly + Lg, (3.19)

where

Ly =ixeDxr + ixelPxr — mpXexr — yrH'XixL — yrH'XGxr + hec., (3.20)

1 1 €
—— Al B Al 21
Lv 4 MY 2 cos Oy weo (3:21)
Ls =(D*H') (D, H') + p|H'|> — A | H'[* = Nyn| H' || H|? (3.22)

with the SM Higgs field denoted by H, the hypercharge gauge boson by B,
the weak mixing angle by 0,,, and the covariant derivative defined as iD,¢ =
100 — qpe’ A;Lqﬁ. The charge-conjugated field is given by ¢¢ = Cyl'y*, with C
the charge conjugation matrix. The field strength tensor for each gauge boson
is denoted by the gauge field variable A with two indices A*¥.

The parameters in £, can be made real and positive by suitable field redef-
initions, up to a single physical complex phase, which we assign to the Dirac
mass: mp = mge'® with mg > 0. The gauge sector parameters ¢ and ¢’ are
taken real and positive by analogous redefinitions. We assume that H’ acquires
a nonzero vev, spontaneously breaking the U’(1) symmetry, and that the scalar
potential is (meta)stable. This imposes constraints on the parameters of the
scalar potential; see section 2.5 and references therein. A phase in w can be
absorbed via a redefinition of H’, and we set ¢, = 1 without loss of generality,
as any other charge value can be absorbed into €’.

In the above Lagrangian, parity can be broken by either yr # yr, or ¢q # 0,
since we take P to act in the fermion fields as x; — xgr [530]. In contrast,
according to our definition, charge conjugation is always conserved. More gen-
erally, there is always an accidental Zs if one were to define charge conjugation
in a different way [531].1°

5For example, Ref. [479] defines a different C differently and always have CP conserved.
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After symmetry breaking, the dark photon acquires a mass,
mar = 2e'w, (3.23)

and the fermion mass term in the Lagrangian becomes

¥ = r 1 _
Ly D —mpXLXR — §mLXCLXL — §me§%xR +h.c., (3.24)

with Majorana masses given by mp/r = \/iyL/Rw.

We diagonalize the fermion mass matrix with the usual Takagi [532] diago-

nalization via a unitary transformation of the Weyl fields (xr,x%)? using the
mixing matrix
cos 6 e sin 0
U= (—e_w sinf  cosf ) ' (3.25)

leading to two Majorana mass eigenstates x and x*, with m,« > m, by conven-
tion (the diagonalization procedure is discussed in detail in appendix A). The
corresponding masses are

miw =m3 +w(y} +yg) FwD (3.26)
where
D? = w?(y% — y2) 2+ 2mi|k*, with k= yre'® 4+ yre %, (3.27)

Note that the Majorana masses do not depend on ¢, at linear order.

The fermion interactions with the dark photon A’ and the dark Higgs H', in
the unitary gauge h’', are given by (x; € {x, x*}):

1 o 1 . A
Ll = 56'1‘1’” Xilicvj + Bigy*)vuxj — §th, Xi( @i +iB57°)x; » (3.28)
where the coupling coefficients o, 8;j, Gij, Bij are listed in tables 3.2 and 3.3 with
the lower-script “x” denoting the excited state index and “_” the ground state
one.' These coefficients and “flavor” changing interactions share conceptual
similarities with the quark sector of the SM and the CKM matrix V;;.

The normalized left-right Yukawa asymmetry J, appearing in tables 3.2

and 3.3 is defined as
YR — YL _ mpr—mp

YL mr
and is taken to be positive without loss of generality—this can always be achieved
by an appropriate re-labeling of xr <+ x%. Note that even for large values of

Oy

, (3.29)

Note that in our model the diagonal couplings xxA’ and x*x*A’ are equal in norm and
given by |e’ cos 26|. This is a consequence of our assumption of equal U’(1) charges of x1, and
Xr as required for anomaly cancellation when introducing only two chiral fermionic fields.
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Table 3.2: Coefficients for interactions between dark fermions and dark

photons.
Qs = 0 Bssx = —cos 20
o =sin ((2¢0 + v —7-)/2)sin20  PBi_ = cos ((2¢ + v« — v—)/2) sin 260
Oy = — Oy Bs = Pur
a__ =0 B__ = cos 260
Table 3.3: Coefficients for interactions between dark fermions and dark
Higgs.
S ﬁ(éy + 1) cos (2¢ + 74) sinZ 6 + v/2 cos ~y €082 0
B** = ﬂ(dy + 1) sin (2¢ + 74) sin?6 + V2 sin v, cos?

oo = 5i020[(8, + 1) €08 (26 + 7 + 7-)/2) — 08 (26 — 7% — 1-)/2)] V2
B = sin20[(6, + 1) sin (26 + % +7-)/2) + sin (26 — 7. —7-)/2)] /v
OA(—* == él*— B—* = B*—

G =/2(8, + 1) cosy— cos? 0 + /2 cos (2¢ — v_) sin? §

B =/2(8, +1) siny_ cos? — /2 sin (2¢ — v_) sin®§

dy > 1 (e.g., yr < yr), perturbativity remains intact. Actually, §, — oo just
corresponds to yr, = 0 and the model still remains well defined. The complex
phase ¢ is defined as

et = (3.30)
||
The phases ~; are given by
ive _ 0% and er- = 2= (3.31)
|0] o]
where ) 0 )
_ w(yy +2yLyre” i 4 yp) + D (3.32)
T K e~i%d '
and .
_w(y? 4+ 2yryre 294 + y%) — D
o_ = A ) (3.33)
K* e_zd’d
Finally, the x,/r fermion fields mixing angle ¢ is given by
2 2
— D
tanf = wlve —y1) + (3.34)

V2mg|k|

In summary, the model has nine independent parameters, which we take to
be
& Own, o YL, Oy, Ga, M4, Mmar, My, (3.35)
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where 0, is scalar mixing angle between the SM h and dark h’' Higgs (see
details about the DM-SM portals in section 2.5). The dark vev w is fixed by
m 4+, and the scalar potential parameters are mapped to the scalar masses and
mixing angle. While it is technically possible to trade (mg, ¢q) for (my,m,~),
the inversion is nontrivial and generally yields multiple solutions for ¢4 in the
complex plane (one for each quadrant) and non-trivial constraints on the choices
of masses.!” In practical applications, we often fix ¢4 to special values (e.g., 0
or 7/2) where this inversion becomes simple. In such cases, the parameter set
reduces to

€, gh’h; O/, (5y, My, Am, mar, Mp. (3.36)

We emphasize the role of §, as a key parameter controlling the interaction
structure. When d, = 0, the mixing angle becomes 6 = /4, leading to purely off-
diagonal interactions with the dark photon. In this regime, the ¢4 phase affects
only relative signs of interaction coefficients and not the interaction structure
itself. The mass splitting in this case is

2

My — mi = dmgms|cos ¢q| , (3.37)

with my; = my = mpg, consistent with the standard iDM result for ¢4 = 0.
Thus, we see that the sole effect of the phase ¢4, for §, = 0, is to reduce the
mass splitting between the Majorana fermions. For ¢4 = 7/2, the mass splitting
even vanishes.

Our analysis in the subsequent chapters focuses primarily on the phenomenol-
ogy arising from d, > 0, which has the most significant impact on dark sector
dynamics. Eventually exploring the effects of a non-zero ¢4 only in chapter 5,
while in the next section, we will demonstrate how setting ¢4 = 0 leads to con-
siderable simplifications.

Feynman rules for niDM

From the spontaneously broken Lagrangian in eq. (3.28), one can extract the
Feynman rules governing the interactions of the physical fermionic fields in the
niDM model. These interaction vertices are summarized in fig. 3.9, where, for
simplicity, the mediators are shown in their mixed (non-physical) basis. The
effects of scalar mixing 6y, and vector kinetic mixing e can be incorporated
straightforwardly when computing physical amplitudes, as detailed in section 2.5.

Because the vertices involve only Majorana fermions, we adopt the standard
convention of treating them as Dirac fermions with arbitrary arrow orientations—
so long as no two arrows point into the same vertex. This greatly simplifies
diagrammatic calculations. A comprehensive discussion of this prescription can
be found in Ref. [533].

"In the small-¢4 limit, results simplify, allowing straightforward inversion at linear order.
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Figure 3.9: Feynman rules for the interactions of the fermionic DM states—
the ground state x and the excited state y*—with the DM-SM mediators: the
dark photon A’ and the dark Higgs h'. The interaction coefficients are listed
in tables 3.2 and 3.3. Gray-colored arrows on the fermion lines indicate the
Majorana nature of the states, for which particle flow is convention-dependent.
See Ref. [533] for further discussion on Feynman rules for Majorana fermions.

To facilitate future studies of the niDM model introduced in this work, we
provide a publicly available FeynRules [534] implementation.'® This imple-
mentation can be used to generate input files for a variety of DM and high-
energy physics tools. In this thesis, we employ it with the MicrOmegas [375] and
CalcHEP [535] toolkits. Additional details regarding the specific features of our
FeynRules implementation are provided in appendix B.

3.2.2 Reproducing the standard pseudo-Dirac case

To recover the standard pseudo-Dirac iDM model with a dark photon mediator—
the most widely studied iDM scenario in the literature—we assume ¢g = 0,
corresponding to assuming that the only source of parity breaking in the dark
sector is 5y.19 We further have to assume mg > /mgrmyg, which holds in the
pseudo-Dirac limit mg > myp,mgr. Violating this inequality alters the nature
of dark photon-mediated coannihilations from s-wave to p-wave, as detailed in
section 3.2.3.

Under these assumptions, the Majorana masses simplify considerably:

1 1
My () = \/m§+4(mR—mL)22|22(mR—|—mL). (3.38)

The interaction coefficients simplify to those in table 3.4, and the fermionic

'8The model files are available at €)/gdvgarcia/niDM_feynrules. Please cite this thesis and
Ref. [89] when using the implementation.

19As discussed above, allowing for a complex phase with &, # 0 would introduce a p-wave
contribution to coannihilations via the dark photon, which has no impact on high-energy phe-
nomenology.
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Table 3.4: Coefficients for interactions between dark fermions and dark
photons, and between dark fermions and dark Higgs bosons, in the regime

mq > /mprpmr,.
a__=0 B__ =cos20 | &__ = —/2(1 + 8, cos? ) B._=0
a_, = sin 20 B_y =0 G_, =0 B_* = J, sin 20//2
Ay = — O« ﬁ*, =0 Gy =0 ﬁ*— =[x
Ay =0 Bux = =P | G = V2(1 + 8,502 0) Bax =0

mixing angle reduces to?’

- 5y A
cos20 = — Mi L S y (3.39)

\/4m3+(mR—mL)2 (2+5y)(2+Am) ’

where we used the normalized Yukawa (Majorana mass) asymmetry d, [eq. (3.29)]
and the normalized mass splitting between Majorana eigenstates,

A, = w’ (3.40)
M

to further simplify the expression.

Looking at table 3.4, we note that the dark photon’s interactions with DM
can be simply characterized by two effective couplings: the elastic (diagonal)
fine-structure constant o/; and the inelastic (off-diagonal) one o :*!

ol = o cos? 20, ey = o sin? 20 . (3.41)

It follows from eq. (3.39) that ¢, = 0 implies § = 7/4, thus, o, = 0and of | = &/,
reproducing the pure iDM scenario. In this case, the Majorana masses reduce

even further to
My (x) = M4 Fmpr, (3.42)

where my; = my = mpg. In the literature, this parity-conserving limit is often
implicitly assumed from the start, with a Lagrangian written as

Ly =YD —ma)y — mpap©yp + hee., (3.43)

where ¥ = xr + xr is a Dirac field. The Majorana mass generation mechanism
is typically neglected, and the Dirac mass is taken to be real (¢4 = 0) by default.
With the full model now in hand, it is clear just how specific the traditional iDM
scenario really is.

Let us examine how the interplay between the two parameters , and A,,
defines three important regimes, illustrated in fig. 3.8:

20These coefficients follow from tables 3.2 and 3.3 with ¢ = v. = 0 and v_ = .
2!The terms “elastic” and “inelastic” make connection with the fact that niDM can be seen
as a generalization of iDM models.
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e iDM: For A,, < 1, the two Majorana states are nearly degenerate, effec-
tively forming a pseudo-Dirac fermion. In this limit, diagonal couplings to
the dark photon are suppressed, independently of d,, and the off-diagonal
interaction dominates. This corresponds to the canonical inelastic DM sce-
nario and emerges naturally from a separation of scales where mg > my, g.
Although suppressed, the diagonal coupling can still contribute to enhanc-
ing the DM asymmetry in scenarios with a metastable x* [75]; see, for
example, appendix F.

« mDM: For A,, > 1 and ¢, > 1, one finds m; < mgr and myq < mg,
leading to a seesaw-type spectrum: m, ~ mz/mR—mL <K myx ~ mp. The
mixing angle 6 can differ significantly from 7 /4, and diagonal interactions
become sizable. The heavier state decouples, and the model effectively
reduces to a standard Majorana DM framework.

e niDM: A third intermediate regime appears for A, ~ 1 and ¢, 2 1, where
diagonal and off-diagonal interactions coexist. While DM phenomenology
at colliders and DD often resembles iDM, the relic density computation
is closer to mDM. This not-so-inelastic DM regime is the main focus of
chapter 4. When ambiguity may arise between the more general ¢4 # 0 case
and this specific subset, we will explicitly refer to the “niDM framework in
full generality.”

We also note a fourth regime, A,, 2 1 and §, ~ 1, where the mass splitting is
large but diagonal interactions remain suppressed. In this region, it is generally
not possible to simultaneously satisfy relic density and experimental constraints,
so we will not discuss it further.

To conclude, we emphasize that BBN imposes a robust lower bound of m,, 2
10 MeV on DM particles in thermal equilibrium with the SM [388]. In the not-
so-inelastic regime (A,, = 1), this ensures that the decay x* — yete™ is always
kinematically allowed. As we will show in the next chapter, this implies that
excited states are generically short-lived on cosmological timescales in the niDM
scenario.

3.2.3 Optional: The p-wave coannihilation case

The condition mgq > /mrmr = w\/2yryr, is often motivated by naturalness,
since the limit w = 0 restores a global U(1)pym symmetry, analogous to baryon
number in the SM [87, 536]. However, this assumption is not required for a
consistent UV-complete theory. Furthermore, traditional naturalness arguments
have recently been challenged in light of the absence of evidence for new physics
at the LHC. Alternative ideas, such as anthropic selection in a multiverse, have
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Table 3.5: Coefficients for interactions between dark fermions and dark
photons, and between dark fermions and dark Higgs bosons, in the regime

mg < 2W\/YRYL-

a__ =0 B__=cos20 | & =+2(1+d,cos?0) B__=0
a_, =0 [B_,=sin20 Gy = 0y sin 20//2 B_* =0
O0y— =10 B*, = ﬁ,* Qo = Gy B*— =0
e =0  Bu= P | Gu=v2(1+03,sin?0) Bu=0

gained attraction [537, 538], motivating us to explore the complementary regime
mg < 2w,/Yryr, still assuming ¢4 = 0 for simplicity.

In this regime, the interaction coefficients take the form shown in table 3.5,
where the fermion mixing angle is given by?*?

dy(2+ Ap)
Ap(240y)

To be consistent with the assumption of real mass parameters (¢4 = 0), one
must impose A,, > J,. Remarkably, in this scenario, even a small breaking
of parity symmetry can lead to significant changes in the ratio of elastic to
inelastic interaction strengths. Additionally, looking at table 3.5, we see that
the off-diagonal interaction of DM with the dark photon is of axial-vector type,
implying that freeze-out into SM particles via the vector portal proceeds through
a p-wave process—hence the name the p-wave coannihilation case.

cos20 = — (3.44)

By solving for the normalized mass splitting,

w RA/
Ay =2—(yr+yr) —2=yr—,
My e

(2+46,) -2, (3.45)

with R4 = mar/my, and applying the constraint A,, > §,, we find the consis-

tency condition
/

RA/ '
This inequality has interesting implications in secluded freeze-out scenarios yxy —
h'h', where for sub-GeV DM one typically expects y;, < 0.1. For relatively small
mass splittings A, < 1 and heavy vector mediators (R 2 1), this leads to a
naturally small dark gauge coupling, o < 1073 < a.

(3.46)

YL =

Although this p-wave co-annihilation scenario presents an intriguing alter-
native with distinct phenomenological features—such as the complete avoid-
ance of ID constraints on DM annihilations, facilitating the possibility of meta-
stable excited states, and naturally suppressed dark gauge couplings in secluded
scenarios—it will not be explored in detail in this thesis. A more thorough
investigation of its implications is left for future work.

?2These coefficients follow from tables 3.2 and 3.3 with ¢ =~v. =~ = 0.



CHAPTER 4

Not-so-inelastic Dark Matter:
the vector portal

In this chapter,' following the results established in the literature on (pseudo-
Dirac) inelastic Dark Matter (iDM) models, we focus exclusively on the vector
portal, neglecting the scalar sector for phenomenological purposes. Our primary
interest lies in the sub-GeV DM mass range, where the not-so-inelastic DM
(niDM) framework can be tested across the wide variety of experiments at the
intensity frontier. In this light DM regime, the vector portal is more effective
than the scalar mediator, as it couples universally to all fermion families and
avoids the strong Yukawa suppressions that suppress scalar interactions with
light SM particles (e, u, 7, p,..) typically relevant at the intensity frontier.

Constraints on the scalar portal for light DM are already severe: the Higgs
couplings are strongly Yukawa-suppressed, and direct limits on scalar portal cou-
plings (see section 2.5) ensure that it plays a negligible role in DM—-SM scattering
processes at both colliders and direct detection experiments. To guarantee that
scalar annihilation channels, yx — ¢¢, are irrelevant for relic density calcula-
tions, we require

ms 2 1.5m,,

a condition that is easily satisfied in the parameter space we explore. However,
because we will study large values of the dark gauge coupling, perturbativity
prevents mg > mys, and dark Higgs production could therefore be relevant at
accelerator searches such as those in Ref. [79]?. A systematic study of such scalar
signatures is beyond the scope of this chapter, but, in section 4.5, we will discuss
their possible impact on the results presented here, while scenarios with a light
dark Higgs (myp < my) will be explored in chapters 6 and 7.

In short, for the main results of this chapter we introduce the scalar sector
only to ensure consistent U(1)" symmetry breaking. The scalar Lagrangian Lg

!With the exception of section 4.5, the material in this chapter is fully based on Ref. [89].
2This remains true even for tiny scalar mixing angles compared to the dark photon kinetic
mixing, Oy, < €.

85
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given in eq. (5.4) therefore serves primarily as a concrete example, and our
discussion will not depend sensitively on its specific form.

Dark photon models are subject to stringent bounds from missing energy
searches at electron—positron colliders. In our framework such signatures arise
when the dark photon decays invisibly into a pair of lighter DM states via diago-
nal couplings, or when an excited state produced through off-diagonal couplings
decays outside the detector acceptance. We will calculate the resulting bounds
from BaBar [488], estimate the sensitivity of Belle II [91], and analyze comple-
mentary constraints from ongoing beam dump experiments such as NA62 [539]
and NA64 [540]. We also study the impact of (in)direct detection experiments,
which now receive contributions from elastic (diagonal) interactions characteris-
tic of niDM models.

The remainder of this chapter is structured as follows. We close this intro-
duction with a discussion of the parameter space that will guide our analysis.
In section 4.1, we then study the decay modes of the excited state fermion.
Section 4.2 is devoted to relic density calculations, while section 4.3 addresses
direct and indirect detection prospects. Collider and accelerator sensitivities are
considered in section 4.4, while the impact of a dark Higgs on these results is
analyzed in section 4.5. Our main results are presented in section 4.6, and we
conclude in section 4.7. Additional details on beam dump and electron—positron
collider analyses are provided in appendices C and D.

Parameter space. To reduce the dimensionality of the parameter space, we
follow a common approach in the literature and fix benchmark values for certain
parameters:

o' =0.5, mar = 3m,, . (4.1)

These values are optimistic, as they both enhance experimental sensitivity and
relax the relic density constraint.

It is also useful to recall the most important definitions from chapter 3,
which will guide the analysis in this chapter. The diagonal and off-diagonal
fine-structure constants are defined as

oy = o cos? 20 and o = a'sin? 20, (4.2)
where 6 is the fermionic mixing angle, given by
0y A
cos260 = — y—_m , 4.3
(24+9,)2+An) (43)

in terms of two dimensionless variables: the normalized dark left—right Yukawa

asymmetry and the relative mass splitting between the two DM states,
_ My — M
5, =R YL and A, = I T

4.4
L e (4.4)
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Without loss of generality, we take d, > 0.

In summary, the independent parameters relevant for the DM phenomenology
of this chapter are

€, ', 8y, Dy, my, mar (4.5)

Our focus will be on the novel regime specific to niDM, the not-so-inelastic
regime, characterized by A,, ~ 1, which interpolates between the iDM and
mDM cases (see chapter 3). Restricting ourselves to predictive thermal scenarios,
BBN imposes m, 2 10MeV, ensuring that the decay x* — xeTe™ is always
kinematically allowed in our analysis. As we will show in the next section, this
guarantees that the excited state is always short-lived on cosmological timescales.

4.1 Excited Dark Matter decays

The presence of excited DM particles in niDM models, which may decay into SM
states, is a key feature of their phenomenology. From a cosmological perspective,
the excited state must be short-lived compared to cosmological timescales in
order to evade stringent bounds on decaying DM.? For collider phenomenology,
by contrast, the relevant quantities are the branching ratios into different final
states, which determine the observable signatures.

If the interactions between the dark and visible sectors are dominantly me-
diated by the dark photon, then above the kinematic threshold Apmy > 2my
the spin-averaged squared amplitude for the decay x* — xff is approximately

W(X* — Xff) ~ O‘decQ?‘ [4Am(33x -1) - 20pmy — $?‘ - Z(xx - 1)2] , (4.6)

with A
m
2.2 X
Qdec = 64T € Q0 o) —5— - (4.7)
miy

Here we adopt the notation x, = mi p/ mi and zp = m?D 5/ mi for final states
XPP, where mp, p, denotes the invariant mass of the particle pair Py P. From
the amplitude in eq. (4.6), the corresponding partial width is

* R Qdec
P = X/ ) = NeQf 5357 Al (4.8)

with N. = 3 for quarks and N, = 1 for leptons. Throughout this section we
assume, for compactness, that SM fermions are light compared to the splitting
and that the splitting is small compared to both the DM and dark photon masses:

my K Apmy K My, m?cng%1 <m? .

3The excited state could in principle be metastable, leading to a two-component DM frame-
work. However, given the large mass splittings we consider, we will see that this scenario is not
viable in our setup.
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Full mass dependence is nevertheless retained in all our numerical results.

From these perturbative decays into fermions, we can estimate the lifetime
of the excited state as

5 2 4
) i .01 M /
TX*N1015S(05) 0/5 (00 > 500 MeV (mA> . (4.9)
A, « € My My

inel

This estimate shows that excited DM states are expected to be extremely short-
lived in the niDM regime. Consequently, their cosmological abundance after
thermal decoupling is negligible, and their phenomenology is instead restricted
to signatures at high-energy experiments.

To correctly describe non-perturbative QCD effects in x* decays into hadrons,
we adopt the data-driven approach of appendix A in Ref. [79]. This method
employs the measured ratio

o(e”et — hadrons)
oleet — pu—put)

R(s)

from ete™ collisions at center-of-mass energy /s [541] to rescale the analyti-
cally calculated decay width I'(x* — xu™p™) into T'(x* — x + hadrons). While
this prescription provides the total hadronic width, it does not yield partial
widths or correct kinematic distributions for exclusive channels. Since such in-
formation is necessary for simulating x* decays, we also employ vector meson
dominance (VMD) [542, 543] to obtain matrix elements for exclusive three-body
decay modes:

k — «Q ec
IM2(x* = xntn™) = i G(wx,zr,r)|Fﬂ(m27r)’2, (4.10)

Qdec m4 G,(SCX, xK)
36 7 (mi —xgmi)? + Fémi’

IM2(x* = xKK) = (4.11)

where
G(ay, Tr) = A[(y—1) (@t Ty —1)—Ap (22423, —2)| A2 (2 +42,—8) , (4.12)

G2y, wic) = w4y — (A +2)2) + [(Am +2)An — 22, + 2], (4.13)

and F,(¢?) is the pion electromagnetic form factor extracted from VMD fits
to experimental data [543, 544]. Here, KK denotes both K* K~ and K'K?,
neglecting their small mass differences. The analytical results in egs. (4.10)
and (4.11) are valid above the respective decay thresholds and in the limit
m?%,, mi > Afnmi

Figure 4.1 shows the resulting branching fractions for leptonic and hadronic
final states. Unlike for dark photon decays [545], no sharp resonances appear
in the hadronic modes of x*, since the widths involve an integration over the
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B(x* = xF)
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Figure 4.1: Decay branching fractions of the excited DM state x* in the
niDM model as a function of the mass splitting between dark fermionic states.
Reproduced from Ref. [89].

invariant mass of the hadronic system. By comparing the pion and kaon channels
to the total hadronic width, we find that additional hadronic modes remain sub-
dominant (contributing below ~35%) up to A,,m, ~ 2 GeV. For higher masses,
one could in principle use eq. (4.6) to compute widths into free quarks and
perform hadronisation numerically. However, missing energy searches at current
and past eTe™ colliders (see section 4.4.3) only probe m 4 < 8 GeV, so such large
splittings are irrelevant in the context of our benchmark m 4 = 3m,.

Finally, we note that while fig. 4.1 assumes m 4 = 3m,, the branching frac-
tions are nearly independent of this choice for sufficiently heavy dark photons.
Since mys appears only through the propagator, 1/ (mfc P mi/), and m? 7 <
Afnmi, the propagator can be approximated as —1/m?%, for m?%, > Aznmi,
which cancels in the ratios. Moreover, provided the decays x* — 3x and
x* — YA’ remain kinematically forbidden, the branching fractions depend only
on the absolute mass splitting A,,m, = m,~ —m,. Thus, the results of fig. 4.1
apply both to iDM models where A,, < 1 and to niDM models allowing larger

normalizaed mass splittings A, 2 1.

4.2 Relic abundance

In this section we present the calculation of the DM relic abundance in the niDM
model, focusing on the interplay between the parity breaking parameter 4, and
the dark-fermion mass splitting A,,—see eq. (4.4).

We compute relic abundances using the MicrOmegas (v5.3.41) code [375],
with a CalcHEP model file [535] as input, generated using the Mathematica® pack-
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age FeynRules v2.3.49 [534]. To account for non-perturbative QCD effects, we
follow the standard approach of Refs. [90, 492], implementing modifications to
the annihilation cross sections within MicrOmegas. Specifically: for xS x™®) an-
nihilations with center-of-mass energy /s ~ M, (+) + M, (+) below the pion mass,
we set the annihilation cross section into light quarks (u, d, s, ¢) to zero; while
for energies above the pion mass, we replace the annihilation cross section into
light quarks by the analytically calculated annihilation cross section into muons,
rescaled by the measured cross-section ratio R(s) [541],

o(x")'x™) = hadrons) = R(s) o (x")'x™ — ptu), (4.14)

see appendix A of Ref. [79].

In the present work we restrict ourselves to m s 2 1.5m,, which forbids pure
dark sector annihilations yx — A’A’. Such channels would instead lead to a
secluded dark sector with only tiny couplings to the SM. Co-annihilations of the
form xx* — A’A’ are also negligible: with our benchmark choice ma: = 3m,,
they require A, > 4 to be kinematically open, which implies a severe Boltzmann
suppression of the x* population.

Figure 4.2 shows the required kinetic mixing parameter e that reproduces the
observed DM abundance as a function of m,, for various values of ¢, ranging
from 0 (the iDM limit) up to 1000 (essentially corresponding to maximal parity
breaking). The plots also show model-independent bounds on € from the muon
anomalous magnetic moment [546] and from electroweak precision measurements
at LEP [494]. These bounds arise because a kinetically mixed dark photon can
contribute virtually to SM processes.

The impact of , strongly depends on the mass splitting A,,. For small
splittings, A, < 0.2 (upper left panel), freeze-out is essentially independent of
dy, since annihilation is dominated by off-diagonal couplings as in conventional
iDM. This results from two effects: (i) when x* is only slightly heavier than x,
Boltzmann suppression is mild, so both states efficiently participate in annihila-
tions; (ii) for small A,,, the mixing angle # (and thus the ratio o/, /o ) becomes
nearly independent of the value of J,, see eq. (4.3).

For larger mass splittings, A,, 2 0.6 (bottom row), the Boltzmann sup-
pression of x* becomes extremlly relevant. In this case, large values of ¢, en-
hance the annihilation rate because diagonal interactions gain relative impor-
tance (cf. egs. (4.2) and (4.3)). As a consequence, the required values of € can
be reduced by more than an order of magnitude compared to the §, = 0 case.
For §, > 1, the effect saturates, since cos 26 o d0,,/(2 + 9,) = 1 — 2/0,,.

These features are further illustrated in fig. 4.3, which shows € in the (6,, A,;)
plane for m, = 200 and 500 MeV. In the pseudo-Dirac limit (A, < 0.2), the relic
abundance is independent of d,. For A,, 2 0.4, however, increasing 4, allows
smaller € to yield the correct relic abundance.
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Figure 4.2: Values of the kinetic mixing e that reproduce the observed DM
relic abundance Qpyh? = 0.12, shown as a function of the DM mass. Panels
correspond to different normalized mass splittings A,, = (0.2,0.4,0.6,0.8).
The various curves show different values of parity breaking d,, with the iDM
limit (6, = 0) in black. Gray shaded regions indicate model-independent
bounds on € (see text for details). Reproduced from Ref. [89].

The black-dashed curves in fig. 4.3 indicate the relative contribution of off-
diagonal interactions to the DM relic abundance, which we denote by fipym and
define following Ref. [547]. In the standard freeze-out approximation, the inverse
of the relic density is proportional to the thermal average of the total annihilation
cross section. Since annihilation processes in niDM models can proceed through
both elastic (diagonal) and inelastic (off-diagonal) interactions, this framework
allows us to write

1 1 1
= + —. 4.15
Qom  QFy - By (1)

Here Q%M and Q%‘ﬁ}[ are the relic densities that would be obtained if only the
respective contributions were present. Based on this decomposition, we define
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my =200 MeV, o/ = 0.5, ma = 3m, my =500 MeV, o = 0.5, ma = 3m,
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Figure 4.3: Contours of kinetic mixing e reproducing the observed relic abun-
dance Qpyh? = 0.12 as a function of dy and A,,. The two panels correspond
to m,, = 200 and 500 MeV. Dashed black lines indicate the relative contri-
bution of co-annihilation channels (see text). The horizontal light-gray band
indicates resonance in the co-annihilation channel when m,, +m;"< ~mu +£1%.
Dark gray regions are excluded by model-independent bounds on e. Repro-
duced from Ref. [89].

the relative importance of off-diagonal processes as

Qpwm
inel *
QDM

fipm = (4.16)

From fig. 4.3, we see that the not-so-inelastic regime typically corresponds
to fipm < 50%, demonstrating that diagonal couplings provide at least half of
the total annihilation rate and therefore play a crucial role in determining the
relic abundance. We also note that contours of constant fipyr do not coincide
with contours of constant o /o’ = sin? 26. The reason is that for sizeable mass
splittings A,,, the heavier state x* is Boltzmann suppressed relative to y, which
reduces the efficiency of co-annihilation channels even when o is large.

4.3 (In)Direct detection

For the mass splittings considered here, inelastic DM scattering in direct de-
tection (DD) experiments is strongly kinematically suppressed and therefore ir-
relevant. In the not-so-inelastic regime, however, sizeable elastic (diagonal)

4The loop-induced elastic scattering process studied in Ref. [548] is kinematically allowed,
but the cross section is too small to be observable even in future DD experiments.
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couplings are present, leading to the effective low-energy interactions

L= U () (1) (417)
!

with
mA/

\/ gy cos 20 ee '

The 4% in the DM current arises from the Majorana nature of the ground state,
and, because the SM fermion current lacks a +°, it implies that the scattering
cross section vanishes in the non-relativistic limit. Nevertheless, the same ~® lack
in the SM current coherent enhancems the DM-—nucleus scattering cross section,
which can partially compensate for the velocity suppression.

A= (4.18)

To calculate the sensitivity of DD experiments, we must map the effective
interaction in eq. (4.17) onto the non-relativistic effective theory of DM-nucleon
interactions [256]. Using the public tool DirectDM [260], we find that the niDM
model, defined at scale u. = 2 GeV, induces the operators (’)év x ¥ and (’)SJ)V xq
with coefficients

2 5.586
CS:E’ CgL:07 C€:7A2
following the conventions of Ref. [260].

As described in Ref. [5], these coefficients can be passed to DDCalc [4], which
provides likelihood functions for a wide range of DD experiments. For the local
DM distribution, we use results from Ref. [549], which account for the effect of
the Large Magellanic Cloud (LMC) on the velocity distribution (see appendix B
of Ref. [89] for details). We find that, depending on the values of J, and Ay,
current experiments such as LZ [267] already probe viable regions of parameter
space at the upper end of the considered mass range (m, ~ 10GeV). We also
estimate the projected sensitivities for SuperCDMS [550] and DARWIN [551],
which can reach values of ecos26 as small as 1073 across a wide mass range.
These experiments will therefore provide complementary tests of niDM models.

3.826

FoRk (4.19)

no__
) Cg =

For indirect detection (ID), off-diagonal interactions are irrelevant: excited
states x* are too heavy to be produced via cosmic-ray upscattering [76, 454]
and too short-lived to be efficiently generated in astrophysical systems [73, 445,
459]. Moreover, there is no cosmological abundance of x*, since the exponential
suppression of the excited state together with its annihilation into ground states
(X*x* — xx) depletes its density—its decays further increase this depletion.
Diagonal annihilations, on the other hand, are p-wave suppressed in the non-
relativistic limit [330], such that no relevant ID constraints apply.

Finally, elastic scattering via diagonal couplings may induce sizeable DM
self-interactions. The corresponding cross section can be approximated as

2,12
aelmx

OSIDM ~ — 7 (4.20)
Al
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Figure 4.4: Cross section for x* production, as defined in eq. (4.21), at
an electron—positron collider with center-of-mass energy Ecm = myus)y =
10.58 GeV for the thermal target epy. Each panel corresponds to a different
DM mass m, = (200,500) MeV. Dashed black lines show the proper decay
length of x*. In the light gray region, x* production from e*e™ annihilation
requires an off-shell dark photon and is therefore suppressed. Dark gray shaded
regions are excluded by model-independent bounds on e. Reproduced from
Ref. [89].

which remains below current astrophysical bounds [193] for m, = ma//3 >
10MeV and ag < 0.5.°

4.4 Collider searches

The values of the kinetic mixing parameter epy; obtained from the freeze-out
calculation in section 4.2 are sufficiently large that DM particles can potentially
be produced at current high-energy facilities, such as colliders and beam dump
experiments. As an illustration, fig. 4.4 shows the cross section for producing
excited states x*, defined as

oy =a(ete” = A'y) x [Br(A" — xx*) + 2Br(4’ — x*x")] , (4.21)

evaluated at the typical center-of-mass energy of ete™ colliders which are used
as B-factories, Ecm = my4s) = 10.58 GeV. Production of x* is particularly
relevant since, for A, < 2, the excited state can decay into a ground state x and
visible SM particles.

The proper decay length of x* is also displayed in fig. 4.4 and can be compared
to the size of central detectors at experiments such as Belle II, which typically
range from 10cm to 1m. For m, = 200MeV (left panel), signatures range

*Loop-induced self-interactions are negligible [73].
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from invisible decays outside the detector for A,, < 0.2, to prompt decays for
Ay, 2 0.6. In the intermediate region A, =~ 0.3-0.5, decays occur at displaced
vertices, which are usually vetoed by standard analyses but could be targeted in
dedicated searches. For m, = 500 MeV (right panel), the decay width increases,
shifting the lines of constant decay length to smaller A,,.

Even if x* decays outside the main detectors, its signatures may still be
observable at beam dump experiments. In addition, missing energy searches at
active beam dumps and DM scattering in downstream detectors provide comple-
mentary probes. In the remainder of this section, we discuss these experiments
and how we implement them in our analysis. Readers primarily interested in
results may proceed directly to section 4.6.

4.4.1 Proton beam dump experiments

Proton beam dumps employ high-intensity proton beams colliding on thick tar-
gets, potentially producing long-lived particles that can decay within displaced
decay volumes. Null results from past searches translate into constraints on the
niDM parameter space.

In our model, the key signal arises from x* decays. The most relevant regions
for niDM (m,~ < 1GeV, A, 2 0.3) correspond to lifetimes cry+ < 1 m, as
indicated in fig. 4.4. The expected number of decays is exponentially suppressed
by the decay probability,

L My %
Piecay ~ exp<—7_li<> , (4.22)
x*1Px*

where [ is the radial decay length. Hence, the largest couplings that can be
probed depend on the ratio pmax/lmin, With pmax the maximum momentum of
x* decaying inside the volume, and l,;, the distance between the production
point and the start of the decay volume.

To compute event yields, several steps are needed: (i) dark photon flux cal-
culation, (ii) their decay into x*, (iii) subsequent x* decays within the detector
volume, (iv) propagation of decay products, and (v) application of experiment-
specific cuts. For this purpose, we extended SensCalc [1], a Mathematica®-based
sensitivity evaluator.®

The default version of SensCalc evaluates event rates as a function of LLP
mass and coupling, averaging over precomputed acceptances. This approach is
insufficient for niDM, where many parameters influence the rate. We therefore
implemented a module that takes experimental geometry, tabulated dark photon
angle-energy distributions, and decay acceptance routines, and then generates
x* events on-the-fly, in analogy with Monte Carlo simulations. Dark photon

5This extended module is not yet public, but can be provided on request.
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4-momenta are sampled followed by corresponding A’ decays into x* via A’ —
xx* or A — x*x*. Only x* within the polar acceptance are selected, with
azimuthal angles chosen such that their trajectories intersect the decay volume.
Decay vertices are then sampled distributed according to cr,+, and the decays
x* = xete , xutp=, xntn~ 7 are generated. SM decay products are propagated
through the detector, including possible dipole magnets, and finally the decay
products’ acceptance is calculated.

The proton beam dump experiments considered in this work (NuCal, CHARM,
BEBC, NA62) are review in appendix C of Ref. [89] along with comparisons with
results from Ref. [463]. BEBC is studied here for the first time in the context
of (n)iDM and yields constraints similar to NuCal at small masses and lifetimes.
NAG62, a currently running experiment, collected 1.4 x 10'7 protons-on-target
(PoT) in 2021 [504] (with no new physics observed) and aims for 10'® PoT be-
fore LS3 (2025) [552]. Thanks to its high beam energy and on-axis geometry,
NAG62 provides the strongest proton beam dump constraints, although a dedi-
cated analysis by the collaboration would be required to validate our projections;
further discussion of NA62 can also be found appendix C of Ref. [89].

4.4.2 NA64

The fixed-target experiment NA64 at CERN uses a 100 GeV electron beam
impinging on an active beam dump. The detector consists of a ~1m elec-
tromagnetic calorimeter (ECAL), corresponding to about 40 radiation lengths
(40Xy), followed by a ~6.5m hadronic calorimeter (HCAL), corresponding to
~ 30 nuclear interaction lengths, with a high-efficiency veto counter (VETO)
placed between them [553]. The NA64 collaboration searches for missing-energy
events with Fijssing > 50 GeV, selecting events with Egcar, < 50 GeV and
Fucar < 1 GeV, no activity in the VETO, and additional requirements on the
incoming electrons (see refs. [344, 513]). Such events may arise from the pro-
duction of energetic dark photons via electron—nucleus bremsstrahlung or via
resonant annihilation of secondary positrons with atomic electrons, followed by
the dark photon decaying into DM particles that escape the detector.

In the niDM scenario, dark photons can also decay into excited states which
may themselves decay within the ECAL or HCAL. Decays inside the ECAL
reduce the measured missing energy (and may also produce VETO activity from
the daughters’ showers), while decays in the HCAL typically veto the event
completely. Both cases weaken the sensitivity of NA64 missing-energy searches,
which are therefore most sensitive when x* has a very long decay length. The
analogous effect in iDM models has been studied in detail [80, 479]. Since the
production rate and kinematics of dark photons are identical for iDM and niDM
(and also mDM), we can directly use these results to extract the relevant detector

As noted in section 4.1, heavier meson modes are sub-dominant in the relevant mass range.
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properties and analytically recast the NA64 bounds to the niDM case. Details
are provided in appendix C.

NAG64 has also performed dedicated searches for semi-visible dark photon
decays. Results for iDM [479, 554] indicate that these analyses probe only regions
already excluded by proton beam dump experiments or NA64 missing-energy
searches. Looking ahead, missing-energy measurements with high-energy muon
beams at NA64 are expected to extend sensitivity to dark photon masses up
to about 3 GeV, potentially covering the full unexplored parameter space for
sub-GeV masses [555]. Further dedicated studies will be needed to confirm this
reach.

4.4.3 Electron—positron colliders

Electron—positron colliders such as PEP-II and SuperKEKB operate at fixed
center-of-mass energies /s, providing well-defined event kinematics and a much
cleaner background environment compared to hadronic machines. A particu-
larly sensitive channel for dark photon production with invisible decays is the
single-photon process ete™ — vA'(— xYX), which searches for a single ener-
getic photon signal (and missing energy), vetoing events with extra visible par-
ticles. This search was carried out by BaBar [488] and currently provides the
most stringent bounds on invisibly decaying dark photons in the mass range
400 MeV-8 GeV [343, 344]. Belle II is expected to push these limits substan-
tially further [91].

In the context of niDM, these constraints are expected to weaken: dark pho-
tons may decay to excited states that subsequently decay to SM particles inside
the detector, leading to vetoed events. To analyse this effect, we developed a
Mathematica®-based event simulation.® Events are generated in the centre-of-
mass frame and boosted to the lab frame. We sample the dark photon production
cross section o(ete” — yA’) and simulate its decays into x and x* with the ap-
propriate branching ratios.” If a y* is produced, we sample its decay length and
channel. Tree-level cross sections and branching ratios are calculated analyti-
cally, with VMD used for x* — xnt7~. We neglect three-body kaon channels
and higher-multiplicity decays since they are subdominant in the mass range of
interest—see section 4.1. Following Ref. [3], charged pions are treated as muons
for the detector response.

To derive constraints, we rescale the existing limits on invisibly decaying dark
photons from BaBar and Belle I1, €0no-+, to obtain the effective niDM sensitivity

8 Available at https://github.com/gdvgarcia/MissingEnergyEEcolliders.

9Strictly speaking, eTe™ — yxx* should not be factorised into production and decay, since
the A’ width is non-negligible. However, this mainly smears the photon and x* energies and is
negligible within our accuracy goals [3].
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enipM- We compute the fraction of vetoed events,

N,
Rveto = N. vetoed ) (423)
photon-only
and use it to rescale the sensitivity as
€ .
€niDM = —t— . (4.24)

1-— Rveto

Since Ryeto itself depends on enipm, the above equation is an implicit definition
and numerical results have to be computed iteratively.

Details of the selection criteria at BaBar and Belle II are given in appendix D.
There we also validate our simulation by reproducing published iDM results from
Ref. [3], finding good agreement.

4.4.4 Dark Matter scattering searches

If dark photons are produced in collisions and followed by invisible decays, they
give rise to a flux of relativistic DM particles (both x and x*) traversing down-
stream detectors. Such particles can scatter on the detector material, producing
visible signals. Measurements from LSND [279, 556], E137 [483, 557], and Mini-
BooNE [506] have placed strong constraints on light DM with masses below a
few hundred MeV. We adopt the bounds of Ref. [280], obtained by rescaling pub-
lished results to the appropriate o/. These apply to our model independently of
(0y, Ap,) in the parameter ranges considered, since x*) are produced with highly
relativistic energies, much larger than the mass splitting between states.

4.5 The influence of a light dark Higgs

Before proceeding, we comment on the possible impact of a non-decoupled dark
Higgs A’ in the mass spectrum of our theory. For my 2 1.5m, (a requirement
for a predictive freeze-out scenario), we find that corrections to our bounds from
colliders and fixed-target experiments are typically at the 25% level (and up to
40% for scattering searches, which is comparatively less relevant for our conclu-
sions).'? Neglecting A’ in our main analysis is therefore a good approximation,
and these corrections do not affect our main conclusions. Nevertheless, i’ may
open up additional search channels—for instance, through visible decays when
mp > 2my, (see chapter 7)—which merit further dedicated study.

We now briefly summarize how the dark Higgs may affect the different classes
of experiments considered in our analysis.

10 A dedicated study assuming both the dark photon and the dark Higgs to decay fully invisibly
was performed in Ref. [558], finding corrections below the 5% level.
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Figure 4.5: Representative tree-level contributions to mono-photon produc-
tion in eTe™ collisions. Left: standard dark-photon channel, ete™ — v A’
Right: same, with final-state radiation of a dark Higgs boson from the dark-
photon line. Loop corrections do not modify such production decomposition
based on the final-state particles.

Mono-photon searches at electron—positron colliders

Since the scalar portal coupling to the light SM particles relevant for our analysis
is far too small to yield observable rates (additionally, one can always assume
Opp, < €), we only need to consider events mediated through the dark photon.

The total number of mono-photon events can be written decomposed as
Ny=Ng+Np+..., (4.25)

corresponding to the representative tree-level diagrams shown in fig. 4.5—loop
corrections would not modify this production decomposition. Since the dark
photon is the only relevant portal, the number of events is proportional to the
number of dark photons produced,

N, x Ny = én, (4.26)

where N4 denotes the total dark photon yield.

We introduce a suppression factor f, < 1 for N, events, which accounts for
possible x* decays inside the detector that would veto the corresponding mono-
photon signal. For N, additional suppression arises from the three-body phase
space (f3) and the off-shell propagator at the dark photon vertex (f.). Further-
more, the emission of an extra k' reduces the boost of the x*), thereby increasing
the probability that the excited state decays inside the detector, suppressing the
mono-photon signal even further (f, < f,).!!

Collecting these effects, we define

I = fS;:fb <1.

"Dark Higgs bosons can also decay visibly inside the detector (or into x* which then decays
visibly), further reducing the mono-photon yield. These effects are absorbed into fp, which
further justifies the inequality f, < fq.

Na:fafznay Nb:faf/€2nb7 f (4'27)
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From the diagrams in fig. 4.5, one expects ny ~ a'n,, provided that channels
with additional dark Higgs final states are not strongly kinematically suppressed
(i.e. mar +myp < +/s). The experimental bound N, < Neyxp can thus be written
as

fa€n (14 flo/)+--- < Nexp (4.28)

where the ellipsis denotes higher-multiplicity production modes. Neglecting these
subdominant contributions, we obtain

!
eho h

exp
e < 7@ 5 (4-29)

with (eg;(’ph/)Q = Nexp/(fana). We see that the actual bounds are expected to
become relatively stronger than those without the inclusion of the dark Higgs in
the analysis. In particular, for o/ = 0.5, this implies that our estimates carry an

uncertainty of less than 25% (assuming the conservative case f' = 1).

In principle, the kinematics of the two production channels could alter the
above reasoning and lead to f’ > 1. However, Ref. [558] has shown that such
final-state radiation effects have only minor impact, which further supports the
robustness of our approximation.

NAG64 missing energy

At NA64, dark Higgs bosons can also be produced via final-state radiation
from Bremsstrahlung-generated dark photons, and subsequently escape detec-
tion, thereby increasing the number of missing energy events. If, however, the h’
or its decay products deposit energy in the detector or veto system, these addi-
tional events are suppressed. Taking into account analogous suppression factors
(fs, f«, fb), the overall modification to our bounds is again expected to remain
below 25%. Moreover, these estimates are even more robust than in the ete™
collider case, since at beam-dump experiments the final-state particles are highly
boosted in the forward direction, making the details of production kinematics
less relevant. In addition, NA64 is an active beam dump experiment, thus fully
covering the interaction point, which further reduces possible losses of decay
products.

Scattering

For scattering signatures, additional events may arise from channels producing
x*) together with a dark Higgs A’. In this case, one expects f, ~ fp, since
we now focus on scattering in the far-forward direction, where the dominant
suppression originates from the interaction cross section, while both channels
yield similarly energetic DM particles. Following eq. (4.28), the presence of h’
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leads to a relative increase of approximately 2 f, fsa’ in the number of events if A’
decays visibly, and ~ 4f, fsa/ if ' decays into x*) pairs. Scatterings involving
B itself are strongly Yukawa-suppressed and are therefore neglected. We thus
expect our estimates to be reliable at the 40% level if b’ decays visibly, and up
to 70% if it decays predominantly invisibly into DM states before reaching the
detector. Although these uncertainties are relatively large, scattering bounds
only probe DM masses up to m, < 300 MeV and therefore do not affect the

main conclusions of this work. Moreover, in our benchmark scenario we expect
I to decay visibly due to perturbative unitarity—see chapter 6.

Beam dump experiments

In proton beam dump setups, the situation is analogous to scattering, but with
an additional factor of 1/2 for extra events due to h’, since only excited states
contribute to these searches.'? Thus, including the dark Higgs in the mass spec-
trum typically modifies our estimates by less than 25%. A special case arises if
my > 2my,, where visible h’ decays may occur inside the detector, opening up
additional search channels. This primarily affects the region m, 2 100 MeV,
where beam dump experiments are in any case less constraining for the niDM
thermal target—furthermore, extremely small 6/, values can be used to avoid
such signatures. A dedicated study of h’ decays would be required to obtain a
complete picture in this mass range.

Summary

In summary, although the dark Higgs can affect individual experimental signa-
tures, its overall impact on our constraints remains below the 25% level. The
main conclusions on the viability of the niDM parameter space—presented in
the next section—are therefore robust.

4.6 Results

Having discussed the different experiments capable of probing the niDM model,
we are now in a position to determine the allowed regions of parameter space.
To illustrate the main features, we consider two benchmark DM masses, 200 and
500 MeV, and explore the (dy, A,,) plane, where 6, denotes the dark left-right
Yukawa asymmetry and A,, the relative mass splitting between dark fermions
(see eq. (4.4)). These two masses were chosen to highlight the complementarity
of different collider searches.

12The dark Higgs could in principle decay into excited states, but for our benchmark choices
this would imply a breakdown of perturbativity (see chapter 6).
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Figure 4.6: Excluded regions in the (d,,A,,) parameter plane where the
kinetic mixing required to reproduce the observed DM relic abundance is in-
consistent with experimental results. Black lines show the ratio of elastic
(diagonal) to inelastic (off-diagonal) couplings. Reproduced from Ref. [89].

Figure 4.6 summarizes the constraints on the niDM parameter space. At each
point in the (dy, A,,) plane we determine the value of the kinetic mixing param-
eter € required to reproduce the observed DM relic abundance and then check
whether this value is excluded by existing data. Shown in blue are the strongest
constraints from proton beam dump experiments (NA62 [559]), in yellow those
from active electron beam dumps via missing energy searches at NA64 [344],
and in green those from mono-photon searches at BaBar [488]. In gray we indi-
cate model-independent bounds on € from electroweak precision measurements
at LEP [494], as well as limits from DM scattering in far detectors (LSND, E137,
and MiniBooNE) following Ref. [280]. The light gray bands mark the resonance
condition m, +my+ = my £ 1%. Black lines indicate contours of constant ratio
of diagonal to off-diagonal couplings.

From fig. 4.6 we draw several conclusions. First, the traditional iDM regime
with negligible diagonal interactions (J, < 1 or A,, < 1) is fully excluded for
both DM masses and parameter ranges considered. At the other extreme, in
the mDM regime (A,, > 1 and 6, > 1), where the heavier state decouples
and diagonal interactions dominate, all current constraints can be satisfied. For
intermediate values, the BaBar bound strengthens as A,, approaches 1 from
above, since the production of the correct DM abundance requires larger values
of e.

For A,, < 1, however, BaBar constraints are significantly weakened. This is
because the decay A’ — xx* opens up, and the subsequent x* decays often lead
to event vetoes in the missing-energy analysis. Sizable allowed parameter regions
therefore emerge for A,, ~ 0.6-0.9 and 6, 2 1. This corresponds precisely to
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the not-so-inelastic regime, where diagonal interactions shape the relic density,
while off-diagonal interactions control laboratory signatures.

The prospects for testing this parameter space in the near future are promis-
ing. NA62, running in proton beam dump mode, aims to collect ~ 10'® protons-
on-target by 2025 [552]. Because the sensitivity scales only logarithmically with
intensity, we expect modest improvements compared to current results [504].
Much more significant progress is anticipated from Belle IT [91], which has already
accumulated more than 424 fb=1 of data [560] and, even with only ~ 20 fb=!
could surpass BaBar and cover essentially all unexplored regions in the (d,, Ap,)
plane. Additional advances are expected from NA64, which continues to in-
crease its electron-on-target dataset toward a target of 10'® EoT within the next
decade [561].

The impact of these improvements is more transparent in the (m,,€) plane
shown in fig. 4.7. Different rows correspond to different values of A,,, while
columns correspond to different choices of d,, selected to lie within the most
interesting regions of parameter space. The solid black curve indicates the €
value required for the observed relic abundance; the dashed black curve shows the
corresponding iDM prediction (6, = 0 with the same A,,). Projected sensitivities
of the various ongoing experiments are shown as dashed colored lines. We find
that collecting 10'® PoT at NA62 would only marginally strengthen the lower
bound on ¢, whereas NA64 could reduce the upper bound by more than a factor
of three. The most decisive improvements are expected from Belle II, which
will probe the relic density line up to m, ~ 3 GeV for all parameter choices
considered. Further gains may come from upcoming NA64 searches with high-
energy muon beams, which are projected to cover dark photon masses up to
3 GeV with a reach comparable to the Belle II mono-photon analysis [555].

Finally, in addition to collider bounds, we show in fig. 4.7 the exclusions from
the LZ DD experiment [267], which probes m, 2 7 GeV and is therefore highly
complementary to collider searches. We also include projections for future DD
facilities: the next-generation DARWIN [551], targeting the same heavy-mass
region as LZ, and the near-future SuperCDMS [550], which extends sensitivity
down to sub-GeV masses. For J, = 50 we find an intriguing gap in coverage
around m, ~ 5 GeV, where DD experiments are challenged by the solar 8B
neutrino background [247]. Exploring strategies to fill this gap represents an
exciting direction for future experimental efforts.

4.7 Concluding remarks

In this chapter we have investigated the consequences of relaxing parity con-
servation in the dark sector of fermionic inelastic Dark Matter (iDM) models
with a vector mediator. Most of the existing literature assumes parity to be
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Figure 4.7: Current bounds and projected sensitivities to the kinetic mixing
parameter € as a function of the DM mass in the niDM model. Solid black
curves show the relic density requirement for the chosen (A,,, §,) in each panel;
dashed black curves indicate the iDM (J, = 0) relic density with the same mass
splitting. Reproduced from Ref. [89].

conserved (or only weakly broken), but as we have shown, this assumption is not
necessary. Allowing for sizeable parity breaking not only preserves the attrac-
tive features of iDM but also opens up new, viable parameter space. We refer to
this generic extension as “not-so-inelastic Dark Matter” (niDM), in which elastic
(diagonal) interactions yX — xX occur alongside the inelastic (off-diagonal)
processes xX — x*X. As in conventional iDM, the excited state x* can yield
distinctive decay signatures at laboratory experiments.

We have explored a UV-complete realization of niDM with fermionic DM
charged under a broken abelian gauge symmetry, which was introduced in chap-
ter 3. The connection to the SM is provided by the traditional kinetic mixing
of the dark photon A’ with the SM photon (see section 2.5). This framework
naturally interpolates between the iDM limit (6, — 0) and the Majorana DM
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(mDM) limit where the heavier state decouples. The phenomenology is governed
primarily by the fermion mass splitting A,, and the left—right asymmetry param-
eter 0,. The not-so-inelastic regime of interest is characterized by A,, ~ 1 and
dy 2 1. While the pure iDM limit is tightly constrained and largely excluded,
we showed that allowing for parity breaking (that is, a non-zero d,) opens up
new thermal freeze-out solutions consistent with all existing bounds. For our
benchmark setup, two DM mass windows remain viable: m, ~ 400 MeV and
m, ~ 5 GeV.

We then explored the phenomenology of these regions in detail. At higher
masses (m, ~ 5 GeV), direct detection experiments such as LZ, and in the
future SuperCDMS and DARWIN, offer potential sensitivity. However, we find
that the relic density curve lies in the region obscured by the solar B neutrino
background, leaving a challenging gap in experimental coverage. Identifying new
strategies to probe this region remains an important direction for future work.

In the sub-GeV regime, collider and beam-dump experiments provide the
most powerful probes. Production and subsequent decay of the excited state
leads to distinctive signatures, which we simulated and recast across a wide
range of facilities: proton beam dumps (NuCal, CHARM, BEBC, NA62), active
electron beam dumps (NA64), and ete™ colliders (BaBar, Belle II). We found
that existing data exclude large parts of parameter space, but leave open a win-
dow around m,, ~ 400 MeV for suitable (A,,,d,). Importantly, this window will
be fully tested in the near future: Belle II mono-photon searches and upcoming
NAG64 analyses are expected to cover the entire viable parameter space for sub-
GeV niDM. In addition, missing energy searches with high-energy muon beams
at NA64 promise sensitivity up to ma ~ 3 GeV, potentially reaching beyond
the coverage of electron beam dump setups.

To summarize, this chapter has shown that the vector-portal realization of
niDM retains the advantages of both iDM and mDM, while avoiding some of
their strongest constraints, thereby reopening parameter space for thermal DM
in the sub-GeV and few-GeV mass ranges. While our analysis here focused on
the vector portal—the most extensively studied mediator in the sub-GeV DM
literature—we will see in the following chapters that similar conclusions can
be drawn for scalar mediators and for scenarios where both portals are present.
Together, these cases broaden the phenomenology of not-so-inelastic dark matter
and establish it as a robust framework for thermal dark matter.



CHAPTER 5

Not-so-inelastic Dark Matter:
the scalar portal

Having analyzed the case where the dark sector communicates with the SM
through the vector portal—the most commonly studied setup in the inelastic
Dark Matter (iDM) literature—we now turn to scenarios where the scalar portal
provides the dominant connection." In contrast to the purely vector-mediated
case, removing the vector portal altogether does not render the theory incon-
sistent. The essential ingredient for generating two fermionic DM states with
a mass splitting, and hence a non-trivial flavor structure as required in not-so-
inelastic Dark Matter (niDM) models, is the presence of Majorana mass terms,
which can naturally arise from couplings to a dark scalar.

In this chapter, rather than building directly on the general niDM framework
introduced in chapter 3 and fixing a maximal CP-violating phase ¢4 = 7/2, we
adopt a different but equivalent perspective. We construct a minimal setup with
a Dirac fermion yp coupled to a real pseudoscalar field a. In the limit where the
parity-violating parameter vanishes, this setup preserves all discrete symmetries
(C, P, and T). Throughout this chapter, we will work close to this nearly CP-
conserving limit. Importantly, this formulation avoids the need for introducing
an additional dark U(1)" gauge force.

Scalar portal models are notoriously constrained in the sub-GeV mass range.
In this regime, reproducing the observed DM abundance through thermal freeze-
out would require unreasonably large scalar mixing with the SM Higgs, while
stringent experimental bounds further reduce the available parameter space (see
section 2.5). Consequently, the scalar portal can provide a viable thermal DM
candidate only at masses above roughly 10 GeV. At these higher masses, however,
direct detection limits become extremely stringent, making predictive scalar-
mediated thermal DM scenarios particularly difficult to realize.

In the framework developed here, we construct a scalar portal model in which

!The material in this chapter is fully based on Ref. [93].
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interactions are dominantly inelastic (off-diagonal). Such behavior requires par-
ity violation in the dark sector, since in a parity-conserving scenario the interac-
tions would instead be purely elastic (diagonal). This mechanism suppresses the
otherwise dominant elastic scattering channels and thereby relaxes the stringent
constraints from direct detection. As we will argue, this setup constitutes one
of the most minimal realizations of fermionic iDM found in the literature. In
what follows, we compute the direct detection limits from LZ [267], estimate
the future reach of DARWIN [94], and analyze complementary constraints from
collider experiments, perturbative unitarity, and cosmology, ultimately showing
that our scalar portal niDM scenario provides an ideal target for upcoming direct
detection searches.

The remainder of this chapter is structured as follows. In section 5.1, we
introduce the scalar portal framework for niDM and discuss its relation to the
SM. We then study the decay modes of the excited state and the theoretical
constraints from perturbative unitarity. In section 5.2, we analyze the DM relic
abundance via thermal freeze-out. Indirect and direct detection bounds, arising
from both elastic and inelastic interactions, are presented in section 5.3. Col-
lider constraints, primarily from precision Higgs measurements, are discussed in
section 5.4. We then combine these results with relic abundance requirements
and cosmological considerations in section 5.5, before concluding in section 5.6.
Appendix E provides a brief discussion of the methods used to compute the DM
relic abundance in this chapter.

5.1 A new minimalistic model

The simple WIMP model of a fermionic DM coupled to a dark Higgs mediator
in a CP-conserving setup [562] is essentially ruled out by direct detection con-
straints in the visible freeze-out regime, where the relic abundance is thermally
generated through DM annihilation into SM particles (DM DM <« SM SM) [330].
One proposed remedy is to replace the scalar mediator with a pseudoscalar (the
so-called Coy Dark Matter scenario), or alternatively, to introduce sizable CP
violation in the dark sector [326, 356, 357]. However, these solutions come at
the cost of suppressing the prospects for probing DM in direct detection experi-
ments [563, 564], and they additionally face stringent indirect detection bounds
for DM masses below 10-100 GeV [565].

In this analysis, we pursue a different route: we substitute the usual Dirac-
type Yukawa couplings (yx) in the dark sector with Majorana-type Yukawas
(x®x), which are often neglected in simple singlet extensions of the SM. Allowing
for a small breaking of parity then transforms the setup into one of the most
minimal realizations of iDM [69], where indirect detection limits can be naturally
avoided due to the efficient depletion of the heavier state, e.g. through its decays.
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Indeed, iDM models commonly found in the literature are realized in a variety
of more complex ways: via the vector portal, which introduces a new U(1) gauge
boson together with a symmetry-breaking mechanism (typically a dark Higgs
mechanism); through non-renormalizable portal operators; or by extending the
SM with a larger number of new particles—see Refs. [70, 417, 418, 420, 432, 465,
476, 477]. By contrast, we show that introducing only a single real pseudoscalar
acquiring a vacuum expectation value (vev) suffices to build a UV-complete
fermionic iDM model, provided that the dark sector exhibits a small but non-
zero amount of parity violation. Owing to its minimality, we will refer to this
setup as minimal-inelastic Dark Matter (miDM).?

The miDM framework developed here features a predictive visible freeze-out
regime, testable by upcoming direct detection experiments such as DARWIN,
and subject to complementary cosmological probes from Big Bang Nucleosyn-
thesis (BBN) and the Cosmic Microwave Background (CMB), as well as collider
searches at the LHC. In the remainder of this section, we introduce the model
in detail and clarify its relation to the niDM setup discussed in chapter 3.

5.1.1 The framework

We consider a real pseudoscalar field A with a nonzero vacuum expectation value
(vev) (A) = w, and a Dirac fermion xp = xr, + xr, where both fields are singlets
under all SM gauge groups. To reduce the number of allowed terms in the
Lagrangian, we impose a Z; symmetry,

X — ix, A— —A, (5.1)

under which the most general Lagrangian consistent with the SM gauge group
and the Z;, symmetry can be written as

Lnp =Ly +La, (5.2)
with
. 1 -
L, = (i@ — maq)x — %yAXC (6p +v5)x + h.c., (5.3)
1 2 a a
La= L@ 0)(0,) + Hoaz - o gt 2ok g2y 6.4

where H denotes the SM Higgs doublet, and charge conjugation is defined by
Y¢ = Cyl'y* with C the charge conjugation matrix.

2A related model was discussed in Ref. [440] in the context of the INTEGRAL/SPI 511 keV
line, though their focus was on the CP-conserving regime and a secluded freeze-out scenario
rather than the predictive visible freeze-out considered here. Other minimal (n)iDM construc-
tions exist for scalar DM [441, 566], though their iDM limits are typically less natural.
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If 6p = 0 and y is real, both P and CP are exact symmetries of the La-
grangian, in which case the setup reduces to a Coy Dark Matter model [356].
In what follows, we instead allow for a small real parity-breaking parameter
§p = 65 < 1 together with a real Yukawa coupling y.°> The origin of a small
non-zero dp could lie in a fully CP-conserving extension of the dark sector where
parity violation is radiatively induced by interactions with the SM weak sec-
tor. Here, however, we remain agnostic about its origin and focus instead on its
phenomenological consequences.

Adopting the unitary gauge, we expand
1
V2

where v = 246 GeV is the SM Higgs vev. The fermion mass terms then take the
form

A=a+w, H=-—=(0,h+0v)T, (5.5)

_ 1 _ 1 a
Ly D —mgXLXR + §mLXCLXL — ngX%XR +h.c., (5.6)

with Majorana masses related to the Yukawa couplings by mp, p = 2y, gpw and

yr/r = y(1 Fdp)/ V2. Tt is technically natural to have w < myg, in which case
we define my w
dig=—ox — <K 1. (5.7)
mg Mg
To obtain nearly off-diagonal couplings of the DM states to the dark pseu-
doscalar, following table 3.3, one requires d; < 1. Thus, eq. (5.7) together with
d0p < 1 allows us to systematically expand in both d; and dp. Unless otherwise
specified, all results below are given at leading order in these parameters, while
numerical results include the full dependence on 9;.

After diagonalizing the fermion mass terms, the Lagrangian becomes

1_ . 1 _ .
Ly =509 — ma)xi — SypaXi(aiy + iBiiY°)X; » (5.8)
with Majorana masses
1

My (x) = Mg (1 + 5(5(1(50{ F 2(5]3)) , (5.9)

and normalized mass splitting
Ay =T 7T _ 95.5p. (5.10)

My

Wy ”

The interaction coefficients are collected in table 5.1, where “x” denotes the
excited state and “—” the ground state. From eq. (5.10), it is evident that parity
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Table 5.1: Coupling coefficients of dark fermions to the dark pseudoscalar
in the limit §; < 1.

Qne = 2(04 1 0p + Ay +05) Buw =0

.. =0 Bi. =2+ 25p + 26% — &2
=0 B = Pa-
a.=2(84—0p+ Ay —06%) B-=0

conservation (0p = 0) implies A,, = 0, i.e. the two states are degenerate and
only elastic interactions remain.

Defining the dark Yukawa fine-structure constant oy, = y?/4m, the effective
elastic and inelastic constants read

2 2 2
Qel. = oy, Qlelye = Oty Qlinel = Q35 . (5.11)

A notable feature from the coupling structure in table 5.1 is that the diagonal
couplings differ between ground and excited states, as in the i2DM scenario [478].
This allows mediator decays into two excited states, potentially leading to strik-
ing signatures such as double displaced vertices—see chapter 7.

Finally, interactions with the SM arise from a mass mixing between A and
H, induced by the A\, term in £4. The mixing angle 6 is given by*

Agh VW
A2 — Ngw?’

such that the physical pseudoscalar a couples to SM states and the SM Higgs
h couples to dark fermions, both with couplings suppressed by sin@. The cor-
responding scalar mass eigenvalues can be found in section 2.5, where a more
detailed discussion of the scalar portal is also provided. For simplicity, we will
continue to denote the SM-like scalar by h and the dark pseudoscalar by a.

tan 20 = (5.12)

As a final remark, promoting the pseudoscalar A to a complex field would
instead allow for a global U(1) continuous symmetry in place of the discrete Zj.
If this symmetry were gauged, one would effectively recover the niDM model of
chapter 3 upon shifting the pseudoscalar into a scalar and introducing a maximal
phase ¢4 = 7/2 for the Dirac mass. Such a U(1) symmetry would simplify the
Lagrangian in a manner similar to the considered Z4, but analyzing the conse-
quences of the associated Nambu—Goldstone boson or of a new gauge boson goes
beyond the scope of this chapter. To make the correspondence with chapter 3
explicit, we identify

_ 20p (chap. 3) __ 1 (chap. 5)
0y = —op (' = \/iyL . (5.13)
3We assume ép real for simplicity. A complex value would lead to similar phenomenological
consequences, except that CP is restored for an imaginary dp for a real y.
4In this chapter we denote the scalar mixing simply by 0, since there is no risk of confusion
with the dark-fermion mixing angle introduced in previous chapters.
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(a) Light mass splittings. (b) Heavy mass splittings.

Figure 5.1: Total decay width of the excited state, I'. (dashed gray), and
partial widths T'(x* — xF) into selected SM final states F (solid colors), shown
for (a) small and (b) large mass splittings. Only the dominant modes are pre-
sented. The right-side vertical scale indicates the corresponding lifetime 7.
The light gray band at A,,m, = 2 GeV marks the region where neither dis-
persive analyses nor perturbative spectator models are reliable [331, 568, 571],
resulting in the discontinuity of the total width. For Higgs final states, we
approximate cos @ = 1. Reproduced from Ref. [89].

5.1.2 Excited Dark Matter decays

If kinematically accessible, decays into the mediator would dominate the width
of the excited state I',. However, in the miDM framework the mass splitting
is naturally small, A,, < 1, such that xy* — 3y is always forbidden, while
X* — xa is inaccessible in the visible freeze-out regime (DM DM <« SMSM).
Consequently, decays into SM final states are of central importance, and we
compute the corresponding partial widths shown in fig. 5.1.°

Loop-induced decays into photons [567] and gluons [568, 569] (with as(s)
from [138]) as well as non-perturbative decays into mesons [568] are obtained

from the standard results for dark Higgs decays, through the amplitude relation
6

TA A0 e Fa* TA S0/ %
MP(¢ — x2F) = Do Lero2Z fom v o),

= — 5.14
6.7: Fa*%2e ( )

where 2F denotes a SM fermion—antifermion or boson—antiboson pair, and B]% =

m%f — 4m2f, with mp, p, the invariant mass of the pair. The decay width Iy~

corresponds to that of an off-shell pseudoscalar with effective mass mor.

5We neglect the reduced phase space due to confinement effects: for instance, charm (bottom)
production requires Amm,, > 2mp (2mp), rather than simply 2m. (2my).

5As emphasized in [570], hadronic decay rates suffer from sizable uncertainties that must be
considered for precise cosmological studies of miDM.
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In the perturbative regime, the decay width into light fermions, 2m; <
Apm,y < my, takes the form

(5.15)

) o gin?ogm2 (A2 —72)4 7 1\2
Lo = xff) ~ N, Gnasin 207 (B — 7)) ( )

560m2 w2 Ay, 47y mi,% - m2
with N, = 3 (1) for quarks (leptons) and 7 = 2my/m,,.

For very light dark scalars, m, < A,,m, < m,, the two-body decay x* — x a
opens up. In this case, for § < y,

1 m?2 3/2
T, ~ o Cinel cos® 6 (A?n — m%) My - (5.16)

Considering m, € [10,10%] GeV, for m, < my, and couplings typical of freeze-
out (6,y > 1071), the excited state lifetime falls well below one second once the
splitting exceeds the kaon threshold,

Apmy > 2m .
For heavier dark scalars, m, > my,, this happens above the B-meson threshold,
Apmy >mp.

In these regimes, cosmological abundances of x* are negligible. By contrast, for
mgq =~ my, destructive interference between the two scalar portals may render x*
long-lived, in which case a dedicated relic abundance analysis would be necessary.

5.1.3 Perturbative Unitarity
Visible freeze-out requires

Ma 2 /20 W > My ~ My . (5.17)

At the same time, suppressing diagonal couplings demands §g < 1, i.e. V2yrw <
myg. Taken together, these conditions tend to push A, to large values, potentially
violating perturbativity. Following [330], we impose

300+ Aa) £ /90 — Aa)? + 22, < 167, (5.18)

ensuring perturbative unitarity in aa — aa and hh — hh scattering.” We
also exclude regions where the dark Yukawa becomes non-perturbative, o, > 1.
These requirements already constrain much of the visible freeze-out parameter
space.

"Stronger bounds could in principle be obtained by including additional processes [572].
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For intuition on the allowed range of ¢4, consider first Ay, =~ 0 (hence 6 ~ 0),
for which eq. (5.18) simplifies to A, < 87/3. Demanding m, > m, then implies

3
0a 2\ —y. 5.19
a2\ g Y (5.19)
Note that we also take dp < 1 throughout our analysis in order to suppress
direct detection constraints.

Second, within the freeze-out approximation, the thermally averaged annihi-
lation cross section is
2 1202
(ov) o BMY T =B 10710 Gev =2, (5.20)

167rm§<

where ygy denotes the SM Higgs coupling to the heaviest SM state available for
annihilation (simply taken O(1) for my > GeV), and zy = m, /Tt ~ 20 with T
the freeze-out temperature. From this condition we estimate

0.1 m
04 2 0.25 (6 > (1 TeV) e . (5.21)

This rough estimate indicates that «,. cannot be arbitrarily suppressed in
the visible freeze-out regime, since a. ~ 2§, (unless one fine-tunes d; ~ dp). We
therefore expect relatively large mixing angles, # = 0.1, and small normalized
mass splittings, A, < 0.1, to remain compatible with perturbativity.

In summary, theoretical consistency requires modest mass splittings, non-
negligible diagonal couplings, and sizable Higgs—dark scalar mixing angles. This
renders the model a highly predictive framework and a well-motivated target for
experimental searches. These expectations will serve as guiding benchmarks for
the numerical analysis of the relic abundance and the experimental constraints
presented in the following sections.

5.2 Relic abundance

In order to predict the DM relic abundance, we have developed a dedicated
Mathematica® package to solve the Boltzmann equations for the case of up to
two DM particles in kinetic equilibrium with the SM during freeze-out (see ap-
pendix E for details).® The package also implements a refined freeze-out approx-
imation, adapted to scenarios with two DM states, which allows us to efficiently
generate the figures presented in this chapter. In practice, we compute the full
numerical solution for a limited number of benchmark points in each figure,

8Since we consider large scalar mixing angles, kinetic equilibrium between DM and the SM
should be preserved during freeze-out [394].
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Figure 5.2: Values of the scalar mixing angle 6 that reproduce the observed
DM relic abundance Qpyph? = 0.12 as a function of the DM mass (black lines).
The gray shaded regions correspond to perturbativity bounds. Higgs signal
strength constraints from CMS and ATLAS [573, 574] are shown in green,
while orange regions indicate the bounds from LZ [267]—see text for details.
Solid lines correspond to the miDM scenario, while dashed ones correspond to
the elastic scalar portal DM case. Reproduced from Ref. [89].

thereby controlling the accuracy of the freeze-out approximation and reducing
its error.

To remain in a theoretically controlled regime, we restrict our study to DM
masses m, > 10 GeV, thereby avoiding non-perturbative QCD effects in the
relic density calculation. Lighter masses are in any case expected to be excluded
by a combination of existing experimental constraints and the strong Yukawa
suppression of annihilations into light SM final states.

A key difference between miDM and the standard elastic scalar portal—the
CP-conserving Higgs-portal with Majorana DM which will be denoted simply by
mDM in this chapter—is that the off-diagonal interactions in miDM allow for
s-wave coannihilations into SM final states, x x* — SMSM. This is a feature
it shares with pseudoscalar (Coy) DM, though in that case the s-wave applies
directly to x x annihilations. By contrast, mDM leads to p-wave—suppressed
annihilations, x x — SMSM. As a result, miDM can reproduce the observed
relic density with smaller couplings than the standard scalar portal, thereby
alleviating (though not removing) direct detection constraints while remaining
predictive. To illustrate this point, fig. 5.2 compares the thermal targets of the
elastic mDM scenario (dashed) and the (not-so-)inelastic miDM scenario (solid).
As shown, miDM can evade current bounds while still lying within the reach of
upcoming searches.
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5.3 (In)direct detection

Indirect detection bounds from off-diagonal (inelastic) co-annihilation or from
x* decays are negligible in the parameter region where the excited state lifetime
is much shorter than a second. In this case, the abundance of x* during BBN
or CMB is vanishingly small.” For 7, > 0.02 s [442], the abundance of x*
becomes non-negligible and its cosmological implications deserve a dedicated
study. Bounds from energy injection during BBN are expected to be particularly
stringent in such cases. One possible way to evade these limits would be to
consider extremely long-lived states (6p ~ 0), corresponding to late-universe
decaying DM scenarios. We do not pursue this possibility further in the present
work.

On the other hand, diagonal (elastic) annihilations are p-wave suppressed,
leaving no relevant constraints from indirect detection on the annihilation cross
section. Potential constraints could also arise from the visible decays of the
pseudoscalar mediator. However, in the mass range of interest, m, = 10 GeV,

and for the mixing angles considered, § > 1072, we find 7, < 0.02 s, so the
abundance of a is negligible already at the BBN epoch.

Turning to direct detection, inelastic scatterings are suppressed in two ways:
kinematically, when the mass splitting exceeds the kinetic energy of DM in the
halo (A, = v? ~ 107%), and dynamically, since the pseudoscalar nature of the in-
teraction generates only momentum-suppressed operators in the non-relativistic
effective theory, in particular 01911 o< ¢ [256].1

By contrast, elastic couplings induce unsuppressed spin-independent cross
sections for DM-nucleus scatterings, which are tightly constrained. The LUX-
ZEPLIN (LZ) experiment [267] currently provides the strongest limits on such
interactions, and the future DARWIN project [94] is expected to extend the reach
further. Following ref. [330], the corresponding cross section reads

- ui N fRaesin?20 /1 1\2
g = 3 S T 5 y (522)
v my  mg

where f1, v is the reduced DM-nucleon mass, my the nucleon mass, and fy ~ 0.3
the effective Higgs—nucleon coupling [575]. The only way to relax these con-
straints is by suppressing «.. sufficiently, which however conflicts with pertur-
bativity. Consequently, much of the visible freeze-out regime consistent with
perturbativity remains within the projected sensitivity of these detectors.

9See e.g. Ref. [454] for scenarios with large mass splittings, where indirect detection signals
from iDM can arise.

100ff-diagonal couplings also induce loop-level spin-independent interactions. Results from
Ref. [564], applicable in the A,, < 1 limit, show that such loop contributions remain about an
order of magnitude above the thermal target.
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5.4 Colliders

Collider constraints on an invisibly decaying scalar portal (m, > 2m, ), relevant
for most of the visible freeze-out regime, arise primarily from precision Higgs
measurements. Possible deviations of the Higgs properties in our model from
those of the SM Higgs can be captured by a signal strength modifier p, which
rescales all production and decay modes of the SM-like Higgs uniformly while
leaving branching ratios unchanged [331]. This behavior is precisely what is
expected in the framework of our miDM model.

The combination of ATLAS and CMS measurements requires p > 0.93 at
95% CL [573, 574]. In our scalar mass-mixing scenario, u takes the form [576]
cos? 0 F}SLM
cos? g ['SM 4 Tfark”?

pt = cos* 0 (5.23)

where T'3M = 4.1 MeV [577] denotes the SM prediction for the total decay
width of the Higgs, and F?Lark is the partial width into dark-sector states. Equa-
tion (5.23) thus provides a generic constraint on our model that applies to either
a visibly or an invisibly decaying pseudoscalar mediator, independent of specific
search channels.

In this work, we will focus on constraints from Higgs signal strength mea-
surements, since they dominate in the mass range m, = 10 GeV when a decays
invisibly, which is particularly relevant for visible freeze-out [331]. Nonetheless,
parts of the parameter space where a decays visibly (m, < 2m, ) remain testable
through direct searches for the mediator at ATLAS [574, 578], CMS [579], and
LEP [580], illustrating the complementarity of different search strategies and
the promising prospects offered by upcoming HL-LHC data—see the summary
of constraints in section 2.5. Even in the invisibly decaying regime, additional
signals may arise from the decays of the excited DM state, in close analogy to

the vector portal scenario.

5.5 Results

In fig. 5.3, we present the combined constraints on the freeze-out parameter
space. Each panel corresponds to a different choice of the mixing angle 6, the
vev-Dirac mass ratio d4, and the parity-breaking parameter ép. For every pair
of dark-sector masses (m,,m,), the dark Yukawa coupling y is fixed by requir-
ing the observed DM relic abundance to be produced via freeze-out. Opaque
regions are currently excluded by experimental data or perturbativity, while
shaded/hatched regions indicate projected sensitivities of future searches. The
gray bands mark the resonant region m, € (2 & 10%)m,, where early kinetic
decoupling is expected to affect the relic abundance calculation [78]. Overall,
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we find that perturbativity imposes some of the strongest constraints across the
parameter space.

In the wvisible freeze-out regime, perturbativity effectively rules out the limit
of very small §; < 0.1, forcing the Dirac mass scale mg to be comparable to the
dark vev w. As a consequence, elastic interactions remain relevant and subject
to direct detection constraints. This was expected, since the dark scalar mass
scales as m, ~ w ~ dgmg and must exceed the DM mass m, ~ mgy for freeze-
out to occur through the visible channel. While the inelastic nature of miDM
opens new viable regions, they are strongly bounded by perturbativity and will
be almost fully covered by next-generation direct detection experiments. Only
finely tuned configurations with dp &~ 04 can completely evade these bounds,
and even then only for small values d; < 0.2, as large normalized mass splittings
are exponentially suppressed. Furthermore, small scalar mixing angles # < 0.1
are also excluded by a combination of perturbativity and the relic abundance
requirement, making collider probes potentially relevant in this regime.

In the secluded regime, much larger portions of parameter space survive.
Here, the dark scalar is naturally lighter than DM, so direct detection con-
straints can be relaxed by taking smaller d;. Nevertheless, Higgs signal strength
measurements remain constraining and require § < 1072 to be avoided entirely.
Importantly, wide regions of parameter space unconstrained by Earth-based ex-
periments contain long-lived excited states with 7, = 0.02 s [442], due to sup-
pressed mass splittings. Such lifetimes can be in tension with BBN and CMB
bounds, suggesting that cosmological probes may be decisive in testing this pa-
rameter space. Notably, reducing §; and 0 to weaken terrestrial constraints tends
to enlarge this cosmologically sensitive region, underscoring the complementarity
between laboratory searches and cosmology.

In summary, visible freeze-out in miDM is highly predictive and testable
in the near future, while the secluded regime remains more open but strongly
linked to cosmological signatures. Together, these results highlight the balance
between perturbativity, collider limits, direct detection, and cosmological probes
in shaping the viable parameter space of the model.

5.6 Concluding remarks

We have introduced a renormalizable pseudo-Dirac dark matter (DM) model
adopting a dark Higgs mechanism with a real pseudoscalar field, which simulta-
neously mediates DM—SM interactions via the scalar portal. The pseudo-Dirac
nature is generated via a Majorana—Yukawa term (x¢x) by allowing for parity
breaking in the dark sector. In the case of small parity breaking, the diago-
nal couplings between dark fermions are suppressed, and the model realizes an
inelastic DM (iDM) behavior. The absence of an extra massive gauge boson,
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Figure 5.3: Regions in the (m,,m,) plane excluded by current and projected
searches. Light gray: perturbativity. Green: Higgs signal strength [573, 574].
Orange: direct detection (LZ [267]). Red-hatched: DARWIN [94] sensitivity.
Blue: regions where 7, > 0.02 s, potentially in conflict with BBN [442]. Gray
bands: resonant region m, € (2 = 10%)m,. See text for details. Reproduced
from Ref. [93].
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usually present in pseudo-Dirac iDM models, establishes this framework as one
of the most minimal realizations of iDM in the literature. For this reason, we
refer to it as minimal-inelastic Dark Matter (miDM).

From another perspective, miDM can be viewed as a minimal deformation
of the standard dark Higgs portal with Majorana DM, yet this modest modifi-
cation leads to a qualitatively new cosmological history and novel experimental
signatures. In this chapter, we introduced this new possibility and studied its
properties in the regime of weak scale DM masses. We focused on the initial-
conditions—independent scenario of DM production via freeze-out, considering a
dark sector in equilibrium with the SM bath. In the visible freeze-out regime, we
found the model to be tightly constrained by perturbative unitarity, requiring
mediator masses below m, < 3m,, i.e. near an s-channel resonance. In compar-
ison, the standard CP-even portal with Majorana DM is essentially ruled out in
this regime, while the CP-odd portal remains largely untested for masses above
a few hundred GeV—and out of reach of direct detection searches.

In contrast, the secluded regime offers a larger viable parameter space, even
for sizeable scalar mixing angles # > 1072, where the standard scalar portal
would already be excluded by direct detection searches (except in the fine-tuned
region mg &~ my). Moreover, miDM can accommodate lighter DM candidates
while avoiding indirect detection constraints, in contrast to the CP-odd case,
and allows for regions where the excited DM state can be long-lived, opening up
interesting signatures at both cosmological and collider scales.

Finally, we emphasize that the most predictive part of parameter space, where
DM is produced via visible freeze-out, will be nearly completely tested by the
next generation of direct detection experiments, such as DARWIN, with the ex-
ception of narrowly fine-tuned corners (dp ~ 64 < 1 or m, =~ 2m,). This makes
the miDM model a particularly timely and well-motivated target for upcoming
direct DM searches.

Taken together with the vector-portal construction analyzed in the previ-
ous chapter, this study highlights parity violation as a unifying mechanism for
realizing inelastic dark matter across different portals. By systematically ex-
ploring both vector and scalar mediators, this thesis demonstrates how modest
deformations of otherwise standard dark matter models can qualitatively change
their phenomenology and experimental prospects. In this sense, the scalar portal
miDM scenario developed here not only enlarges the landscape of viable iDM
models, but also reinforces the central theme of this work: that the role of parity
in the dark sector is both non-trivial and experimentally testable, offering one of
the cleanest pathways toward connecting particle physics models of dark matter
with the next generation of experimental data.



CHAPTER 6

Not-so-inelastic Dark Matter
with two mediators

In the previous chapters, we have explored each portal separately. While the
scalar portal can in principle serve as a standalone mediator [93] (particularly
since the scalar is essential to generating the mass splitting that enables inelastic
interactions), this simplification does not extend to the vector portal. Indeed,
the vector model (e.g., the Lagrangian in eq. (3.43)), in which the U’(1) gauge
symmetry is explicitly broken by Majorana mass terms, necessarily requires a
scalar field to spontaneously break the symmetry in order to render the theory
a consistent UV-complete realization [339].1

The scalar portal alone may give rise to the minimal-inelastic DM (miDM)
model [93]. However, as seen in chapter 5, it cannot serve as a predictive thermal
model for sub-GeV DM due to Yukawa suppression in annihilations to light
SM particles. One may consider a secluded freeze-out for miDM, but such a
setup implies that DM states are only produced via suppressed off-shell diagrams
at colliders. Consequently, the only relevant collider signals would arise from
dark Higgs decays, resulting in minimal novelty for DM phenomenology beyond
existing dark Higgs searches.

Despite its non-minimality, the vector portal remains particularly compelling.
It permits predictive WIMP-like sub-GeV DM scenarios, and—under parity con-
servation in the dark sector—can realize exact iDM models with purely off-
diagonal interactions, unlike the scalar portal which always retains some residual
elastic couplings. Furthermore, the dark photon couples to all SM fermion fam-
ilies without any suppression other than the kinetic mixing €, making it easier
to be produced in a wider range of high-energy experiments, and thus richer in
experimental signatures.

In chapter 4, we studied the vector portal neglecting the effects of the dark
Higgs. However, given the large gauge couplings typically required for successful
freeze-out, the dark Higgs cannot be much heavier than the other dark sector

1Or a more elaborate mechanism for the U’(1) breaking.
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particles if perturbative unitarity is to be preserved [329, 581]. As such, the dark
Higgs should be considered an active component of the particle spectrum. Al-
though, as shown in section 4.5, the presence of a dark Higgs does not drastically
alter the constraints or sensitivities presented earlier (typically within a 20% er-
ror margin), it does open the door to a number of important phenomenological
consequences, which we now explore in detail.

To clarify under what conditions the dark Higgs can be decoupled, we recall
the perturbative unitarity condition. From eq. (5.18), and assuming App =~ 0
(which is generally justified since 0y, < 1 by experimental bounds [331]), the
unitarity constraint simplifies to [330]:

A < §7r. (6.1)

Furthermore, with Ay, = 0, the dark Higgs mass is approximately

vV Ap 0.1
M &V Aww = S m g < 1.3\/7mA/, (6.2)
20y o

where in the last inequality we have saturated the bound on A\, using Eq. (6.1).
Therefore, assuming mys > ma/, m,+ in order to fully decouple the dark Higgs
from the low-energy theory is only possible for very small o/ < 0.1. Such small
gauge couplings make thermal freeze-out viable only via narrow s-channel reso-
nances [78], fine-tuned forbidden channels [446], or a cold secluded sector with
reduced predictivity. Hence, within a minimal perturbative framework, it is nei-
ther possible nor phenomenologically compelling to fully decouple the dark Higgs
when o 2 0.1.

The phenomenology of the dark Higgs in the mass spectrum depends on
whether it is light or heavy. In the former case, it decays visibly and offers long-
lived particle (LLP) signatures, while in the latter, it typically decays invisibly,
increasing the multiplicity of dark sector states. For the visible-decay regime,
one generally requires kinematic suppression of dark sector final states (my <
2my,2my), as these would otherwise dominate due to the small scalar mixing
angle 0/, < 1 and the Yukawa suppression of SM light particles [83]. The
invisible-decay regime usually occurs when this kinematic suppression is lifted.

The implications of the dark Higgs in the context of iDM and niDM were
already studied in relative detail in Refs. [329, 418, 528] nearly a decade ago.
However, only recently has the richness of new signatures at colliders of these
models gained attention [79, 83, 529], culminating in a dedicated search for dark
Higgs decays in iDM scenarios by the Belle II collaboration itself [82].

To understand these implications concretely, we categorize the scenarios as
follows:
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Heavy Dark Higgs: For an invisible dark Higgs (e.g., b’ — xX), one expects
more standard signatures, such as a SM pair plus missing energy (eTe™ — A'h
with A’ — ff and ' — inv) [582-584], or a small influence in other searches
(as in our niDM case discussed in chapter 4). For instance, Ref. [558] showed
that final-state radiation of dark Higgs particles in such scenarios can increase
bounds on A’ by up to 5%, specifically in mono-photon searches at BaBar [488].

If the decay h/ — A’A’ are kinematically allowed, multi-lepton final states
can arise, such as ete™ — A'h/ — 3A" — 6/ [582], motivating searches via both
Higgs-strahlung [585-587] and rare meson decays [588].

Including iDM or niDM into the picture allows for a visibly decaying LLP
(the excited DM state x*) even if both the dark Higgs and dark photon remain
invisible, thereby opening up additional discovery channels. Consequently, stud-
ies of (n)iDM with a heavy dark Higgs typically focus on the regime in which h’
can decay into at least one excited state [83, 529].

Ref. [529] investigated the specific scenario where excited states are produced
solely via dark Higgs decays, while the dark photon A’ decays invisibly into y
particles. Their results highlight the critical role of the dark Higgs in probing
the parameter space, since in its absence constraints would arise only from DM
scattering and traditional searches for invisible dark photons. Notably, they
demonstrate that searches targeting excited-state decays at FASER [589] can
significantly enhance sensitivity to (n)iDM models—reaching all the way to the
thermal relic target—even in nearly resonant regimes such as ma ~ 2m, . How-
ever, their analysis is confined to a compressed dark sector with small mass
splittings A, < 0.4, which enhances the s-channel (co)annihilation due to res-
onance (since mar < my + my+ < 2.4m, is required). It remains an open and
interesting question how these results would change under more generic mass
hierarchies, which become accessible by introducing significant parity breaking
in the dark sector (i.e., allowing J, # 0).

An additional and more generic signature was explored in Ref. [83], namely
the production of two visibly decaying particles within a single event—a feature
we will refer to as “di-decay” events. These arise due to the presence of the dark
Higgs boson and, as we will discuss in the next chapter, can also be generated
in niDM models even without the dark Higgs, or from the dark Higgs portal
alone [95]. Ref. [83] considered the case of a heavy dark Higgs with myp > 2my«,
such that the decay h’ — x*x* is kinematically allowed. They focused on the
Belle II and GAZELLE experiments within the standard iDM framework (5, =
0). For large values of the gauge coupling o/, they analyzed the Higgs-strahlung
process producing up to three excited states per collision, while for smaller o
they considered B-meson decays B — K®*)h/ with two excited states emerging
from the dark Higgs decay. These novel signatures are illustrated in fig. 6.1. In
both setups, they found that for moderate mass splittings A,, = 0.1, previously
unconstrained regions of parameter space could be explored. However, aside from



6. NOT-SO-INELASTIC DARK MATTER WITH TWO MEDIATORS 123

Figure 6.1: Feynman diagrams and schematic event topologies illustrating
signatures due to a heavy dark Higgs boson in iDM models at Belle II. The left
panels show production via the dark Higgs-strahlung process, ete™ — A’H/,
while the right panels depict production through rare B-meson decays, eTe™ —
Y(4S) — BB followed by B — Kh'. The bottom diagrams present corre-
sponding displaced vertices signatures in the transverse plane of the Belle 11
detector. Reproduced from Ref. [83].

a finely tuned resonant configuration (ma: = 2.01m, + 6), the majority of these
regions would overproduce DM. This reinforces the importance of investigating
larger mass splittings enabled by the more generic niDM framework with ¢, # 0.

Light Dark Higgs: This scenario is motivated by large gauge couplings o’ 2,
0.1, as required for thermal relics from y™*)x®*) — A’ — ff, and leads naturally
to visible dark Higgs decays. Light h’ can participate in secluded freeze-out via
the p-wave annihilation xx — h’'h’ [79], though s-wave enhancement may occur
through bound state formation [339, 590]. In contrast, light vectors mediate
s-wave freeze-out which is excluded by CMB constraints for m, < 10 GeV [26].

Since a light dark Higgs decays visibly, it is subject to numerous standard
experimental searches, which in turn impose stringent constraints on the mixing
angle, typically requiring 65/, < 107* [331] (see section 2.5.1).

Ref. [79] investigated in detail the case of a light dark Higgs within the
standard iDM framework, focusing on scenarios where the scalar is produced via

Higgs-strahlung processes at Belle II. They analyzed a novel di-decay topology
in which both the dark Higgs and the excited DM state x* can decay visibly,
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Figure 6.2: Feynman diagrams and schematic event topologies illustrating
distinct iDM signatures at Belle II. The left panels depict the canonical vector
portal iDM process, featuring a high-energy photon and a displaced vertex:
ete™ = yA" — ~yxx*, followed by the visible decay x* — xff. The right
panels show a di-decay signature enabled by a light dark Higgs boson, produced
via Higgs-strahlung ete™ — A’ — xx*h’, with both A’ and x* decaying
visibly. The lower diagrams illustrate the corresponding displaced vertices
signatures in the transverse plane of the Belle IT detector. Reproduced from
Refs. [3, 79].

leading to a di-decay event with two different invariant masses. This distinctive
signature is schematically shown in fig. 6.2, alongside the more conventional iDM
signal: a single displaced vertex from x* decay in association with a high energy
photon. Their analysis demonstrates that Belle IT has excellent sensitivity to this
di-decay signature, particularly for large gauge couplings o/ 2 0.1, as illustrated
in fig. 6.3.

Although the light Higgs scenario generally lacks the full predictive power
of a visible freeze-out model, it still constitutes a consistent and phenomeno-
logically rich DM framework. It naturally arises in dark sectors with large
gauge couplings, offering multiple distinct and complementary discovery chan-
nels. Notably, the promising collider signatures associated with this scenario—
particularly the di-decay events arising from Higgs-strahlung—have already mo-
tivated a dedicated search by the Belle II collaboration itself [82].

Finally, the niDM framework is not expected to drastically change the above-
mentioned searches (at least in the regions of parameter space they explored),
except in one key regime: when the mass splitting § > my, and parity is broken
6y # 0, since now the decay x* — xh' becomes possible. Due to the typically
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Figure 6.3: Projected sensitivities of various search channels at Belle II for
integrated luminosities of 100fb~! (solid lines) and 50ab~! (dashed lines).
The panels correspond to different values of the dark gauge coupling: o' = 0.1
(left) and o = 0.5 (right). The signal labeled “displaced” refers to di-decay
events originating from the Higgs-strahlung process ete™ — A’h’, where both
the dark Higgs and the excited dark matter state decay visibly. Reproduced
from Ref. [79].

small kinetic mixing ¢ < 1 [343], this new decay is expected to dominate over
decays into SM particles x* — xff. The rest of this chapter is dedicated to
studying the implications of this newly opened decay channel.

6.1 Dark Higgs via dark photons

The presence of parity-breaking excited state decays enables the production of
dark Higgs bosons through on-shell processes arising from dark photon decay
chains, A’ — x®x* — x(h')xh'. The dark photon itself can be efficiently
produced at electron-positron colliders via standard e*e™ annihilation processes,
ete™ — vA’, and at beam dumps via standard nucleus-induced bremsstrahlung,
pZ — pZ + A or e Z — e~ Z + A’. Unlike Higgs-strahlung or B-meson decay
channels, these decay chains allow for dark Higgs production even at small gauge
couplings o/ < 0.1 and scalar mixing angles 6, < 1, since they rely on the
kinetic mixing € between vector bosons, which can be as large as ¢ < 1072 in
iDM scenarios [79].

Typical dark Higgs-strahlung searches assume large values of o/ = 0.1 or
even o = 0.5, close to where perturbativity breaks down and loop corrections
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become significant. These large couplings also result in Landau poles near the
TeV scale [344]. In contrast, smaller o’ values are more natural, aligning with the
choice made by nature in QED. Moreover, adopting o’ ~ « points to an appealing
unification of forces at scales similar to those predicted by grand unified theories
(GUTs) of the SM [188, 591]. Hence, relaxing the ad hoc assumption of parity
conservation in the dark sector opens the door to probing dark Higgs bosons in
regions of parameter space previously inaccessible to standard visible dark Higgs
searches.

Ref. [528] was among the first to highlight the potential for light dark Higgs
production via parity-breaking decays like x* — yh’. However, they ultimately
disregarded this possibility by neglecting the mixing angle between scalars 6y,
which typically leads to dark Higgs bosons with lifetimes too long to be probed
in collider or beam dump experiments. An exception arises if the dark Higgs
can decay into a dark photon and fermion pair (its dominant mode when 2m, >
mp > mar + 2me for 0y, = 0). However, in that case, mediators cannot decay
into DM particles, and the y states are only produced via suppressed off-shell
channels, making xy* — xh' largely irrelevant. In addition, this setup tends
to result in either a secluded freeze-out scenario—requiring suppression of s-
wave annihilation channels such as xx — A’A’ [330] and bound state formation
xx — h'(xx) or xx = A'(xx) [79, 339]—or a compressed mass spectrum with
2m, > my Ao > m,, pushing the model into resonant or forbidden freeze-out
regimes [528].

Their motivation for neglecting scalar mixing lies in avoiding fine-tuning be-
tween the dark Higgs potential’s quadratic term u,%, and the quartic mixing Ap/p,
especially for sub-GeV dark Higgs where 05, < 1076 would be required [418],
as seen from the minimization condition in eq. (2.92). However, taking a phe-
nomenological approach and treating 6/, as a free parameter, ignoring this way
any fine-tuning discussion, allows for the emergence of novel and testable col-
lider signatures [79, 83, 529]. Notably, experimental efforts are increasing their
interest on probing light dark Higgs scenarios, with current bounds reaching
Onn ~ 1074 [331] and future projections offering further sensitivity [592] (see
section 2.5, section 2.5.1).

In the next sections, we explore the novel opportunity to search for light
dark Higgs bosons through the standard iDM collider signature: a high-energy
photon accompanied by a displaced vertex (plus missing energy) [3], hereafter
referred to as “displaced+v” for compactness; see the left panels of fig. 6.2.°
This signature is a general prediction of niDM models with my, < § and parity
violation (d, # 0), and can occur even with small dark sector couplings, as will
be detailed in section 6.2.

In particular, section 6.2 outlines the conditions under which the displaced+~

2A similar signature arises in minimal visibly decaying dark photon models, ete™ — yA’ —
41T~ but without missing energy [593].
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analysis becomes parametrically independent of the specific values of the dark
sector couplings. This section also defines the benchmark scenario adopted
throughout the study and justifies the choice of the Belle II experiment as
the primary experimental focus. Subsequently, section 6.3 demonstrates that
freeze-out via the process xx — h’'h’ naturally leads to niDM models satisfying
the aforementioned independence conditions. It also shows that bound state
formation—potentially induced by light mediators—can be safely neglected in
our context. In section 6.4.1, we assess the relevance of direct and indirect detec-
tion constraints for the parameter space probed by Belle II under our benchmark
assumptions. We find that these constraints are negligible for the mass range
accessible to Belle II; however, BBN constraints and direct detection bounds
become significant for lower and higher mass regimes, respectively. Then, in
section 6.4.2, we detail the methodology used to estimate Belle II’s sensitivity
to displaced+~ signatures and review current limits from other collider searches.
Finally, we present our main results in section 6.5, and conclude in section 6.6.

6.1.1 Optional: Dark photons via dark Higgs

Before delving deeper into dark Higgs production via the vector portal, we briefly
comment on the inverse situation: dark photon production through the scalar
portal. Analogous to the light dark Higgs scenario, excited state decays x* — xyA’
can also arise naturally for light dark photons—even in the parity-conserving
case 0y = 0. In this case, dark photons emerge from the decay chain of the
scalar mediator: b/ — x(*)x* — y(A’)xA’. Alternatively, dark photons can be
produced directly from the decay h’ — A’A’ [588]. However, DM annihilation
into gauge bosons requires careful control of the gauge coupling to satisfy ID
constraints. This consideration may naturally lead to dominant h' — )y
decays, governed by an independent Yukawa coupling.

The process yx — A’A’ is s-wave due to t- and u-channel diagrams, while the
s-channel Higgs-mediated contribution is p-wave. To ensure p-wave freeze-out
and evade CMB bounds [26], one requires ¢’ < y, where y o yp is the effective
Yukawa coupling. This requirement generally leads to dominant A/ — x) )
decays since the decay width I'y_ 414 o €2, whereas T’ By () y () X y?. However,
since I'y/_ ar4 grows faster with my,, the assumption ' — xy > A’A’ must be
reassessed at higher masses [83].

For instance, in the mDM regime, Ref. [330] provides the cross section:

6/4 yél% 9
BrmZ X

ovy(xx = Z2'Z") ~ (6.3)

- 167rm§<

where my > m, > my and SM contributions are neglected. For p-wave dom-

3Due to dark Higgs pair production, discussed in section 7.1.1, this scenario may result in
up to four decaying dark photons being produced from dark Higgs decay chains.
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inance at freeze-out (v?< = 3/zy =~ 0.1), the s-wave contribution must satisfy
(ov)s < 107*(ov),, which implies €’ < 0.05yxg.

However, even for this hierarchy, A’ — yx dominates over h’ — A’A’ only
for my, < 10m, when my ~ m,. For my = 0.1m,, a stronger suppression
€/ < 0.005yR is needed for the same dominance within the same mass range.
This highlights the model-dependent nature of light dark photon scenarios.

An alternative is to engineer a forbidden freeze-out by fine-tuning m s =
my + A with 0 < A < 1, such that yx — A’A’ is kinematically blocked at
late times. But compared to annihilation into scalars (xx — h'AR’), which is
naturally p-wave, both alternatives for the vector channel are more restrictive
and constrained. However, interestingly, the light dark photon case can result
in significantly lighter LLPs due to the absence of Yukawa suppression in their
decays to electrons.

In summary, dark photon production via the scalar portal is a more intri-
cate and model-dependent scenario with highly intertwined parameters. For this
reason, we do not pursue it further here, leaving its phenomenology to future
studies of secluded iDM models.

6.2 Dark Higgs production and decays

We focus here on light niDM scenarios to avoid DD constraints. Heavier DM
masses could, in principle, be explored at LHC experiments, but would require
proximity to the standard iDM regime or extremely small mixing angles €, 8y, to
evade DD bounds. For the light DM case, Belle II offers one of the most suitable
currently operating collider setups to search for niDM signatures. Although
LHCb has promising potential, Belle II benefits from cleaner backgrounds and
better-defined initial collision conditions provided by lepton colliders. Therefore,
our analysis will focus exclusively on Belle II. Moreover, we restrict our attention
to the standard niDM setup where ¢4 = 0 for simplicity.

A light dark Higgs, mp < my, can already be directly constrained via B-
meson decays due to its mixing angle 60y/,. However, we highlight the novelty
of producing dark Higgs particles via dark photon decays, which can enhance
Belle II's sensitivity for extremely small angles 6/, < 1074,

Importantly, this production mechanism enables a largely coupling-independent
analysis, since after A’ production the subsequent decay chains are prompt over
a wide range of dark sector parameters. Let us, discuss this point in detail:

1. We consider on-shell production of dark photons at Belle II through an-

nihilation processes ete™ — «vA’, such that the number of produced A’s

depends solely on the kinetic mixing parameter: Ny o< €2.
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2. The dark photon A’ can decay either to DM or SM particles. Assuming
one dominant decay mode and light final states (mf,mx<*> < my), its
lifetime is approximately:

w1070 s <3> <G6V> (6.4)

o my

if decaying to DM, or

2
TA N 10718 S (001> (Gev> (65)

€ ma

if decaying to SM fermions. Thus, for €2 < 1072a//a, decays into DM
dominate. Since model-independent bounds constrain e < 1072 [494, 546,
594], dark photon decays into DM dominate for o’ > 10~ [83]. Moreover,
for m 4 2 100 MeV and these coupling values, such decays are prompt at
Belle II.

3. Excited states produced from A’ decays are also expected to decay promptly
to h'. For mys < & ~ my, the lifetime of x* — yh/ is:*

1071 s (1073\? /GeV
7;%2'28( >(e> (6.6)
0y sin“20 \ 'y My
while if decaying via x* — xff (for 2m; < §):
10712 0.01\* (CeV\ [ Ra\’
TN g ¢ A (6.7)
sin“20 o/ \ € My 5
with _
RA/ = A . (6.8)
My

Thus, decays into h’ dominate when:
S,yr > 107 eVl /RY, . (6.9)

For Ry > 2 (to allow A/ — xx) and ¢ < 1072 (from generic con-
straints [494, 546, 594]), it is sufficient to require d,yz, > 10~*V/a/, or sim-
ply 6,y > 107* (as o/ < 1), for the excited DM states to decay dominantly
to dark Higgs bosons. These decays are also prompt for m,« 2 100 MeV
given &,y; > 1074

“Here we assume that the decay is dominated by the off-diagonal Yukawa coupling. Loop-
induced decays via gauge interactions can become relevant in scenarios with large values for o/
and Jy, but with negligible Yukawa couplings. However, we do not consider this possibility in
the present work.
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In summary, for kinematically allowed processes of the form:

ete” =y A = Bt = yx (W)Xl

a sizable number of A’ boson can be produced at Belle II, depending only on the
specific values of m 4 and e for dark sector masses above 2> 100 MeV, provided
that the following “independence” conditions are satisfied:

of >107% and Syyr > 1074, (6.10)

These processes occur promptly at the collision point and yield signatures similar
to standard iDM, but with visible final-state fermions from ' — ff carrying a
fixed invariant mass myy ~ my,, thereby offering improved background discrim-
ination when compared to the standard iDM 3-body decays x* — x.ff.

As we will discuss in section 6.3, for large mass splittings 6 2 m,, the dark
sector couplings naturally fall in the above-mentioned intervals (6.10) if one
requires the correct DM relic abundance to be produced via thermal freeze-out.
Therefore, the process eTe™ — vh/(— ff)-+missing energy is naturally expected
to arise in niDM with light dark Higgs particles.

To conclude, decays of h' to SM particles are well studied [331, 528, 568,
595] and usually dominated by the scalar mixing 6y, (rather than loop-induced
vector portal processes). Therefore, standard results for the scalar portal decay
widths can be used [595] and depend only on mys and O/, see section 2.5.1.
Given the strong constraints on 6, < 10~* [331], visible decays occur within
Belle IT only for my > 2my,, as h’ — eTe™ is highly Yukawa-suppressed.

6.2.1 Parameter Space

We focus on sub-GeV DM to target intensity frontier experiments. Due to
Belle IT’s center-of-mass (c.m.) energy /s ~ 10 GeV, we limit m 4 < 10 GeV. To
ensure decays within the detector, we set my, = 100 MeV. We require § > my, for
X* — xI to be kinematically allowed. We study the niDM regime, i.e., § ~ m,,
and d, 2 1. Larger splittings may suppress A’ production since we also require
mar > 2m,y + 6 to allow for A" — xx* decays, while smaller ¢, favors x* decays
to SM fermions, taking us back to the standard iDM signature.

Following these considerations, as our benchmark scenario, we fix the mass
hierarchy and parity-breaking parameter as follows:

o A, =1, . mA/:2.5mX*:5mXERA/mX,

e mp =0.90 =0.9m,, e 0y =1

While the dark sector couplings €’ and y; will be fixed via the DM thermal
freeze-out, as discussed in the next section. We take 2m, ~ 200 MeV < m, <
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V$/Ra =~ 2 GeV, with the largest viable values for ¢ < 1072 [79] and 0, <
10~% [331] to ensure Belle II accessibility and thermal equilibrium [394].

Finally, although our couplings are set by freeze-out, our results will remain
fairly general since the assumed dark prompt decays (¢ < 1 mm) occur for
wide coupling ranges as long as parity is broken in the dark sector. In the next
section, we show how freeze-out naturally leads to such values.

6.3 Dark Matter freeze-out

As previously discussed, the prompt decays of both the dark photon and the
excited DM state allow our signal to be remarkably robust against variations in
the dark sector couplings, provided the conditions in eq. (6.10). This inherent
independence from precise coupling values highlights the naturalness of our sce-
nario. In the following, we solidify this conclusion by explicitly computing the
DM relic abundance and demonstrating that the required Yukawa and gauge
couplings lie well within the prompt decay regime, thereby justifying our earlier
assumptions.

Given that we consider a light dark Higgs mj, < m, and large mass splittings
A, ~ 1, freeze-out production will be dominated by the secluded annihilation
channel xx — h/h’. While the relic density condition Q,h? = 0.11 [26] would
normally fix one parameter, our benchmark assumptions — namely 6, = 1,
A, =1, and mya = 5m, (R4 = 5) — allow us to determine both the Yukawa
and gauge couplings from relic abundance constraints.

This is done in two steps. First, the relic density condition fixes the annihi-
lation cross section, which in turn determines the Yukawa coupling y;. Second,
using the definition of the mass splitting,

Ay = 2%%(2 +6,) = oy F (6.11)

/ b
N e
where y = (yr + yr1)/2 is the average Yukawa coupling, we can solve for the
gauge coupling ¢/. For our benchmark, this yields e/ = 10y.

This relation ¢/ = 10y in turn implies that a secluded freeze-out dominates
over a visible one. Secluded annihilation scales as y*, while the visible an-
nihilation via the vector portal proceeds with a cross section proportional to
cos?(20)e%e?e’? /RY,. The scalar portal contribution is subleading for light DM
due to Yukawa suppression of the final states and the hierarchies € > 0/, and
e/ = 10y > y. We also neglect all contributions involving excited states in the
Feynman diagrams for annihilation processes since A,, = 1. In this way, only
the ground state coupling to the dark Higgs, y;&__, contributes and is given by

1
a__| = — +yr, + — cos 20| . 6.12
lyré—_| \/i‘yR yr + (yr — yL) \ (6.12)
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For angles close to 6 ~ 7/4 (standard iDM), this coupling approximates /2.
For the mDM limit 6 — 7/2, it approaches v/2y,. For our benchmark (§, = 1),
we obtain |ypd__| =~ v2y(1 + 1/27) ~ /2y, justifying the use of iDM results.
This remains accurate for 6, < 2 or A, < 2.

The visible/secluded annihilation cross section ratio can be estimated as:

ov,(xx = A" = ff) cos®(20) e?e* 4 < € >2 1074\ 2 (6.13)
ovy(xx — WR') A2 P R124, ~\0.01 y ’ '

where we used eq. (6.11) and the benchmark values. This implies that as long
as we assume y > 1074, we can safely neglect SM annihilation channels.

Now, to verify this assumption, we estimate the value of y required to satisfy
the relic abundance constraint. We will use the freeze-out approximation for
p-wave processes® [228],

by ~ 3 x 1072 cm?® /s, (6.14)

where b, is defined via ov = a, + byv? + cqv* + O(v%), and neglect contribu-
tions involving the heavy excited states. Eq. (6.14) guarantees that p-wave DM
produces the correct DM relic abundance via freeze-out Qpyh? = 0.12. Here,
we assume that the dark sector is in thermal equilibrium with the SM during
freeze-out. This assumption is justified by mixing values probed by the Belle 11
experiment [394], namely € > 107° and 6,5, > 1076,

According to Ref. [330], for my < m,, we have

3y4 2

ovy(xx = W'h')p ~ 3o VX
X

(6.15)

Taking into account a finite dark Higgs mass, the corrected cross section is
ovy(xx = W'B') = F(yL, 6y, mpr, my, Apw) - ooy (xx — h'h)o, (6.16)

where F' = 24 for our benchmark. Sommerfeld enhancement is neglected due to
mp ~ my [590, 596, 597].

From egs. (6.14) and (6.16), the relic abundance condition Q,h? = 0.12

implies:
m
~ 0.07,/ —= 6.17
y \ Gov' (6.17)

yielding, in our benchmark scenario, §,yz, > 0.01 > 10~ for m, > 100 MeV.
Combining this with eq. (6.11), we find:

o ~ 0.04%, (6.18)

®At m, > 3 GeV, QCD effects lower b, to about 1.5.
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ensuring o/ > 107%. Thus, both conditions in eq. (6.10) are satisfied and we
expect prompt decays of both A" and x* into dark sector particles.

We observe that for m, 2 3 GeV, one has o’ 2 0.1, meaning Higgs-strahlung
production may become dominant over x* decays for these masses. Values above
my 2 30 GeV imply o > 1, signaling loss of perturbativity. Yet, such masses
are beyond Belle II's kinematic reach due to m 4 = 5m, and we can safely only

focus on the novel A’ production mechanism.

Lastly, note that if o/ were fixed large from the start o/ > 0.1 (as often
assumed in the literature), annihilation would proceed via s-channel Higgs ex-
change xx — h' — R'h/. This channel scales as y?)\2, o y?e?, instead of
y*, generally requiring smaller y to reproduce the relic density. Therefore, a
large o/ value would drastically reduce A, via eq. (6.11), reintroducing nearly-

degeneracy between DM states and suppressing the x* — yh' decay channel.

6.3.1 Bound State Formation

Given that the dark Higgs acts as a light mediator, it could, in principle, induce
the formation of bound states of DM pairs, which is a s-wave process (i.e., this
process does not depend on the DM velocities) [339, 590]. These bound states,
once formed, may decay by emitting visible particles, thereby injecting energy
into the SM bath. More critically, the formation of a bound state necessitates
the emission of a dark Higgs A/, which in our case decays into SM particles via the
scalar portal. Thus, even if the bound state itself is long-lived, its formation pro-
cess alone can lead to observable energy injection—facing stringent constraints
from CMB measurements [26].

Ref. [590] studied the conditions under which bound state formation (BSF)
becomes effective and found that if the mediator mass satisfies
1 2 min
My > 7 oy = mpit (6.19)
where aj = (yL&—_)?/4n is the effective fine-structure constant for the scalar-
mediated potential, BSF becomes highly suppressed and can be safely neglected
(see also [79]).

This result can be physically understood through energy conservation: the
DM pair must lose energy by emitting a mediator in order to transition into a
bound state. The binding energy of the state is Eg ~ a%mx [339], while the DM
kinetic energy at late times or at freeze-out is negligible (v, < 1). Therefore,
for the emission of a real scalar to be possible, its mass must not exceed the

available energy, i.e., my < Ep.

In our benchmark scenario, where aj ~ y?/2m and the relic abundance con-
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dition fixes y as in eq. (6.17), we find
mx
GeV'

This lower bound on my, is far below the benchmark value mj, = 0.9 m,, con-
firming that BSF is negligeble in our region of interest.

mit ~ 1077

(6.20)

More generally, to ensure both x* — yh’ decays and the suppression of BSF,
one must require my < § and my > mﬁi“ simultaneously. Using A,, = §/m,,
and inserting oy in terms of y, we find:

1
Ay >y Zaj, (6.21)

where o, = y?/(27) and r;‘; = (4—_yr/V2y)*. For &, < 2, we find r, ~ 1,
simplifying the condition.

On the other hand, by using eq. (6.11), we can invert this relation to define
a maximum allowed mass splitting before BSF turns on:

N\ 4/3
ARAX = <2RA ) o/ 23, (6.22)

Ty

For a dark photon decaying into DM particles R4/ > 2, one simply finds an
upper bound A** ~ 6/ r;l/ 3 (given that o/ < 1). In the benchmark we consider,
we have r, ~ 1, thus, A}** ~ 6, which is well above the mass splitting we adopt
(A,, = 1). Furthermore, in general, one already requires A,, < 2 to forbid
3-body decays such as x* — 3y which may take over x* — xh'.

We conclude that our benchmark region safely avoids the formation of DM
bound states mediated by the dark Higgs and, therefore, can be made fully
compatible with CMB and relic abundance constraints.

6.4 Dark Matter searches

This section reviews the experimental searches most relevant for testing our light
dark Higgs scenario.

6.4.1 Direct and Indirect Detection

As discussed in previous chapters, DD constraints arise for both the vector and
scalar portals due to the presence of elastic couplings in the niDM setup. These
constraints are typically only significant for DM masses above a few GeV, where
nucleon recoil becomes extremely constrained, as illustrated in fig. 2.13. Cur-
rently, the most stringent bounds come from the LUX-ZEPLIN experiment [267],
with DARWIN [94] projected to extend sensitivity even further.
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The dark photon portal leads to DM—nucleon interactions via the non-relativis-

tic effective operators O o v, and O} o q, with coefficients (in the con-
ventions of Refs. [256, 260]):

2 ~5.586 3.826

$=0 =T F= T

] = P, 08 (623)

where the effective scale is defined by A = ms/ve/ cos 20 ee. While, the scalar
portal contributes to spin-independent DM-nucleon scattering, with the cross
section given by [330]:

. (6.24)

T2
my  mg

SI uiNm?Vf?\,ag sin? 20 < 1 1 >2
o = —
2 b

v

where p, v is the reduced DM-nucleon mass, my is the nucleon mass, and fy =
0.3 is the effective Higgs—nucleon coupling [575].

We neglect direct detection constraints from DM-electron scattering, since
both portals exhibit strong suppression: for the vector portal, interactions are
velocity- or momentum-suppressed; and for the scalar portal, electron couplings
are Yukawa suppressed. Moreover, interactions using off-diagonal (inelastic)
couplings are suppressed by the large mass splitting between DM states A, >
vi [511] or by their loop-induced nature [548, 564].

For the vector portal, DD constraints can be evaluated via the DDCalc pack-
age [4], using the effective coefficients above as inputs [5]. For the scalar portal,
one compares predicted cross sections from eq. (6.24) against experimental upper
limits.

However, as shown in chapter 4, vector portal DD limits are only relevant for
my 2 5 GeV. Meanwhile, the scalar portal is suppressed by small scalar mixing
angles 6y, < 1074 and Yukawa couplings oy < 1073, along with the intrinsic
Yukawa suppression y]2V ~ 1076, Altogether, this gives:

oS o 02, ag vk ~ 10717, (6.25)

which is well below the thermal target for scalar DM with a dark photon portal,
oS o Ea'aR,}t ~ 107 for my > 100 MeV and Ry 2> 3 [344]. Indeed,
oSl is at most probed down to 3 orders of magnitude for m, <1 GeV [265].
Therefore, as for the vector portal, DD bounds are only relevant for m, 2 5 GeV
thanks to impressive results from xenon based DD experiments, such as PandaX-
4T [509], XENONnT [598] and LZ [267]. Consequently, DD constraints are
irrelevant for the mass range of interest at Belle II, m, < 2 GeV.

ID constraints are likewise negligible for two main reasons. First, the excited
state is heavy and efficiently decays, making its population negligible even at
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freeze-out [420], and eliminating potential co-annihilation signals. Second, DM-
DM annihilation is p-wave suppressed (as discussed in section 6.3), rendering
late-time annihilation signals irrelevant [330].

Constraints from exotic energy injection during BBN or the CMB are not
applicable in our regime of interest. The lifetimes of unstable dark sector particles
are 7 < 1 s (short enough to be probed at collider experiments), safely to
avoiding these constraints [442, 599, 600]. Additionally, our dark sector particles
lie above hundreds of MeV, rendering stellar cooling and supernova constraints
irrelevant [331, 601-604].

Constraints on DM “re-excitation” through up-scattering (e.g., xf — x*f)
are also irrelevant given our large mass splittings (6 ~ m, 2 100 MeV) [72, 73,
76, 419, 454, 459]. Similarly, DM self-interaction bounds do not constrain our
parameter space due to both small dark sector couplings and relatively heavy
dark Higgs mediators (my 2 0.2m,) [89, 597].

To summarize, we conclude that, within our chosen parameter space and bench-
mark scenario, DD and ID constraints are irrelevant for Belle I searches. The
most relevant experimental probes are thus those at colliders, which we explore
in the following section.

6.4.2 Collider searches

Our goal is to investigate the signatures arising from the new excited state decay
x* — xh' at the intensity frontier, with a particular focus on the Belle II detector.
These decays are only accessible in parity-breaking dark sectors—specifically, in
the niDM generalization of pseudo-Dirac DM. Hence, we concentrate on the
displaced vertex plus high-energy photon signal ete™ — vh/xx (displaced+7),
shown in the left panels of fig. 6.2.

To estimate the Belle II sensitivity to this displaced++y process, we develop
a novel semi-analytical approach. This method neglects the selection cuts on
the final-state SM particles from LLP decays and focuses solely on the spatial
distribution of decay vertices. We only use the direction of SM particles produced
directly in the collision—e.g., the photon in the displaced+~ signal. The angular
distribution of initial-state particles is derived from the 2 — 2 collision cross
section in the c.m. frame,® while the decay distributions are isotropic in the
LLP rest frame for two-body decays.

We then numerically integrate over the relevant angular ranges mapped onto
the detector frame by Lorentz boosting. The decay probability within detector
dimensions is computed using the particle lifetime. This semi-analytical method

SWe restrict to 2 — 2 processes.
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can also be applied to the standard iDM displaced+~ signal and the Higgs-
strahlung signal. Its main limitation arises for three-body decays or when a
mother particle in the decay chain is also a LLPs itself, neither cases present in
our chosen benchmark scenario.

A detailed explanation and validation of this approach is presented in ap-
pendix D. For m, 2 100 MeV, the estimated relative errors are typically < 50%,
except near the kinematic threshold mar ~ /s — E‘vnin, where deviations can
reach up to a factor of three.”

In our computations, we use Belle IT’s c.m. energy /s ~ 10.58 GeV and a c.m.
velocity 5 = (0.27,0.04,0), resulting from the asymmetric beam configuration
of SuperKEKB (4 GeV positrons, 7 GeV electrons intersecting at 83 mrad).
We conservatively assume an integrated luminosity of 100 b=, a value already
surpassed by Belle II [82].

Following Ref. [3], we adopt the following geometric cuts in the lab frame:

« Transverse decay position: 0.2 cm < R,, < 60 cm,
o Longitudinal vertex position: —0.55 m < z < 1.4 m,
¢ Polar angle between decay direction and positive z-axis: 17° < 0,1, < 150°,

e Photon angle in same range, and minimum energy cut £, > 0.5 GeV.

Although dark Higgs production via Higgs-strahlung (right panels in fig. 6.2)
is also possible, such signatures are suppressed under our benchmark where m, <
2 GeV implies o < 0.08 (see eq. (6.18)). Recasting bounds from Belle II's
dedicated Higgs-strahlung searches for standard iDM [82] lies beyond the scope

of this work.

Future facilities such as LHCb or FCC-ee may also be sensitive to these
signatures, but we leave those projections to future studies.

In the following, we simply summarize the relevant current constraints from
high-energy experiments:

Missing energy searches: The strongest constraints on an invisibly decaying
dark photon in the range 1 GeV < my < 8 GeV arise from BaBar mono-photon
searches [344, 488]. While still relevant for our semi-visible scenario, a fraction
of events may be vetoed due to h’ decays into SM particles. Since myp ~ my,
the energy deposited from h’ decays is comparable to that from x* decays in
iDM scenarios. However, the A’ lifetime is generally much longer than that

"The increased errors can be mitigated by applying a smooth step-function suppression at
the kinematic threshold reducing the total number of events.
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of x*, owing to the small Higgs mixing angle 6/, and the suppressed Yukawa
couplings of the Higgs to light SM fermions. These longer lifetimes render the
BaBar bounds more similar to the standard mDM limits reported by the BaBar
collaboration than to classic iDM results. We employ an updated version of the
simulation described in chapter 4 to rescale these bounds in the present context.
Further details on the simulation and the applied cuts can be found in chapter 4
and appendix D as well as in Refs. [3, 89].

The NA64 experiment, using a 100 GeV electron beam, becomes the strongest
missing energy constraint for lighter dark photons masses my < 1 GeV. Here,
dark photons are produced via bremsstrahlung (eZ — eZA’) and e"e™ annihila-
tion in electromagnetic showers. Missing energy events are identified by energy

imbalance in the ECAL, with vetoes from downstream detectors.

Despite potential visible decays of dark photon daughters, previous studies
have shown that the limits remain robust in both iDM [80, 479] and niDM
scenarios [89]. Hence, we present the official NA64 limits [344], deferring detailed
recasting to future work.

Proton beam dumps: Proton beam dump experiments could place strong
constraints and offer promising sensitivities to a dark Higgs produced through
vector portal interactions, especially as the scalar portal production is Yukawa
suppressed. However, we postpone this analysis to future studies since their
expected to probe only DM masses m,, < 300 MeV [89].

Dark Matter scattering: At high-energy facilities, dark photons may be
produced on-shell and decay into DM particles. These boosted DM particles
can scatter inside detectors like LSND [279, 556], E137 [483, 557], or Mini-
BooNE [506].

For m, < 500 MeV and o’ 2 0.1, strong limits exist coming from scatterings
via the vector mediator [280], but our benchmark implies o/ < 0.02 for this
DM masses (from eq. (6.18)), making such constraints irrelevant for our study.
Moreover, scalar portal scattering is negligible due to the strong Yukawa and
mixing angle suppressions.

6.5 Results

Having examined the various theoretical and experimental constraints relevant
for a light dark Higgs in niDM scenarios, we are now ready to assess the discovery
potential of Belle II for this class of models. In this respect, we determine
the viable regions of parameter space following the results and approximations
established in the previous sections.
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Figure 6.4 displays the current bounds and projected sensitivities in the
(my, €) and (my, 0) parameter planes, for our chosen benchmark values.® Shown
in yellow are the limits from missing energy searches at NA64 using high-energy
electron collisions on an active target [344], and in green from mono-photon mea-
surements at BaBar [488]. We also show model-independent constraints from
electroweak precision observables at LEP [494] and HERA [594] in gray. Stan-
dard bounds on scalar mixing angles from dark Higgs searches at PS191 [605],
NA62 [606, 607], CHARM [568, 608], MicroBooNE [609, 610], Belle IT [611],
BaBar [568, 612] and LHCb [568, 613, 614] are also included in gray [331]. Addi-
tionally, we include in light gray constraints from BBN, requiring the dark Higgs
to decay before 0.1 s [599]; stronger bounds such as 7,y < 0.02 s [442] apply
only for my > 2my, a region for which 7y < 0.02 s is already automatically
satisfied for all points we consider. As a visual reference, contours of constant
dark Higgs proper decay length ¢,y = 1 km are included to highlight regions
where no decays are expected to be probed at colliders.

The Belle II experiment is expected to probe much of the still-allowed param-
eter space. With over 424 fb~! of data already collected [560], even a conservative
dataset of 100 fb~! offers substantial sensitivity, reaching down to € ~ 10~% and
6 ~ 10~°. The projected reach for the novel displaced+v channel—enabled by
the parity-violating nature of niDM with decays x* — xh'—is shown as red
dashed lines. This channel provides a distinctive probe unavailable in parity-
preserving iDM models [79].

It is important to emphasize that the dark sector couplings used in our study
are not arbitrary. They are chosen to reproduce the observed DM relic abun-
dance through secluded annihilations yx — AR/, see egs. (6.17) and (6.18).
Therefore, the allowed parameter regions in fig. 6.4 represent viable models for
sub-GeV DM, fully consistent with cosmological and experimental observations.
Furthermore, these remaining viable parameter space can only be fully explored
through the complementary interplay between missing energy searches and dedi-
cated probes of dark Higgs decays, thereby motivating continued efforts to study
these signatures at both colliders and beam dump experiments [3, 79].

Finally, we reiterate that our conclusions are robust against variations in
dark sector coupling values, as long as o/ > 10~* and dyyr, > 10~* (see sec-
tion 6.2). Within this regime, the displaced+~ signature remains a promising
and distinctive discovery channel for parity-violating dark sectors.

6.6 Concluding Remarks

In this chapter, we have highlighted the crucial role of the dark Higgs boson
in models of not-so-inelastic DM, where it arises naturally alongside the dark

81n this section, 6/, will be denoted by 6 for simplicity.
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Figure 6.4: Projected sensitivity of Belle II to displaced vertex signatures
from dark Higgs decays in association with a high-energy photon, shown in
the (my,€) and (m,, Ox) parameter planes. Current bounds from precision
observables and direct searches for dark Higgs production via the scalar portal
are shown in gray. Green and yellow shaded regions correspond to exclusions
from missing energy searches at BaBar and NA64, respectively. Light gray
areas are excluded by BBN constraints, requiring 75, < 0.1 s. Dashed red
contours indicate Belle II sensitivity for an integrated luminosity of 100 fb=!,
while dashed black lines represent contours of dark Higgs proper decay length
cty = 1 km. Throughout the plane, the observed DM relic abundance is
satisfied via secluded freeze-out xxy — h'h’. See text for further discussion.
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photon mediator. Specifically, we have shown that when the dark Higgs is light,
myp < 9, a novel decay channel for the excited DM state becomes kinematically
accessible: x* — xh'. This process is only viable in parity-violating dark sectors,
i.e., for 4, # 0, and gives rise to distinctive experimental signatures that are
largely independent of the precise values of the dark sector couplings.

One of the central findings of this chapter is that light dark Higgs scenarios
enable DM to freeze out through secluded annihilations, xxy — h'R’, thereby
decoupling the relic density calculation from direct interactions with SM parti-
cles. Although this mechanism reduces the predictive link between DM cosmol-
ogy and experimental signatures at colliders—in contrast to conventional visible
freeze-out scenarios—it retains the appealing feature of being insensitive to the
Universe’s initial conditions. As a result, it permits a wider range of viable mix-
ing parameters in both vector portal € and scalar portal 6 cases, expanding the
space of experimentally testable WIMP-like DM models.

On the experimental front, we have shown that the Belle II detector pro-
vides a promising avenue to probe the structure of this dark sector through its
distinctive signature: a displaced vertex originating from the decay of the dark
Higgs I/, accompanied by a high-energy photon and missing energy. This signal
is further distinguished by the fixed invariant mass of the SM particle pair from
the h' decay, enhancing its discriminating power against background. Remark-
ably, even with a relatively modest dataset of 100 fb~!, Belle II can already
explore significant portions of the viable parameter space, emphasizing its high
sensitivity to this class of hidden sector models.

Nonetheless, important directions remain open. In particular, existing miss-
ing energy searches at BaBar [488] should be revisited in detail to account for
potential energy depositions from dark Higgs decays in the detector. This is
essential, as these searches provide the most stringent bounds in the mass range
accessible to Belle II. Moreover, production of dark Higgs particles via dark pho-
ton decays may be explored at electron and proton beam dump experiments
such as NA64 [344], NA62 [504], NuCal [615], and CHARM [616], offering com-
plementary discovery potential. Incorporating these probes represents a crucial
step toward a comprehensive exploration of the light dark Higgs scenario.

In summary, dark Higgs particles in niDM models not only enrich the the-
oretical structure of dark sectors but also open new experimental avenues at
the intensity frontier. This strongly motivates continued efforts to develop and
refine collider and beam dump strategies for long-lived particle searches in the
MeV to GeV mass range.



CHAPTER 7

Not-so-inelastic Dark Matter:
exploring new directions

While the guiding principle for constructing dark sectors or FIPs models has
often been minimality, it is important to recognize that the SM itself is far from
minimal—it includes a non-trivial gauge group, two mass scales, a scalar sec-
tor, and three fermion generations, each containing multiple fermionic particles.
Inspired by this, a new class of rich dark sector models (RDSMs) has gained
attention. They have even been identified as one of three “Big ideas” in RF6
Snowmass process in the US, with a special focus on rich DM models (e.g., the
iDM scenario) [617]. RDSMs extend the dark sector with new gauge symme-
tries and a complex particle spectrum—including fermions, scalars, and multiple
mediators—and are often better suited to explain various open problems in fun-
damental physics, such as DM, neutrino oscillations, and the baryon asymmetry
of the Universe [325, 331, 408, 410, 463, 543, 545, 552, 571, 618-624]. Histori-
cal precedents for RDSMs include Hidden Valley models [314, 625, 626], mirror
sectors [627-629], and Twin Higgs scenarios [630].

RDSMs exhibit a much richer phenomenology than minimal models. Whereas
standard searches focus on visible (e.g., dilepton resonances) or invisible (e.g.,
missing energy) signals, RDSMs naturally allow for semi-visible decays, com-
plex decay chains, and multiple displaced vertices. These features demand more
inclusive experimental strategies, as traditional cuts may severely weaken sensi-
tivity [300].

A variety of Intensity Frontier (IF) experiments, including Belle IT [91], NA62
[539], FASER [631], SNDQLHC [632], SHiP [633], MAPP [634], DarkQuest [635]
and DUNE [636], are designed to explore the parameter space of long-lived FIPs
in the MeV to a few GeV mass range. They complement prompt searches at the
LHC by targeting longer lifetimes and smaller couplings [507, 637-643].

The canonical FIP signature is the mono-decay: the decay of a single long-
lived particle within the detector, typically reconstructed through its visible de-
cay products. Mono-decay events allow for the extraction of mass, decay length,

142
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and branching ratios [644-649]. However, a fundamental limitation exists: dis-
tinct FIP models may exhibit identical decay signatures, leading to degeneracies
that cannot be resolved through mono-decays alone.! In principle, distinguish-
ing between FIP models could be achieved by combining information about the
decay palette with knowledge of the production point. However, at IF exper-
iments, the production vertex is usually inaccessible—occurring deep within a
thick target or hidden beneath substantial backgrounds—making it extremely
challenging, if not impossible, to reconstruct its position.

In this context, we propose an alternative and powerful strategy: the ob-
servation and analysis of “di-decay events,” where two FIPs decay within the
detector volume. Such events arise naturally in RDSMs, for which the mono-
decay signature can easily mimic that of minimal “portal” benchmark models
widely studied in the literature. We emphasize that di-decay events provide
unique insights into the underlying production mechanisms of FIPs and enable
sharper discrimination between different dark sector scenarios.”? Moreover, when
combined with more conventional search strategies, they offer the possibility of
a comprehensive characterization of RDSMs, including generic realizations of
niDM.

7.1 Opportunities from di-decays

The di-decay signature is a complementary strategy to the common studied
mono-decay signals which can greatly improve the FIPs differentiation power of
IF experiments. These events offer crucial kinematic handles, such as the invari-
ant mass of the decaying pair, which encode information about the production
mechanism (insights from other correlated variables can be found in appendix F
of Ref. [95]). In particular, they enable one to discriminate between production
via:

e Quadratic couplings to SM fields. Famous examples are quadratic oper-
ators coupled to the SM Higgs, hX X where h is the Higgs boson and X
being ALPs, Higgs-like scalars, or dark photons [408, 552, 652, 654, 656,
660—667].

e Quadratic couplings to short-lived new physics resonances. Here, exam-
ples are HNLs interacting with a dark photon [668, 669] and various DM
scenarios with with unstable mediators [71, 83, 622].

!Furthermore, theoretical uncertainties in modeling the decays of GeV-scale FIPs can span
several orders of magnitude, posing additional challenges for their identification [595, 623, 650].

2For the ATALS and CMS detectors, the di-decay signature has been studied in Refs. [651—
658]. For Belle 11, the di-decay signature was previously discussed in Ref. [83, 659], however, in
the context of very specific models involving multiple FIPs and without revealing the discovery
power.



7. NOT-SO-INELASTIC DARK MATTER: EXPLORING NEW DIRECTIONS 144

o Dark showers in strongly coupled dark QCD-like scenarios [670-675], where
dark mesons mp and pp are typically produced with high multiplicity per
event, and can mimic decays of ALPs or dark photons.

For example, suppose a IF experiment observes a dark-photon-like mono-
decay signal. This signature could originate from four distinct types of FIPs: a
minimal portal dark photon, a dark photon with additional quadratic coupling to
the Higgs or to a scalar mediator, or even a dark p meson. While pair production
might alter the energy spectrum of mono-decays, its impact is generally modest
(unless it overwhelmingly dominates the FIP flux). Observing di-decays would
immediately rule out the minimal scenario but would not suffice to distinguish
among the other three cases.

Additional insight can be gained from the invariant mass distribution, miyy,
of the di-decay products, as illustrated in Fig. 7.1. At SPS, a coupling of the
form hX X leads to decays such as B — X;+2X and By — 2X [571, 622], where
X is a meson containing a strange quark. In this case, the my,, distribution is
continuous for mi,, < mp — mg and exhibits a sharp peak at mp, /2. Coupling
to a scalar resonance like a dark Higgs (h'X X) would instead produce a narrow
peak at the resonance mass my/. In contrast, dark p mesons present a continuous
spectrum typically enhanced at low my,, and, depending on model details, may
extend beyond mp, /2.

Due to these qualitatively distinct features, observing up to O(100) di-decay
events with negligible backgrounds may allow one to distinguish between these
competing FIP scenarios [95]. Di-decays thus serve as a smoking gun for RDSMs
and pair-produced FIPs, offering a powerful means to resolve model ambiguities
that mono-decay signatures alone cannot address. Although di-decays are gener-
ically suppressed relative to mono-decays—owing to the requirement that both
FIPs decay within the detector volume, their exceptionally low backgrounds and
correlated decay observables significantly enhance their discriminating power in
identifying the nature of the underlying FIP scenario.

Consider a FIP X with interactions described by the following interaction
Lagrangian:
Lint =01 X - Ol(\I’SM) + o OQ(‘I/SM) XX (71)

Here, O, /Q(IIISM) are some operators only containing the SM fields Wgy;, while
c1 2 are interaction couplings, generally independent of each other (see eq. (2.87)
as an example). The interaction shown in eq. (7.1) is symbolic; the key point is
that the FIP connects to the SM via linear and quadratic terms.

The O; operator can produce events with a single X in SM collisions and
it also controls X decays. Its contribution to the number of X produced scales

as N ))(( x c%, whole the lifetime of X behaves as 7x 01_2. In contrast, the Oo

operator can only contribute to the production of X in pairs, with Ngfgd x c3.
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Figure 7.1: Invariant mass distribution of a pair of FIPs X with mass mx =
1GeV for various production scenarios at the SPS accelerator. Shown are
dark p° mesons in the dark QCD model of Ref. [672], produced via a Z’
mediator that is either very heavy or light with mz = 5 GeV, simulated using
PYTHIA8 [676]; 2- and 3-body decays of B mesons, corresponding to FIPs
quadratically coupled to the Higgs boson (e.g., dark photons, ALPs, and Higgs-
like scalars); and 2-body decays of a short-lived intermediate particle with mass
my = 3GeV (e.g., HNLs or dark photons in iDM models). Reconstructing the
invariant mass distribution from di-decay events allows for straightforward
identification of the production mode and underlying model, even without
access to the production vertex. Assuming negligible backgrounds and an
invariant mass resolution of 0.1 GeV, as few as 100 di-decay events are sufficient
to differentiate between the shown scenarios. Reproduced from Ref. [95].

Examples are the decays of some mother particle Y':
Y =-2X, Y=Y +2X, ..., (7.2)

Accordingly, at IF experiments, two types of events may occur: mono-decays,
where a single X particle decays within the detector, and di-decays, where two
X particles decay inside the detector volume. In the mono-decay case, both
operators 01 and O2 contribute to production, whereas for di-decays, only O,
contributes.

The number of events detected for each signature can be roughly estimated
as [677]:

di

Ne(velzz’lts = Ngf)gd X 527 (73)
di

Nevonts) = Novad™ % & = 2Nehes (74)

where Né;:fx = N§0d+2N§r)§dv Nﬁéix) is the total number of events producing

a single (pair of ) particle(s) X and € = ex - Py -€dec < 1 is the suppression of the
event rate due to geometric limitations, decay probability, and event selection:
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— €x is the fraction of Xs whose trajectories intersect the decay volume.

- Pcfgc is the X'’s decay probability:

Imi l
P =exp [—mm] — exp [—M] , 7.5

dec X (Y0) x Tx () x 79
with lyin/max being the minimal and maximal distance from the collision
point covered by the decay volume, and (y3)x the mean ~ factor times
velocity v of the produced X particles.

— €qec 18 the fraction of X decay events that can be successfully reconstructed.
It accounts for suppressions arising from both kinematic and geometric cuts
on the final-state particles, as well as their reconstruction efficiencies.

If a signature is not background-free in a particular experiment under consid-
eration, its sensitivity in that experiment is determined by the signal strength
I = Nevents/+/Nbg with Npg the total number of background events correspond-
ing to the given signature; otherwise if background-free simply I = 1.

The signal strength ratio for di- and mono-decay events is given by

I N2X Nmono
Tmono Nprod + 2‘]\'fprod(l - 5) v Nbg

This ratio captures the non-trivial interplay between the production rates, geo-
metric acceptance £ and background yields, as shown in fig. 7.2.

When Ngr)gd / Nggod is sizable, n becomes highly sensitive to deviations of &
from unity. At beam dumps or colliders with strong boosts and limited angular
coverage [539, 642, 678, 679], £ < 1, making di-decays relevant only at larger
couplings, though still potentially impactful.

Conversely, in setups like BelleII[91] or FCC-ee [680], where FIPs are pro-
duced with modest boosts and detectors cover large solid angles, & remains close
to one, enhancing the visibility of di-decays.

The background suppression factor is also critical. In background-limited
searches, such as in ANUBIS [507] or Belle II[611], mono-decays may suffer
from irreducible noise, while di-decay signatures, involving two displaced vertices
with correlated products, are much cleaner and harder to be mimicked, whether
physical or combinatorial, by SM processes.

Therefore, in experiments with moderate boosts or non-negligible backgrounds,
di-decays can substantially enhance or complement conventional mono-decay
searches. More broadly, they offer a powerful window into the internal struc-
ture of dark sectors and can play a pivotal role in distinguishing minimal portal
scenarios from richer frameworks, such as not-so-inelastic dark matter (niDM)
models.
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Figure 7.2: Schematic representation of the parameter space for a FIP with
mass mprp coupled to SM particles, which can be produced at accelerator
experiments either as a single particle or in pairs. At intensity frontier ex-
periments, such a FIP may be probed via searches for a single decay ver-
tex (“mono-decay”) or two decay vertices within the same event (“di-decay”).
The currently excluded regions of parameter space are shown in gray, while
the prospective sensitivities to mono- and di-decays are indicated by solid
and dashed curves, respectively. Depending on background levels, tagging
requirements, experimental geometry, and FIP kinematics, di-decays may ei-
ther compete with the mono-decay signature (red curves) or be sub-dominant
while still providing unique insights in the event of a detection (blue curves).
Reproduced from Ref. [95].

In the context of (n)iDM, previous studies have largely concentrated on the
exclusion potential of di-decay signatures across various experiments [79, 83].
In contrast, our focus is on their role in model discrimination in the event of a
discovery. We show how di-decays arise naturally within the niDM framework
and demonstrate their power as a diagnostic tool for unraveling the underlying
structure of the dark sector. In particular, we illustrate that combining multi-
ple experimental signatures allows one to reconstruct the different dark sector’s
couplings and, consequently, probe the flavor dynamics characteristic of generic
niDM models.

To establish a baseline, we first revisit the di-decay phenomenology in a min-
imal dark Higgs scenario in section 7.1.1. We then discuss, in section 7.1.2,
the novel di-decay signatures enabled by parity breaking in niDM and argue
that the rich phenomenology motivates a model-independent formulation of the
niDM coupling structure. Building on this, section 7.2 introduces an effective
Lagrangian describing generic fermionic niDM models, while section 7.2.1 ex-
plores how Belle II can probe the resulting dark sector dynamics. Finally, in
section 7.2.2, we identify the regions of parameter space where Belle I can com-
prehensively investigate the dark flavor structure, concluding in section 7.3 with
a discussion of our findings.
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7.1.1 Optional: Old di-decays signatures (dark Higgs only)

Before analyzing di-decays in the context of niDM models, we first review their
appearance in one of the most minimal FIP models, the standard dark Higgs
portal also known as Higgs-like scalar introduced in section 2.5.% Remarkably,
despite the extensive body of research on dark Higgs particles [331], the di-decay
signature has remained completely unexplored at IF experiments.

We recall that this model features a light scalar .S with the following effective
interactions [660]:*

£ > m20Sh + %hSQ, (7.7)

where h is the SM Higgs boson, and ¢ and « parameterize mixing and trilinear
couplings, respectively (further details on the model can be found in section 2.5).
The scalar S inherits Higgs-like decays and interactions, with rates suppressed
by 6 < 1, along an addition tri-linear h.SS interaction. Particularly, theoretical
uncertainties on S decays can reach orders of magnitude when dominated by
mixing with scalar mesons [568, 595, 681]. We follow Ref. [595] for a data-driven
estimation of the scalar decay width taking into account these uncertainties. The
coupling of the additional tri-linear interaction « can be directly linked to the
branching ratio Br(h — S.S5) via

327
o~ —""" Br,_,ssThmy, (7.8)

4m?2
(1=
my,

where 'y, and my, are the total decay width and mass of the SM Higgs. Indeed,
the main constraints on o come from unobserving the decays of the type h — inv,
setting the model-independent bound Br(h — inv) < 0.15 at 95% CL [682].°

This model leads to both mono- and di-production channels via B-meson
decays and Higgs boson decays:

B Y, 4+S, Bs—¢+S, (7.9)

h—SS, B Y,,+8S, By—¢+85S, (7.10)
where Y, /; refers to any hadron containing a strange or down-type quark. The
mono-production modes, eq. (7.9), are induced by 6, while « controls di-production,

eq. (7.10). Contributions from radiative decays of vector mesons are in general
negligible [95, 685].

3In this section, we will denote the new scalar by S in contrast with our standard notation
b’ to avoid any confusion between the Higgs h and the dark Higgs S. Moreover, for simplicity
011, is denoted by 6.

4The quartic term h%S? is neglected since it is irrelevant for our analysis.

SWith the HL-LHC runs, the sensitivity to invisible Higgs decays will be improved down to
a few percent [683, 684].
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Figure 7.3: Production probabilities of Higgs-like scalars at the SPS and
LHC facilities for #2 = 107!° and Br(h — SS) = 0.01. Reproduced from
Ref. [95].

Assuming Br(h — SS) = 0.01, the production probabilities of S particles
at the SPS and LHC facilities, calculated using SensCalc [1, 2], are shown in
fig. 7.3. Here, we neglect production via proton bremsstrahlung and kaon decays
since they are typically subdominant in the SPS- and LHC-based experiments
we will consider. At the LHC, di-production modes (7.10), specifically Higgs
decays, dominate the scalar production provided that 62 /Br(h — SS) < 2-1078.
At lower energy facilities where the Higgs cannot be produced, di-production
processes remain the main production mechanisms under the same condition
when kinematically allowed, mg < mp, /2 [660].

Sensitivity at Intensity Frontier Experiments: To assess the potential of
IF experiments to explore Higgs-like scalars via di-decay signatures, we consider
three complementary experiments: SHiP [686], Belle II [91], and LHCb with the
recently proposed Downstream trigger scheme (hereafter Downstream@LHCD)
[642, 643]. While SHiP is expected to begin operation in 2033 following its 2024
approval, both Belle IT and Downstream@LHCDb are already running. Details of
our simulations and the experimental configurations are discussed in appendices
C and D of Ref. [95].

SHiP is a proton beam dump experiment operating with a 400 GeV beam and
a long, shielded decay volume. It is expected to collect the impressive amount
of 6 - 10%° protons on target. Its design ensures operation in a background-free
regime throughout its projected 15-year runtime [633], making it especially suited
for rare decay searches such as those involving FIPs.

Downstream@LHCb is an implemented trigger scheme that expands the
LHCb effective decay volume beyond the inner tracker. For invariant masses
above 2 GeV, the decay region is effectively background-free due to the absence
of physical resonances and the suppression of combinatorial backgrounds [643,
687]. Studies are ongoing to assess the feasibility of probing lower masses. The
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Figure 7.4: Sensitivities of SHiP, Belle II, and Downstream@LHCb for mono-
and di-decay signatures from Higgs-like scalars, assuming Br(h — S5) = 0.1.
The left panel shows the zoomed-in parameter space probed by SHiP and
Belle II, while the right panel additionally includes the Downstream@LHCb
experiment. Mono-decay regions constitute the exclusion potential, while, in
the di-decay domain, it may be possible to distinguish between different models
with similar (or even the same) decay pattern. Excluded regions (gray) are
taken from Ref. [611]. Shaded colored bands represent theoretical uncertainties
from scalar decay modeling [595]. Reproduced from Ref. [95].

search may continue through the LHC high-luminosity phase, targeting a total
integrated luminosity of £ = 300 fb™!.

At Belle II, low-boost BB meson pairs produced via ete™ collisions and a
large angular coverage provide an excellent setup for di-decay searches. The
ability to reconstruct the full decay chain is a key advantage, though it comes
with significant background. For instance, the signature Bt — K*X [91], X —
visible final states, yields 5-10 background events for £ = 0.189 fb~! [611],
which extrapolates to O(10%) events for the full run of £ = 50 ab™!. Despite
this, Belle II offers unique capabilities in reconstructing displaced decays with
precise kinematic control.

Fig. 7.4 presents the sensitivities of these experiments for both mono- and
di-decay signatures. We see that, indeed, these three experiments complement
each other: both SHiP and Belle II probe m < mp, /2 though in different mixing
angle regimes, while Downstream@LHCD is sensitive to higher masses.

At SHiP, the sensitivity to di-decays lies entirely within the mono-decay
reach, as expected due to the additional suppression from requiring two decays
within the background-free detector. Nevertheless, it covers a meaningful portion
of parameter space where, thanks to correlated observables, it may be possible to
reconstruct the production mode and robustly discriminate the Higgs-like scalar
from other models (see appendix F of Ref. [95] for further discussion).

At Belle II, mono-decay backgrounds are dominated by fake tracks and tracks
with missing hits [611], rather than physical backgrounds. Similar effects could
affect di-decay searches, but the probability of reconstructing two displaced ver-



7. NOT-SO-INELASTIC DARK MATTER: EXPLORING NEW DIRECTIONS 151

tices with matching invariant masses that together with the kaon reproduce
the parent B meson mass is strongly combinatorially suppressed. We thus
optimistically treat the di-decay signature as background-free, though a dedi-
cated experimental study is warranted. Given the non-negligible backgrounds
for mono-decays and the mild di-decay relative suppression due to the large an-
gular coverage of Belle II, the di-decay search is highly competitive and even
dominant for scalar masses around 1 GeV.

At Downstream@LHCDb, the situation mirrors SHiP: the di-decay reach is
again nested within the mono-decay domain. However, the accessible mass range
extends up to mg = my /2, where scalar decays involve high-multiplicity final
states. This makes such events ideal for r the new Buffer Scanner (BuSca) project
of LHCb [687, 688], capable of real-time Downstream monitoring at 30 MHz for
masses up to 50 GeV.

We expect similar opportunities at other IF experiments, particularly off-axis
LHC detectors such as MATHUSLA, ANUBIS, and CODEX-b, where moderate
FIP boosts and non-negligible backgrounds could make the clean and distinctive
di-decay signature especially valuable [689)].

Conclusion. In this optional section, we have elucidated how di-decay sig-
natures can naturally emerge even in minimal dark sector scenarios, such as
those involving Higgs-like scalars. While not a new prediction, since this model
has already been studied at the main LHC detectors, our analysis demonstrates
that these signatures can effectively probe sizable regions of parameter space
at both current and future IF experiments. In particular, di-decays provide a
valuable tool for identifying production mechanisms, mitigating backgrounds,
and distinguishing between models with otherwise similar decay patterns. Our
study highlights the complementary capabilities of Belle II, SHiP, and Down-
stream@LHCD in accessing this signature, thereby advancing the experimental
program for FIPs searches . More broadly, the methodology developed here es-
tablishes a foundation for investigating richer dark sector scenarios, such as the
case for not-so-inelastic Dark Matter, which will be discussed next.

7.1.2 New di-decay signatures

As discussed in the previous chapter, di-decay events were previously considered
in the context of inelastic Dark Matter (iDM) predominantly for models involv-
ing a dark Higgs mediator in addition to the vector portal [79, 83]. In such setups,
the dark Higgs can decay into two excited DM states or be produced through
Higgs-strahlung processes, independently of parity-breaking assumptions.’® Con-
sequently, di-decay signatures naturally emerge via dark Higgs production.

SThroughout this work, we consistently adopt a non-zero mass splitting ¢ > 0, which is
necessary for realizing inelastic interactions.



7. NOT-SO-INELASTIC DARK MATTER: EXPLORING NEW DIRECTIONS 152

In contrast, the not-so-inelastic Dark Matter (niDM) framework, due to its
relaxed symmetry structure allowing for generic parity breaking, enables the ap-
pearance of di-decays even in scenarios involving only the dark photon mediator.
Furthermore, thanks to the broader range of viable kinetic mixing values [79] (es-
pecially when compared to the scalar mixing angle [331]), dark photon-mediated
di-decays probe a larger region of parameter space. While Higgs-strahlung can
still allow for dark Higgs production via the vector portal, it typically requires
large dark gauge couplings. In contrast, in the niDM scenario, such di-decay
events can occur even for small dark couplings and remain entirely independent
of scalar mixing angles 0,/,—thus decoupling the collider phenomenology from
the properties of the dark Higgs.

Given this novel feature and its broad accessibility at current and upcoming
experiments, we focus here on the dark photon portal. As partially discussed
in Ref. [83], similar conclusions could be drawn for the dark Higgs portal sce-
nario; we will return to this point later. For now, assuming the dark Higgs is
lighter than the DM but heavier than the mass splittings, its role is limited to
enabling secluded freeze-out via yx — h'hR’ and imposing DD constraints for
m, 2 8 GeV—similar to the previous chapter—while not contributing to decays
of the form x* — xh'.

Turning to the dark photon interactions in niDM, the couplings introduced
in table 3.2 illustrate that the dark photon generically couples to two excited DM
states, enabling decays such as A’ — x*x*. These can manifest at eTe™ colliders
via processes like electron-positron annihilations eTe™ — vA’ — ~yx*x*, dark
Higgs-strahlung ete™ — A’ — hW'x*x* and direct production ete™ — x*x*,
leading to multiple distinctive signatures with two (or more) decay vertices (see
fig. 7.5 for details). In the special case of parity conservation (6, = 0), these
interactions remain purely off-diagonal, and such decay channels are forbidden.
Allowing for general parity violation (§, # 0), however, results in non-zero diag-
onal couplings B.« # 0, and the possibility of significant A" — x*x* branching
ratios arises.

To quantify this behavior, fig. 7.6 displays the branching fractions of A’ into
dark sector final states as a function of the normalized mass splitting A, =
(myx —my)/m, across representative niDM scenarios. These include:

o The standard regime (mg > \/mprmp) with large parity breaking &, > 1
but no CP-phase (¢4 = 0) as discussed in chapter 4 [89];

o The p-wave scenario (mgy < \/mpgrmp) introduced in section 3.2.3 (also for
¢4 = 0) with small parity breaking values, d, = 0.05 and J, = 0.5, since
necessarily A, > d,;

Additionally, we include predictions for inelastic Dirac DM (i2DM) [478], where
the DM consists of Dirac fermions and di-decays occur without requiring any
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Figure 7.5: Schematic Feynman diagrams (top) illustrating the new niDM
di-decay signatures—allowed only when §, # 0—at Belle I, together with
examples of the corresponding event topologies in the transverse plane of
the detector (bottom), where we assume a promptly decaying dark photon.
The top left diagram shows both direct production of an excited state pair in
eTe™ collisions via off-shell dark photons, eTe™ — A — x*x*, and produc-
tion in association with a SM photon followed by on-shell dark photon decay,
ete™ = vA" — yx*x*. The top right diagram depicts production via dark
Higgs-strahlung, ete™ — A’h’ (involving an off-shell A™*), with A" — x*x*.
In this case, the dark Higgs may decay visibly within the detector or escape
undetected; for my > 2m, + ¢, additional x* states can be produced, as dis-
cussed in Ref. [83]. For illustration, we show x* decays into electrons and A’
decays into muons, though in general many SM final states are possible. The
bottom panels represent the corresponding event topologies: direct production
(left) and production with an additional associated particle, either a SM pho-
ton or a dark Higgs (right).

parity violation, serving as a benchmark for comparison. We set the fermionic
mixing angle 0, driven the coupling structure of this type of models to its maxi-
mal value 7/4 and also to a small value of 7/10. In all cases, we assume a small
kinetic mixing such that the dark photon decays dominantly into the dark sector.

These results highlight the rich variety of possible A’ branching behaviors,
depending on symmetry assumptions and parameter choices. Notably, mod-
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Figure 7.6: Branching fractions of an invisibly decaying dark photon A’
(¢ > ea) in various niDM scenarios as a function of the normalized mass

splitting A,,.

Top: standard s-wave niDM scenario (mg > /mgmy) with

¢4 = 0 and strong parity breaking d, > 1 (left), shown for several values of
the mass ratio Ras = mas/my; and the i2DM setup [478] with fixed Rar =5
but varying fermionic mixing angle 6, (right). Bottom: p-wave niDM scenario
(mg < /mgrmr) with §, = 0.1 (left) and ¢, = 0.5 (right), for the same values
of Ras as in the s-wave case and ¢q = 0. Vertical gray lines mark A,, = ¢,
which represents the minimal mass splitting allowed in p-wave scenarios.
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els like i2DM also populate the literature and exhibit distinct phenomenologi-
cal features. Motivated by this diversity, in the remainder of this chapter we
advocate for a general effective description of fermionic niDM models to sys-
tematically study their experimental signatures—particularly di-decays. This
model-independent approach allows experimental analyses to directly constrain
the effective couplings governing dark sector interactions, without relying on ad
hoc UV completion choices. In the event of a discovery, such measurements
could then be mapped back to UV-complete models, enabling identification of
the DM particle responsible for approximately 80% of the matter content of the
Universe.

7.2 A generic picture for not-so-inelastic Dark Matter

Inspired by fermionic iDM models found in the literature [69, 70, 89, 418, 478]—
particularly the niDM model introduced in chapter 3—we consider a dark sector
containing two fermions: the ground DM state y and the excited DM state x*,
with masses

My =My + 0, where 0>0. (7.11)
We describe their interactions via the following effective Lagrangian:
Ll = e A" xi(icu; + Bijy")1ux; — yh' Xi(6us + iBi°)x; (7.12)

where two of the three renormalizable portals to the SM are included:” the dark
photon A’ and the dark Higgs h’. As in most iDM frameworks, DM is essentially
only composed of the lightest state x.

The Feynman rules presented in chapter 3 apply here as well, with the dif-
ference that the interaction coeflicients are now left generic. These must satisfy:

which imply, for instance, that all diagonal coefficients are real except for «;;,
which are purely imaginary.

For Majorana fermions, the interaction terms should be rescaled by a factor
of 1/2, and the following extra relations apply:

Qi = —Qji, Bij = Bji Gij = Qi Bij = Bji - (7.14)

These imply that «; = 0 and all couplings are real. A full derivation of the
relations in egs. (7.13) and (7.14) is provided in appendix A.

"We neglect the heavy neutral lepton portal F;;L;Hy;, as it is often absent in fermionic
iDM scenarios due to symmetries or model specific choices [70, 89, 93, 418, 478], effectively
setting Fj; = 0.
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The relevant mediator parameters are their masses, m 4, and my/, and their
mixings with the SM: the kinetic mixing e for A’ and the scalar mixing angle
6 for 1’ (see section 2.5). While additional parameters may be relevant in the
scalar sector [95], such as those entering dark Higgs di-production, we neglect
these in the present analysis.

In the remainder of this work, when referring generically to the off-diagonal
coefficients, we will adopt the notation x_,. This parameter corresponds to either
a_4 or B_,, depending on whether the scenario under consideration is fully s-
wave or fully p-wave, respectively—otherwise a complex number depending on
both coefficients.

Following chapter 3, we further define the inelastic fine-structure constant as

agnel = 52—*0/ . (715)
This will serve as the reference parameter in our analysis, as it directly governs
the excited state lifetime 7,. When comparing different flavor structures, we
require the lifetime of the excited state to be fixed, since it can be extracted
experimentally from the distribution of propagation lengths of displaced vertices,
independently of assumptions about the dark flavor structure.

To facilitate phenomenological studies, we developed a Mathematica® Hand-
book for Fermionic iDM, which includes analytic expressions for decay widths
and branching ratios of all states in this effective model, as well as 3-body decay
amplitudes. Users can specify the coefficient values for their concrete models or
simply choose the already implemented coefficients for niDM [89] and i2DM [478].
The handbook also includes differential and total cross sections for dark sector
production in eTe™ collisions. We also make available a Monte Carlo event gen-
erator (and a semi-analytical estimator) for collider signals such as mono-photon
events and displaced vertex searches, see appendix D.® A compatible SensCalc
interface for generic iDM can also be accessed upon request [1].

7.2.1 Probing the not-so-inelastic flavor structure

While the generality of the niDM framework may seem too broad to be predictive,
its rich structure gives rise to a variety of experimental signatures that can be
exploited to constrain its parameters. We focus here on the Belle II experiment,
which offers clean collision environments and excellent vertex reconstruction. In
particular, we concentrate on three key signatures with high discovery potential
at Belle II:"

8The handbook and the generator are publicly available at
©)/gdvgarcia/A_handbook_for_fermionic_n_iDM and €)/gdvgarcia/niDMatEEcolliders,
respectively. Please cite the current thesis and Ref. [89] when using them.

9Similar signatures can also be used to probe dark sectors unrelated to DM, such as in the
3-portal model [300, 690].
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o Mono-photon with missing energy (mono-v),
o Displaced vertex plus photon (displaced++),

o Two decay events with at least one displaced vertex (di-decay).

We restrict our analysis to the light DM regime, m, < 5 GeV, which is well-
suited to Belle II’s sensitivity to dark photons with masses up to m 4, ~ 10 GeV.
This ensures that the condition m 4 > 2m,« can be satisfied, allowing for on-shell
decays of the form A" — y™*)x™*). At the lower end, we impose m, 2 10 MeV
to evade constraints from Big Bang Nucleosynthesis, which exclude thermally
coupled light DM in equilibrium with the SM [388].

Additionally, we focus on scenarios with relatively large mass splittings,
oz 10*2mx7 to ensure that the excited state x* decays within detector scales,
i.e., proper decay lengths c7, < O(m) [89]. Within these mass ranges, collider
bounds provide the dominant constraints for niDM models composed of Majo-
rana fermions, regardless of the coupling structure. This follows from suppressed
DM-SM scattering cross sections and p-wave annihilations, as discussed in chap-
ters 4 and 6.

In contrast, Dirac niDM models face additional limits due to potentially
unsuppressed diagonal couplings, which can mediate SI scattering and lead to s-
wave annihilation. For this reason, and for simplicity, we focus on the Majorana
case when presenting concrete results.

Let us now assess how the three signatures probe the coupling structure
of the effective Lagrangian in eq. (7.12). Due to its novelty, we concentrate
here on the dark photon portal. A similar analysis applies for a heavy dark
Higgs (myp > 2my~), although the corresponding signatures would arise from
B-meson decays such as B — Kh'. In that case, analogous signatures (mono-
K, displaced+K, and di-decay) can be defined using B-tagging, albeit with
additional experimental challenges.'’

Heavy dark photon case. The expected number of events in each signature
channel can be estimated as:

Ne(\%gnts = éf Brix Na, (7.16)
Ne(ignts = g'y 5* [BI“,* + 2(1 - E*) BI‘**] NA’ 5 (717)
Negge)znts = 5"/ [BI'__ + (1 - {*)Br—* + 2(1 - 5*)2Br**] NA’ 5 (718)

where N, is the total number of dark photons produced, Br;; denotes the A’
branching ratios, and & < 1 are detection probabilities (y for photons and

10Complications from dark Higgs pair production (see section 7.1.1) increase final-state mul-
tiplicities. Moreover, the dark Higgs portal has more couplings with the SM than the simpler
vector case.
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« for decay vertices of excited states), similar to £ discussed below eqs. (7.4)
and (7.16).11

With sufficient statistics and simulation-based estimates of &;, the branch-
ing ratios—and therefore relations among effective couplings—can be inferred
from ratios of the measured event rates Néf,)ents. While non-trivial due to &.’s
dependence on m,, this strategy, in an optimistic setup, could even provide con-
straints on the absolute DM mass. In specific niDM scenarios characterized by
less parameters (e.g., A, and J, as in chapter 4), the three branching ratios can
be used to infer these parameters along the DM mass itself, providing a powerful

discriminator among models.

The energy(angular) distributions of photons in inclusive missing energy
events provide a handle on the dark photon mass. This can be inferred by
analyzing events in which the photon is emitted at large angles where missing
energy from detector acceptance is minimal. Importantly, the analysis must be
inclusive: all events with a photon and missing energy are included, regardless
of whether additional visible particles from dark sector decays are present.

The shape of the distribution reflects the A" kinematics (set by my), while
its normalization—the number of events per bin—can be used to extract the
kinetic mixing parameter e. With these two parameters, Ny is fixed. Focusing
for simplicity on events involving a visible high-energy photon—i.e., di-decays
produced in association with a photon NN, @ &y €2 Br,, N —all branching

events
ratios can be expressed as

n2
Br.. = =2, (7.19)
1 1-¢&,
Br_, = € <n1 -2 5*6 ng) , (7.20)
1-—- *
Br__ =ng— ¢ ¢ ni, (7.21)

where n; = Néiénts/ (&yNar). 1If visible decays are negligible—as is generally

expected given the smallness of € from experimental constraints—the branching
ratios satisfy the unitarity relation

1=DBr__ + Br_, + Bry., (7.22)

which provides a useful cross-check.

Small deviations in the (e,m /) extraction may occur at large I' 4/ (corre-
sponding to large '), where off-shell effects become relevant. In this regime,

11 principle, the detection probabilities £, depend on both the decay mode i and the
experimental signature j, £ 9 but we approximate them as universal for simplicity.

*1 )
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additional signatures such as di-decays (or even “tri-decays”) from dark Higgs-
strahlung (h/-strahlung) processes—with at least one h’ decaying—may also be-
come accessible. These channels offer complementary probes of the dark sector
and enable further constraints on its coupling structure.

Vertex displacement distributions encode the lifetime of x*, which is related
to the mass splitting § and the off-diagonal couplings as well as o’ (see sec-
tion 4.1). The value of the mass splitting 0 can be estimated from the maximum
invariant mass of the visible decay products in x* — xff, and, combined with
lifetime measurements, can be used to determine the inelastic fine-structure con-

/ e
stant of | (€' times K_,).

To fully disentangle all effective couplings, certain assumptions about the
dark flavor structure may be necessary—for example, setting 5_, = 0 as in the
standard niDM scenario, or a_, = 0 as in the p-wave case. In theories with only
one source of parity breaking (i.e, models with no CP-phases), typically only
one of these couplings can be nonzero, making such assumptions well motivated.
Moreover, s-wave scenarios are typically considered natural in such frameworks,
whereas p-wave scenarios are somewhat “unnatural” (see discussion chapter 3).

In an optimistic scenario where h'-strahlung events are also observed (i.e.,
o > 1072 [79] and the dark Higgs has a decay length within detector reach
6 > 1077 [79]), the dark gauge coupling ¢’ can be directly extracted. This pos-
sibility remains realistic under perturbative unitarity and freeze-out abundance
constraints, which disfavor both very large and very small values of myp,.

In such favorable circumstances, one could in principle determine both the
diagonal and off-diagonal couplings, as well as the absolute mass m,. This fol-
lows from the fact that the branching ratios take the schematic form Br,,, =
g(Kij,mar, my,d). Since the variables (mgs,d, k—,) could already be extracted,
only three unknowns remain, which can be fixed by the three independent
branching ratios. In this way, the full coupling structure of the dark sector
through the vector portal can in principle be reconstructed—in a very optimistic
setup. The schematic flow of this analysis is shown in fig. 7.7.

The above analysis outlines an ambitious but in-principle feasible roadmap for
fully reconstructing niDM models from collider data. To assess its experimental
viability, we aim in future work to implement a realistic case study in collabora-
tion with Belle II experts, including background estimates and detector effects.
In the remainder of this chapter, we turn to exploring the parameter space re-
gions where the three signatures (mono-v, displaced+~, and di-decay) provide
overlapping sensitivity, enabling full exploitation of this reconstruction strategy.
We begin by reviewing current constraints on vector portal niDM, followed by
projected sensitivities at Belle II.
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Figure 7.7: Schematic flowchart illustrating how key experimental observ-
ables can be used to probe the parameters of a generic not-so-inelastic Dark
Matter effective Lagrangian. N (0.1L21) denote the number of events asso-
ciated with the mono-v, displaced+7, di-decay, and h’-strahlung signatures,

(h")

respectively. L,y and m Pf represent the vertex displacement and invari-

ant mass distributions of x* (or h') decays. E. denotes the photon energy
distribution. The effective off-diagonal coupling «_, depends on both a_, and
B-«. The functions f and g represent relationships among the listed vari-
ables, while Br;; correspond to the various A’ branching ratios. The opti-
mistic scenario refers to the case in which h/-strahlung events are observable
(@ 2 1073, Oprp, = 1077, 2my 2 myps = 2my,); deductions that rely on this
scenario are indicated with green arrows. A final minimal assumption (fixing
the relation between k_, and the coefficients o, and f3.,) is required to extract
all interaction coeflicients from data—naturalness and no CP-phases typically
suffice. Results based on this assumption are indicated with orange arrows.
This proposed flowchart, however, must be further studied under realistic de-
tector effects and possible parameter degeneracies. See main text for further

details.
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7.2.2 Belle II sensitivity to flavor-probing signatures

Motivated by the standard s-wave and p-wave regimes of niDM introduced in
chapter 3, we consider two representative choices for the off-diagonal coefficients
(recalling that for Majorana fermions «y; = 0 automatically). Specifically, we
take f_. = 0 (corresponding to the standard regime) and a_, = 0 (correspond-
ing to the p-wave regime). In CP-conserving scenarios, it is typically the case
that at least one of these coefficients must vanish, making such assumptions well
motivated. Thus, we focus on Majorana niDM models characterized by three
independent flavor parameters governing the DM interactions with the dark
photon.

We neglect the Higgs contribution to the x* decay width, as it only becomes
relevant when oe;“el ~ af g (e, Royy ~ k_ye') and 6 ~ 10e for large mass
splittings § 2 GeV, owing to the Yukawa suppression of light SM final states.
This approximation is further supported by the stringent experimental bounds
on the scalar mixing angle, # < 107* [331]. In addition, we assume the dark
Higgs to be light (mj < m,), thereby ensuring secluded freeze-out xx <> h'R/,
which predicts y ~ 0.07,/m,,/GeV (see chapter 6)—values much smaller than
the €’ considered here. Taken together, these arguments further justify neglecting
Higgs effects, and imply that its particular flavor structure does not play any role
in the parameter space probed by Belle II.

Current constraints. As discussed in the previous section, collider constraints
dominate in the mass and splitting ranges of interest. Here we briefly summarize
the most relevant bounds on niDM with a vector mediator, as well as constraints
that may arise from a light dark Higgs. The reader is referred to chapters 4
and 6 for further details.

Model-independent bounds on € are set by measurements of deep inelastic
scattering of e off protons at HERA [594], which dominate around mr ~
10 GeV. For larger masses, electroweak precision tests at LEP [494] provide the
strongest constraints.

At high-energy facilities, sizable DM fluxes can be produced, giving rise to
scattering events in surrounding detectors. Measurements at LSND [279, 556],
E137 [483, 557], and MiniBooNE [506] place strong bounds on light DM with
my S O(100) MeV for large /. Since the collision energies are much larger
than the DM masses and splittings, these bounds are insensitive to the details of
diagonal versus off-diagonal couplings. We therefore follow Ref. [280] rescaling

their results by an appropriate choice of «'.

Beam-dump searches are especially powerful for m, < 2 GeV and long-lived
excited states (¢t 2 1 m). However, such long lifetimes are outside Belle 11
sensitivity. Ref. [3] showed that Belle II mainly probes unexplored regions of
parameter space for large mass splittings 6 2 0.4m,, which correspond to shorter
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lifetimes. We therefore restrict our analysis to this range and neglect beam-
dump bounds, leaving the study of novel beam-dump signatures, such as niDM
di-decays and b’ production from dark photons, to future work.

Excited state decays at NA64 impact missing-energy searches only if they
occur between the VETO and HCAL, i.e. within 1 m < L < 6.5 m. Since such
decay lengths are expected to be irrelevant for displaced searches at Belle 11, we
simply adopt the recent NA64 constraints reported in Ref. [344]. As discussed in
chapter 4 (see also Refs. [80, 479]), the effects of including these decays remain
confined to a narrow interval along the DM mass axis.

For electron—positron colliders, we extend the simulations presented in chap-
ter 4 to include both dark sector decays of x* and visible SM decays of media-
tors, see appendix D. The simulation is made less model-dependent by using the
generic coefficients introduced in this chapter. For mono-photon searches, we
apply the cuts from Ref. [3] to recast BaBar bounds [488] and estimate Belle II
sensitivity [91]. For h'-strahlung, relevant in the optimistic scenario, we use the
cuts of Ref. [79] to recast the Belle II bounds for 365 fb~! [82], employing the
semi-analytical approach described in chapter 6.

Projected sensitivities. Belle II has already collected over 424 fb~! of data
[560]. To remain conservative, we estimate sensitivities for £ = 100 fb~!. How-
ever, we note that the recent null results from A’-strahlung searches with 365 fb=!
[82] already exclude the optimistic scenario at 100 fb~!. Thus, we also project
results for £ = 50 ab™!, the dataset expected by the end of Belle II around 2030.

Because mono-photon searches are background limited, rescaling sensitivi-
ties is non-trivial, as discussed in chapter 4. The sensitivity evolves as S(e)
L4 [79].12 We therefore first rescale the published sensitivity from 20 fb~! up
to 100 fb~! and 50 ab™!, and then apply our updated simulation procedure to
estimate mono-+ sensitivities across different niDM scenarios.

By contrast, displaced+-y, di-decays, and h’-strahlung are expected to be
essentially background free under the cuts proposed in Refs. [3, 79]. We adopt
these cuts directly. For di-decays, we use the same cuts as for h'-strahlung since
both involve two decaying particles. In our new case, the decays originate from
identical states (x*), producing a continuous spectrum with mz, < 4, while h-
strahlung produces an invariant mass fixed at my/. The distinction between the
two signatures can therefore be made experimentally.

Sensitivities are computed using the semi-analytical method described in ap-
pendix D, adopting the background-free assumption (90% C.L. contours corre-
spond to 2.3 events). A more refined analysis, including background estimates
and optimized cuts, would require a full Belle II detector simulation, which lies
beyond the scope of this work.

12See Ref. [3] for the assumptions underlying this scaling.



7. NOT-SO-INELASTIC DARK MATTER: EXPLORING NEW DIRECTIONS 163

Results. We present the combined constraints (gray shaded regions) and pro-
jected Belle II sensitivities (colored contours) for the three (four) complementary
searches—mono-vy (blue), displaced+~ (yellow), di-decays (red), and h’-strahlung
(green)—in figs. 7.8 and 7.9. Results are shown for £ = 100 fb~! (solid) and
L =50 ab™! (dashed), considering two benchmark values of o _;: an optimistic
0.1 (fig. 7.8) and a more natural value 0.01 ~ « (fig. 7.9). We focus on large split-
tings 0 = m,, which ensure short x* lifetimes accessible at Belle II while avoiding
beam-dump bounds. For h/-strahlung projections (only present for £ = 50 ab™1)
we take 6 = 2.6 x 1074, consistent with the Belle II search for dark Higgs bosons
associated with iDM [82]. At £ = 100 fb~! we instead assume long-lived A’
escaping detection—a condition easily satisfied for # < 107° or for light dark

Higgs masses my < 2my,.

We investigate three benchmarks with very distinctive flavor structures:

1. iDM-like: small and equal diagonal coefficients, 3;; = 0.1, together with a
large off-diagonal one k_, = 0.99. This structure is realized in the standard
niDM model from chapter 3 for J, ~ 1 in the s-wave regime or ¢, ~ 0.1 in
the p-wave case.

2. Democratic: all non-zero coefficients equal to 0.5, corresponding to a Majo-
rana version of the i2DM model [478] (i2DM-like) with maximal fermionic
mixing angle 6, = /4.

3. Hierarchical: By = 0.9, k_y = 0.3, and S__ = 0.1, also corresponding to
an i2DM-like scenario but with a small mixing angle 6, ~ 7/10.3

For iDM-like models we present both s- and p-wave cases, whereas for i2DM-
like scenarios we restrict to the natural s-wave regime, since no qualitative dif-
ferences arise and the only quantitative distinction originates from variations in
the x* lifetime, 75 ~ 2.77 (see dotted lines in figs. 7.8 and 7.9).

As an illustrative example of p-wave i2DM-like sensitivity, fig. 7.10 considers
the hierarchical benchmark, focusing exclusively on excited state di-decay events.
The figure decomposes the sensitivity according to the three distinct di-decay
production modes. The first two correspond to x* originating from dark photon
decays, A’ — x*x*, with the dark photon produced either via annihilation in
association with a Standard Model photon, ete™ — A’y (solid), or through
dark Higgs-strahlung, ee™ — A’h’ (dashed). The third mode corresponds to x*
produced directly in the high-energy collision, ete™ — x*x* (dotted). While the
first channel involves only on-shell particles, the latter two proceed via an off-
shell s-channel dark photon and are therefore suppressed for small o’. Moreover,
the sensitivity from ete™ — A’h’ depends on the dark Higgs lifetime: if A’/

13We avoid very small k_, values, since with o}, fixed this would require o’ larger than
unity, breaking perturbativity.
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decays promptly, ‘tri-decay’ events dominate instead. To capture these effects,
we present separately the combined sensitivity of the channels independent on
the dark Higgs properties in light gray, alongside the total sensitivity including
h'-strahlung in red.

Figs. 7.8 and 7.9 demonstrate that even with £ = 100 fb~!, Belle II can probe
all three primary signatures across a broad parameter space and for diverse flavor
structures. Scenarios with large diagonal couplings are particularly promising, as
di-decays may surpass mono-decays sensitivity due to their multiple production
channels and the photon-tagging requirement in displaced+y searches. Demo-
cratic structures also yield interesting reach for the di-decay signature.

Although the optimistic A/-strahlung case for 100 fb~! is excluded already
by existing 365 fb~! results [82], projections for 50 ab~! reveal that Belle II
could in principle probe the full dark sector coupling structure as described
in section 7.2.1. Indeed, regions remain where all four signatures are accessible
without being excluded by current bounds. This highlights the strong motivation
for Belle II to continue accumulating data and exploring these complementary
signatures, as the flavor structure of the dark sector may prove as rich and
surprising as that of the SM—after all, the dark sector may be serving up a
menu so exotic that Belle II could end up tasting “flavors” far spicier than the
traditional quark cuisine.

7.3 Concluding remarks

In this chapter, we have investigated the potential for discovery and characteriza-
tion of feebly interacting particles (FIPs) at Intensity Frontier experiments, with
special attention to di-decay signatures—observing simultaneously the decays of
two FIPs within a single event. Such signatures offer unique opportunities: they
can serve as a smoking-gun signal for models predicting FIP pair production,
and the reconstruction of both decays enables the identification of the produc-
tion channel even when the production vertex itself is inaccessible—a common
limitation at Intensity Frontier facilities. Consequently, di-decays provide a ro-
bust discriminator between different classes of FIPs that otherwise share similar
decay phenomenology. Furthermore, di-decays are associated with significantly
lower background rates compared to mono-decays, often requiring no tagging,
and can arise from a larger variety of production channels. In certain cases, this
can yield exclusion sensitivities comparable to, or even stronger than, mono-
decay searches, despite the parametric suppression of the di-decay event rate.

Using a benchmark model with Higgs-like scalars, we demonstrated that
di-decay searches can cover a wide parameter space at both current and up-
coming Intensity Frontier experiments. More importantly, in the presence of
rich dark sectors—particularly niDM models—di-decays can be combined with
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other, more standard searches to probe in depth the structure of the dark sec-
tor couplings. Specifically, we have shown that for niDM scenarios, di-decay
searches, in combination with mono-photon, displaced vertex plus photon, and
dark Higgs-strahlung signatures, could in principle allow a full reconstruction of
the effective dark sector flavor structure.

By estimating Belle II sensitivities to these complementary signatures, we
have demonstrated that the dark flavor structure is within the reach of current
and near-future datasets. In particular, di-decays not only enrich the Belle 11
physics program but also provide a critical handle for disentangling diagonal and
off-diagonal couplings in niDM models. This makes them an invaluable addition
to the FIP search strategy at Intensity Frontier facilities.

Overall, our results establish di-decays as a novel and powerful probe of new
physics. Beyond niDM, the methods developed here are broadly applicable and
can be extended to other classes of FIP models predicting rich phenomenology.
In this way, di-decay signatures open a promising path to refining and expanding
the search strategies for FIPs at the Intensity Frontier, with testing the possible
flavor (structure) of the dark sector now within reach.
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Figure 7.8: Projected sensitivities of different niDM searches at Belle II for
integrated luminosities of 100 fb~! (solid lines) and 50 ab~! (dashed lines),
assuming «of , = 0.1. Results are shown for four illustrative examples of
niDM models with distinctive flavor structures. DM is taken to be Majorana
(similar results are expected for Dirac DM). Current bounds are indicated in
gray, except for Belle II constraints which only apply to short-lived dark Higgs
bosons. Dotted black lines denote contours of excited state proper decay length
¢t = 10 cm. Across the plane, the observed DM relic abundance is satisfied
via secluded freeze-out xx — h'h’. A full NA64 recasting and additional beam
dump constraints remain to be performed but are not expected to significantly
affect the parameter space relevant for Belle II. See text for further discussion.
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Figure 7.10: Decomposition of Belle IT excited state di-decay sensitivities into
different production channels for an integrated luminosity of 100 fb~!. The
combined sensitivity from channels independent of the dark Higgs properties
is shown in light gray, while the total sensitivity including all channels is
shown in red. The left panel corresponds to o, ; = 0.1 and the right panel to
o) o = 0.01. Current bounds are indicated in gray. Beam dump constraints
will be addressed in future work but are not expected to significantly affect the
Belle II reach. See the main text for further details on the production modes.



CHAPTER 8

Conclusion

The study of dark matter continues to pose one of the most fundamental and
enduring challenges in modern physics. Although its existence is well supported
by gravitational evidence, the identity of its particle nature remains unknown
even after many decades of investigation. In this thesis, we have examined a class
of models aimed at bridging this gap, focusing on the framework of inelastic dark
matter and its generalizations. By developing theoretically motivated, minimal,
and UV-complete scenarios—and evaluating their phenomenology across multi-
ple experimental frontiers—this work provides a coherent and predictive strategy
to probe hidden sectors. The results obtained contribute both conceptually and
phenomenologically to our understanding of how dark matter might interact with
the Standard Model, and what experimental strategies might ultimately lead to
its discovery.

8.1 Summary

We began in chapter 2 by reviewing the current status of the Dark Matter (DM)
problem. While its existence is firmly established through astrophysical and cos-
mological observations, its particle properties remain elusive to direct laboratory
searches, with no conclusive evidence observed to date. To address this, a wide
range of theoretical frameworks have been developed, many of which predict sta-
ble, feebly interacting particles emerging naturally in extensions of the Standard
Model (SM). Among these, the thermal freeze-out scenario, particularly involv-
ing Weakly Interacting Massive Particles (WIMPs), has long been favored due
to its predictive power and independence from early-universe initial conditions.
The so-called “WIMP miracle” further motivates these models by intrinsically

linking weak-scale masses and interactions to the observed relic abundance of
DM.

However, decades of experimental searches have significantly constrained the
parameter space for classic WIMP models. As discussed in chapter 3, this has led
to the development of various WIMP-like frameworks that retain the appealing
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features of thermal freeze-out, sometimes at the expense of strict predictivity or
weak-scale masses and couplings. Among these, inelastic DM (iDM) stands out
as one of the most minimal and versatile frameworks, applicable to DM masses
ranging from the sub-GeV scale to masses well above the electroweak scale. It
successfully evades both direct and indirect detection bounds while offering rich
phenomenological consequences for collider physics, astrophysics, and cosmology.

Also in chapter 3, we reviewed the canonical pseudo-Dirac iDM model and
its collider phenomenology. We examined how UV-completions of this model
often rely on an ad hoc assumption of parity conservation in the dark sector.
We demonstrated that this assumption is not essential: Majorana DM (mDM)
models remain viable within WIMP-like scenarios, and parity violation merely in-
terpolates smoothly between the traditional iDM and mDM regimes. Motivated
by this, we introduced a general and minimal UV-complete framework—named
not-so-inelastic DM (niDM)—which unifies iDM and mDM models interacting
via dark photon mediators and necessarily includes a second mediator, the dark
Higgs boson, associated with spontaneous symmetry breaking in the dark sector.

In the subsequent chapters, we analyzed the niDM framework across various
scenarios. In chapter 4, following the typical approach adopted in the iDM liter-
ature, we considered a setup involving only the dark photon portal and sub-GeV
DM masses. We showed that parity violation gives rise to a new phenomeno-
logical regime—models that resemble iDM in collider and direct detection (DD)
experiments but whose thermal production mimics mDM. We labeled this pa-
rameter space as the not-so-inelastic regime. In the standard niDM model often
employed in iDM studies, this regime appears for large mass splittings 6 ~ m,,
and contains two unconstrained regions: one near a few hundred MeV and an-
other near a few GeV. This is in contrast to traditional iDM, which is excluded
in the sub-GeV range for 6 2 0.1m,. Current experiments such as Belle II
and NA64 have the potential to fully probe the lighter mass window, while the
multi-GeV region remains challenging. Heavier DM masses are constrained by
DD, while lighter ones are excluded by beam-dump experiments and Big Bang
Nucleosynthesis limits.

In chapter 5, we showed that a consistent iDM framework does not require a
dark photon. We introduced the minimal-inelastic DM (miDM) model: a dark
sector containing only a Dirac fermion and a pseudoscalar mediator a. The
model behaves as iDM in the presence of small but non-zero parity violation
and in the regime where the vacuum expectation value w of the pseudo-scalar
is small compared to the bare Dirac mass of the fermion. This small-w regime
is motivated by naturalness, as w = 0 restores a global Z; symmetry. Although
miDM is not well suited for sub-GeV DM due to its Yukawa-suppressed couplings
to light SM particles, it remains a highly predictive target for DD experiments at
masses above the electroweak scale, as it leads to elastic DM—nucleus scattering
with spin-independent cross sections. Future detectors such as DARWIN are
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expected to nearly close the remaining parameter space in the visible freeze-out
regime (i.e., mq > m,).

In chapter 6, we considered a scenario where both the dark photon and
dark Higgs are active mediators. We argued that perturbativity considerations
prevent integrating out the scalar mediator. We revisited the limited existing
literature on niDM with both mediators and identified a new decay channel
enabled by parity violation: x* — xh/. This allows dark Higgs production
via dark photon decays into excited DM states, followed by their subsequent
decay into ground states and scalar mediators. We found that this channel
enables Belle IT to probe substantial regions of parameter space that are currently
unconstrained, offering simultaneous sensitivity to both the dark photon’s kinetic
mixing and the dark Higgs’ scalar mixing—regions within which niDM yields a
consistent WIMP-like DM candidate.

Finally, in chapter 7, we explored a novel class of feebly interacting particle
(FIP) signatures in Intensity Frontier experiments: di-decay events, where two
FIPs are produced and decay inside the detector. These events allow for iden-
tification of the FIP production modes and differentiation between FIPs with
similar decay products, while also potentially suppressing backgrounds that typ-
ically plague mono-decay searches. We first considered a simple model only
consisting of a Higgs-like scalar, then showed how parity-violating niDM models
naturally predict di-decay signatures, even in the dark photon-only case. We
introduced a general, UV-agnostic parametrization of niDM models based on
effective couplings of DM states to mediators. Focusing on Belle II, we ana-
lyzed three complementary signatures (a single photon plus missing energy, a
displaced vertex associated with a high-energy photon, and di-decays) and ar-
gued that, when combined,' they allow for the reconstruction of the DM “flavor
structure”, i.e., the coupling pattern between mediators and DM states.

8.2 Outlook

The results presented in this thesis open several promising avenues for further
investigation.

Although briefly discussed in chapter 3, an alternative niDM scenario where
naturalness is not imposed remains an intriguing possibility. We have shown
that this setup leads to p-wave dominated co-annihilations, thereby evading ID
bounds even in the presence of meta-stable excited states. A more detailed
exploration of this scenario is planned for future work.

In chapter 4, the DM mass region near 5 GeV remains largely unexplored. In-
terestingly, DD experiments lose sensitivity just above this threshold, and eTe™
collider energies typically drop off at the B-meson pair threshold, limiting their

1This assumes an optimistic scalar sector that allows for detectable Higgs-strahlung events.
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reach from below. One possibility for extending sensitivity in this region in-
volves direct searches for the dark Higgs boson, which cannot be much heavier
than the DM due to the large gauge couplings required for successful visible
freeze-out. For instance, Higgs-strahlung processes could allow eTe™ colliders to
probe masses more than 1 GeV above the current reach of mono-photon searches.
Furthermore, it would be valuable to engage more closely with the Belle II and
NAG64 collaborations to analyze their data within the more general niDM frame-
work, beyond the specific mDM and iDM limits. Productive conversations in
this direction are already ongoing.

For chapter 5, further exploration is needed regarding cosmological bounds
from long-lived excited DM states. In particular, we have not yet quantified
the relic abundance of excited DM generated via freeze-out, though this could
significantly constrain the parameter space. Diagonal interactions (e.g., parity-
violating effects) might help suppress the excited DM fraction even for small
diagonal couplings, giving the Boltzmann suppression faced by off-diagonal in-
teractions at low dark sector temperatures. Preliminary results in this direction
for the standard niDM model with a vector mediator are promising, and a ded-
icated study is expected to be completed soon. Additionally, scalar-mediated
iDM remains largely unexplored at the LHC or in projections for the FCC. Given
ongoing dark Higgs searches at the LHC, this constitutes a fruitful direction for
collider studies.

The results presented in chapters 6 and 7 are largely preliminary; accordingly,
the next step in both cases involves full Monte Carlo simulations to incorporate
constraints from beam dump experiments. Simulations will also be essential for
refining Belle II sensitivities and projecting the reach of SHiP. A key direction
for further development in chapter 7 is to rigorously demonstrate how combining
the complementary signatures available in niDM models can constrain the dark
flavor structure. We plan to present a specific benchmark case study to illustrate
this point.

Another exciting avenue involves the study of DM flavor oscillations, analo-
gous to neutrino oscillations, which can arise in generic niDM (and even i2DM)
frameworks. These oscillation signatures offer promising opportunities for prob-
ing the DM coupling structure while also suppressing SM backgrounds. A proof-
of-principle is presented in appendix A, and a dedicated study is underway to
assess how much of the niDM parameter space can be probed using this mecha-
nism.

In conclusion, this thesis has explored a simple yet profound direction in iDM
physics: the possibility that parity is not conserved in the dark sector. This is
not an unnatural assumption, given that parity is already maximally violated in
the electroweak sector of the SM. We have shown that parity violation enables
a host of new phenomena: (n)iDM models with large mass splittings, a minimal
iDM framework involving only a single (pseudo)scalar mediator, excited DM
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states decaying into dark Higgs bosons, and distinctive di-decay signatures that,
when combined with standard signals, could enable full characterization of the
dark sector flavor structure.

In short, parity should not be taken for granted. It is our responsibility
as physicists to investigate its role in our extensions of the SM—just as T. D.
Lee [85], C. N. Yang, C. S. Wu [86], and many others did more than half a
century ago to demonstrate that parity is not a symmetry of our Universe.?

After all, we still do not know what dark matter looks like in the mirror.

2The same logic should be applied to the charge-conjugation and time-reversal symmetries.
Other foundational contributors to the study of C, P, and T (CP) violations include [691] E.M.
Purcell [84], N.F. Ramsey [692], J.H. Smith [693], E. Ambler, R.W. Hayward, D.D. Hoppes, R.P.
Hudson, J.D. Jackson [694], S.B. Treiman, H'W. Wyld, J.H. Christenson [695], J.W. Cronin,
V.L. Fitch, R. Turlay, and A.D. Sakharov [696].



Esse estranho que mora no espelho / ... / olha-me de um jeito
de quem procura adivinhar quem sou.

— Mario Quintana in O antinarciso — Caderno H
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APPENDIX A

Mathematical details

This appendix provides a detailed derivation of the dark fermion mass eigenstates
in the not-so-inelastic Dark Matter (niDM) model introduced in chapter 3. We
explicitly perform the diagonalization of the fermion mass matrix arising after
spontaneous symmetry breaking in the dark sector, including the effects of both
scalar and vector portal couplings, and clarify the role of the CP-violating phase
in determining the physical parameters of the model. In appendix A.2, we also
present mathematical details regarding the properties of interaction coefficients
for a generic fermionic niDM scenario—such a framework was explored in chap-
ter 7. Furthermore, we include a derivation of oscillations between DM states
(analogous to neutrino oscillations), which can arise in generic fermionic niDM
models. These oscillations were briefly discussed in the outlook of chapter 8.

A.1 Details on the mass diagonalization

To determine the mass eigenstates of the dark fermions, we rewrite the La-
grangian £, in eq. (3.20) using only the left-handed fields, xr and x%, in a

two-component notation
XL
U = . Al
<X%> (A1)

Then, adopting the unitary gauge, where

’—L "+w an :L v
H_ﬂ(th ) d H ﬂ(o,h+ )7, (A.2)

the Lagrangian becomes

Ly, =U0%d — ATy)V +9TC™N (M + W 1) ¥ + hee., (A.3)

_ (1 0 _ (yrw T B 1 0
IA/—€<O _1>, M_(ng yrpw )’ I =y 0 1+4,)" (A.4)

A-1
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and

5, — YRV (A.5)
YL

According to the Takagi factorization lemma [697-699], any complex sym-
metric mass matrix M can be diagonalized via a unitary transformation U.
Following the conventions in Ref. [700], we define the new field basis:

AN
U = ;| =09, (A.6)
¥y
with ”
cosf e'?sind
U= <e_i¢ sinfd  cosf > ’ (A7)
where
1 w(yp —yi) + D
cosf = 5> t= E__7L , (A.8)
1+¢ md\/Z
and
D? = wz(y% — y%)2 + miA, A= y% + 2yryr cos(2¢4) + y%. (A.9)

The phase ¢ is determined via

el? — ’i’ with K= yre?t + ype ¥, (A.10)
K

which leads to

. . + . .
sign[(yr, — yr) sin ¢4] arccos (yLyR cos ¢d> , if (yr —ygr)singg #0,
¢ = VA
arccos <yL+yR cos q5d> , otherwise.
VA

(A.11)

This procedure leads to a diagonal mass matrix M’ = diag(c1,02). However, o;
may contain imaginary parts given their phases

01 02

em = - and ez — 92 , (A12)
|o1] 7
where
/ 2 ~2i¢a | 2) 4+ D
= Md, i(¢a—o) _ Lw(y; + 2yLyre + %) +
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o1 =YyLw + 5 e 5 . yRe—zmd 7 ( )
Mmd, i Tw ?/2 + 2yLyR€_2i¢d + y2 - D
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To obtain positive definite mass eigenvalues, we left-multiply the unitary matrix
U by diag(e"1/2,¢12/2), leading to a new unitary transformation

/2 0
U// — < 0 €i72/2> U7 (A15)
and the fields
o = @;) =U"¥. (A.16)

We now define the Majorana mass eigenstates:

X1 = ¢1 + ¢f7 X2 = "/}2 + ¢§ ) (A17)

and using Prx; = v;, the Lagrangian becomes:

1_ Loy <
Ly = Xilid —ma)xi + 5" Ay Xiliw + Biyn”)7"'x;

1 . 5
- §th' Xi(Gij +iBiy7°)x;, (A.18)

where the Majorana fields have masses given by

mi =m2 + 2w (y? +y%) +2wD, mi=m3+ 2w (y; +y%) — 2wD, (A.19)

and the interaction coefficients are the given in tables 3.2 and 3.3. The Majorana
fields x1 and yo are the physical propagating fields—since they are the fermionic
mass eigenstates of £,—corresponding to x* and x in our notation of chapter 3.1

To express these results in terms of the physical Majorana masses mq and
mg, we must reparameterize mg and ¢4 as

m3 = m? — 20y} + y3), (A.20)

1 1
2p4) =
cos(26a) 2wyryr [4m}

At 4w (wi(yh + 6yRyh + yh) — M2 + u3)

(Am!* — 4w (yk — y1)?) — W (yR +yi)| (A21)

8w2yryr(m? — 2w2(y% + y}%)) ’ (A.22)
where ) ) ) )
m2:m1+m2’ Am2 = T =M
2 2
Consistency of this reparameterization imposes:
m? > 2w (yi + yR), (A.23)
2w(yr + yr)Vm2 — w2(yL + yr)? > Am* > 2wlyr — yo|v/m? — w(yr _(ZX)QZS

1A common notation found in the literature is 1 = x and x2 = x*.
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along with the trivial constraint m? > Am?.

Finally, since the consistency checks are involved and multiple values of ¢4
correspond to the same mass spectrum (one in each quadrant), it is practical
to treat the CP-violating phase ¢4 as an input parameter. For instance, one
may adopt a small ¢4 < 1, which allows the two mass m; and ms to serve
as approximate free parameters, since the Majorana masses eq. (A.19) are only
quadratic in ¢4. Alternatively, specific values such as ¢4 = 7/2 can simplify the
diagonalization—as done in chapter 5 where a maximal CP-violating phase was
considered. Most often, one simply adopts ¢g4 = 0.

A.2 Properties of the Interaction Coefficients

In this section, we summarize the bilinear identities used to derive the symmetry
properties of the interaction coeflicients appearing in the generic niDM effective
Lagrangian introduced in chapter 7.

For two generic fermion fields x; and x; (either Dirac or Majorana), the
following Hermitian conjugation relations hold:

*

o (i)' = = iy = ag;
o (i)t =—Xxe = By =B
o (X)) =X = aij = — 0
o (X))t = Xvsxe = Big = Bie

In the special case where x; and x; are Majorana fermions, the bilinears also
satisfy transposition symmetry relations:

o ()" =X = Qg = dgis
o (xivsxi)" = Xgxi = Bij = Bjis
o ()" =X = g = —ayi;
o (XivsuXs)T = Xvsvuxi = Bij = Bii-
Combining the Hermiticity and transposition properties, we conclude that all
interaction coefficients are real for Majorana fermions.
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A.3 Extra: Oscillating Dark Matter

Looking at the generic niDM effective Lagrangian introduced in chapter 7, we
observe that the dark sector can exhibit a rich flavor structure. This naturally
raises the question: could dark matter particles undergo oscillations analogous
to those of SM neutrinos? In particular, when the mass splitting between dark
matter states is small, why would such oscillations not occur?

Indeed, dark matter may exhibit oscillatory behavior. In this section, we
explicitly derive the oscillation probabilities, following the approach of Ref. [701].
As in the case of neutrinos, the oscillation phenomenon arises from quantum
interference between amplitudes when the propagating intermediate states are
kinematically indistinguishable.

We focus on the case of DM searches via scattering processes at high-energy
facilities [702, 703], as these events closely parallel SM neutrino oscillations. In
such scenarios, DM particles are produced at high energies without resolving
their mass eigenstates. After propagating over a finite distance, they scatter off
electrons or nuclei at downstream detectors. Due to the high energies involved
and the limited kinematic information typically accessible in these experiments,
it is not possible to determine which specific mass eigenstates participated in the
scattering process. This lack of resolution enables interference between ampli-
tudes involving different intermediate states—thereby allowing DM oscillations
to occur, as we demonstrate below.

We begin with a generic interaction Lagrangian:
1 _ .
Ly = €' AV Xilio; + i) (A.25)
and consider the scattering process illustrated in fig. A.1.

The total amplitude for producing a final dark matter state x; which subse-
quently scatters into x; is given by:

m2
My =3 MG e L M (A.26)
k

where F is the energy of the propagating DM state, L is the propagation dis-
tance from the production vertex to the detector, and M;(S) are the production
(scattering) amplitudes.

To simplify the analysis, we assume:
« scattering energies well above all relevant masses, £ > m,, m;
 a heavy dark photon, ma > m,;

« a small mass splitting 0 < m,,.
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Figure A.1: Schematic Feynman diagram illustrating the production and
detection of DM particles at high-energy facilities. The DM mass eigenstates
x; and xj are produced via a dark photon A’ decay. The intermediate state
Xk propagates to the detector, where it scatters off an electron (or a nucleus)
into x;. The full amplitude includes interference between diagrams with both
x and x* exchange.

Under these conditions, we may ignore the °-structure differences and define:
P(S .
./\/lij( ) ~ (i0yj + Bij)./\/lp(s) = Kij MPES) (A.27)
where k;; € C. The diagonal elements are real since 8;; € R and ioy; € R (from
the coefficients properties of the previous section).

The total amplitude becomes:

m2

Y k. 3
Mij = MPM®D " kiprigge 28 "
k

'm2* L2
= MPMSemimi b (m-n_jelézEL + ﬁi*/i*j> , (A.28)

where §2 = mi* —mi and we used a specific two-state system notation for clarity.
The averaged squared amplitude relevant for the cross sections is:

m2,

e T
(M |? = [MFP]2[MS]2 Z Z Kikkkje 2B K kg el 28
koK

.52
=A <]/<;i_/<;_j]2 + |Kikinj | + 2R |:/ii_/i_j/<;:*/€:j612EL:|> ) (A.29)
with A = |[MP|2| M52
Since k is Hermitian (see appendix A.2), we can always rotate away any
complex phase via a unitary transformation:

Ay

B

k=Uxr'U" with k' €R, U =diag(e®,1), tan¢ =

Assuming ., > 0, the rotation angle is uniquely defined.’

2If .. < 0, the correct angle is adjusted by adding or subtracting = depending on the sign
of a.
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In the rotated (real) basis, the squared amplitudes simplify:

—_— 5L

IM_|2=A [/iffl + &%+ 2k"%K"2 cos <2E>] , (A.30)

M2 = M, |2 = A" [FJ/Z + w2+ 287K, cos <52L>} (A.31)
-k - *= - -% - ok = TVxok 2E ’ .

M2 = A [/44 + K1+ 262 K2 cos <(52Lﬂ (A.32)
kK - ok % sk Vo 2E . .

Summing over all possible final states:

_ 52L
SOTMGTE = A [ k26 (2 w2 4 eos (5 ) )]
/L‘?j

2F
(A.33)
Alternatively, using implicit equal indices summation:
TAA 12 I N2 2 2 /1 \2 52[’
Z’MU‘ = A | (Fhri)” + 265 Z’%’i + (k)" cos 5E (A.34)
i,j i

This result explicitly demonstrates that DM oscillatory behavior can be phys-
ically realized, as shown by the presence of the interference term proportional
to cos(02L/2E) in the total cross section. However, no such behavior arises in
two-flavor models where either (i) the off-diagonal coupling «/, vanishes—such
as in the case of two left-handed chiral fermions with equal charges—or (ii) the
diagonal couplings satisfy /. = —x/,, as in the standard niDM scenario (con-
sidered in chapter 3) where fermions have opposite charges. In both cases, the
oscillation term cancels out in the summed amplitude, and no flavor interference

remains.

To allow for observable DM oscillations in a UV-complete niDM framework,
one possibility is to introduce at least three chiral fermions in the dark sector—
such as neutrinos in the SM. This allows for gauge anomaly cancellation while still
maintaining two of the flavors nearly degenerate in mass, permitting coherent
flavor transitions over macroscopic distances. Alternatively, one may consider
scenarios with Dirac fermions—such as the i2DM model [478]—where oscillations
can occur even in two-flavor systems due to the richer structure of the interaction
matrix.
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FeynRules Implementation

To facilitate the use of various High Energy Physics computational tools, we
have developed model files for the FeynRules Mathematica® package (version
2.3) [534] describing the not-so-inelastic Dark Matter model outlined in chap-
ter 3.

Tables B.1 and B.2 list the fields and parameters used in the most generic
model implementation, respectively. We introduced the FeynRules flavor-index
“DarkGeneration”, denoted by d = 1,2, to manage interaction coeflicients effi-
ciently. Note that d = 1 corresponds to the heavier state (i.e., x1 = x*) and that
“ch” () denotes the vector (x1,x2). In addition, A’ = Z’, H' = S and g, = €.
External parameters are marked with the symbol ™.

Modifications to the base SM.fr file are minimal: only lines marked with
the comment “Giovani DVG” are changed. The standard restrictions remain
unaltered—mnamely, DiagonalCKM.rst, Massless.rst and MasslessAl1Q.rst.!

Six new files were added to complete the model implementation:
- pDFDM2M. fr: defines the dark sector model,
- DarkPhoton.rst: places the theory in the dark photon regime by removing
Z-7' mixing,
- ScalarPortal.rst and VectorPortal.rst: enable or disable the scalar and
vector portal interactions independently (by setting the respective mixing, 6/,
and €, to zero),
- DecoupleDarkHiggs.rst and DecoupleVectorMediator.rst: sets extremely
large masses on the respective mediators, effectively decoupling them from the
theory.

'Note that MasslessA11Q.rst sets all quark Yukawa couplings, masses, and widths to zero,
suppressing any tree-level couplings between quarks and the scalar portal.

*MicrOmegas [375] requires that DM candidates (odd under R-parity, i.c., a new Zs sym-
metry) be named with the “~” prefix. Thus, x; is named “~chi”. All other fields follow their
symbolic names.

3With decay width defined by WH1".

B-1
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Table B.1: Fields and their masses in the full FeynRules implementation.
The third row shows the assigned PDG codes.

X Xi A S s A Sy S —w A Z H, Hs,
ch  chi® Zp Sdf Sd Zhp DGO Sdfnovev Au Zu H1 H2
Mch  Mchi MZp~ MZp~ MH1™®  MH2™

53+i 53 52 25 51

Table B.2: Parameters defined in the full FeynRules implementation.

9x 13 As Ash i o] YL
gch™ mussq Is Ish Mdi phdi ychL.™
YR € qs m? Am? Ons w
ychR"™ epsilon™ pr MchBar2™ DMchBar2™ thetahs™ dvev
Qij Bij Qij Bij €z €z
alphch[i,j]  betachl[i,jj halphch[i,j] hbetachli,j] epsilonZ epsilonZp
A D 5y 0 (Z) Vi
Deltatemp Dtemp deltaychRL thetach phch gamchl[i]

B.1 Small complex phase

In its most general form, the model features complex mass matrices and phase-
dependent interactions due to the CP-violating parameter ¢4. Implementing
this fully general version in FeynRules is highly non-trivial, as many interac-
tion coefficients depend on nontrivial diagonalization procedures and complex
phases. In addition, consistency checks must be performed for each choice of
input parameters—see appendix A for details.

For this reason, we also provide a simplified implementation valid in the
limit ¢4 < 1, where masses of the physical eigenstates can be approximately
defined independently of ¢4. In this regime, the interaction coefficients are easier
to handle both analytically and numerically. Specifically, the masses Mch1 and
Mch2 are treated as external parameters, and phdi is likewise considered an input
(though it must remain small for consistency). Conversely, ychL is no longer an
external parameter, as it can be expressed in terms of the fermion masses in this
limit.



APPENDIX C

Analytical recasting of beam
dump experiments

In this appendix, we revisit the procedure for analytically recasting experimental
constraints and estimating the sensitivities of beam dump experiments.

Because dark matter (DM) particles in our model are produced via decays
of the mediator, the DM flux can be inferred directly from the number of me-
diators produced in the experiment. In standard analyses of Majorana DM, one
typically considers invisible signatures. In such cases, the number of missing
energy events—which can be extracted from exclusion limits in background-free
analyses—provides a direct estimate of the number of dark photons produced.

In the case of inelastic DM (iDM) searches, the number of dark photons
produced can be estimated using the probability that an excited DM state decays
inside the detector volume, denoted by Pgec, defined as:

lmin lmax
Pdec —exp[ 7'<p>:| exp[ T(pJ , (C.1)
where lyin /max denote the minimum and maximum distance from the production
point to the boundaries of the decay volume, and (p) is the average absolute
momentum of the decaying particle (i.e., its Lorentz factor times velocity).!
Since the detection efficiency is the same for niDM and iDM, which share the
same decay channels, the number of dark photons producing DM particles that
reach the detector can again be estimated using Pge. and the exclusion limits
from background-free experiments.

In both scenarios, a straightforward analytical estimate of the number of
excited states decaying inside the detector is possible. Corrections may arise
from the kinematic distributions of the decay products, finite detector resolution,
or geometric effects, but these are expected to lead to second order corrections.
This is because (i) niDM and iDM share similar decay phenomenology, and
(ii) for invisible searches, even small visible signals are sufficient to veto events.

!Typically estimated from the initial beam energy or fitted to data.

C-1
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Figure C.1: Comparison between analytical (dashed) and numerical (solid)
recasted bounds on the kinetic mixing € from the NuCal beam dump experi-
ment [615]. Each panel shows different relative mass splittings between dark
sector fermions, A,, = (0.6,0.9). The opacity of the curves indicates different
values of the left-right Yukawa asymmetry, é, = (0.5,50).

Corrections due to non-zero backgrounds become relevant only in experiments
with significant background levels.

As an illustration, fig. C.1 compares the analytical recasting method applied
to the NuCal experiment [615] with the numerical results obtained using the
modified SensCalc [1] implementation of chapter 4. In the remainder of this
appendix, we present in detail the recasting of the missing energy search of
NAG64, as this data set plays a central role in constraining the niDM model with
a vector mediator (see chapter 4).

C.1 Recasting NA64 missing energy searches

The NA64 experiment targets dark photon (A’) production followed by invisible
decays, as is the case for Majorana Dark Matter (mDM). In our model, however,
A’ decays into y and x*, and the excited state x* may subsequently decay within
the detector volume, producing visible signals that may cause the event to be
vetoed.

The number of events that pass the NA64 selection criteria for a given set of
niDM parameters, Xpipm = (mar, 0y, Ary, my, ¢, €), can be written as:

Nuipn (%nipnt) = Nar(ma) =€ | > fi(mar) g(a, Xuipm) | - (C.2)

i=br,an
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Here, the first term corresponds to the total number of dark photons, while the
second term accounts for vetoed events due to x* decays in the detector.

We distinguish between two production channels: production via electron-
nucleus bremsstrahlung, e~ Z — e~ ZA’ (i = br), and via resonant annihilation
of secondary positrons with atomic electrons, ete™ — A’ (i = an).

The production rates f; are normalized such that:

Ngg% exc.(mA/) = 630% exc. [fbr(mA/) + fan(mA’)] ’ (03)

where €go; oxe. 1S the experimental bound reported by NA64 [344, 513] (directly
applying to mDM).

The functions g; give the fraction of events vetoed by NA64 due to x* decays
in the detector, such that Npipm = Na/(mar) for g; = 0 and Nypy = 0 for
g; = 1. These veto functions depend on the specific experimental conditions of
NAG64, collectively denoted by a;.

The veto functions g; decompose into two terms. The first describes decays
of x* inside the ECAL, which decrease the total missing energy of the event and
may lead to an event being vetoed if Eissing < 50 GeV. The second describes
decays that would leave a non-zero energy deposit either in the VETO or within
the HCAL, both of which cause an event to be vetoed.

A general form for the veto function g can be written as:

g(a;, Xpipm) = (1 — e_(LECAL—dﬁow)/fﬁ‘)w)

+ e~ (Lmoan—di¥e =D /6 (1 _ e*(LHCAL‘H)/e?VC) , (C.4)
where
. TX* (E]*’)2 _mi*
# = X (C.5)
My

is the decay length of x*, which we calculate separately for low-energy dark
photons (j = low) and for all dark photons (j = ave).

All parameters appearing in the veto functions g are explained in detail in ta-
ble C.1.

Finally, we assume that E;Z = Ef /2, i.e., that the dark photon energy is
equally shared between the two daughter particles. This is a reasonable approx-
imation since dark photon energies are typically much larger than the masses of
the final-state particles.

With a physical model for the veto functions at NA64, we can benchmark
our analytical predictions against those available in the literature for the iDM

2This parameter defines an effective ECAL length for low energy dark photon events.
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Table C.1: List of parameters used in the veto functions for reinterpreting
missing energy bounds from the NA64 experiment [344, 513]. The values in
the first row for each parameter correspond to the bremsstrahlung channel
(¢ = br), which is the only one used for the fits. The second row corresponds
to the annihilation channel (i = an).

Description Symbol Estimated  Fitted
value value
Fraction of produced dark photons Qpr 20% 4%
with low energy (50 GeV < E4 < 75GeV)  Qan 50% -
Average energy of low energy dark E%)"rw 64 GeV 74 GeV
photons producing a signal Elow Eq. (C.6) -
Low energy dark photon production d{frw 3Xo 22X
position plus containment length? dlow d}frw +2X9 -
Average energy of dark photons EXY© 85 GeV 78 GeV
producing a signal E2ve Eq. (C.6) -
Average energy dark photon e Xo 11X,
production position dzye dp® +2Xo -
A’ veto efficiency for events
leaving hits at VETO + HCAL " 100% 100%
ECAL length Lgcar, 1 m (40Xp) -
HCAL length Lycar, 6.5 m —
Leakage length of showers produced at I 5, X,

ECAL leacking energy to VETO + HCAL

scenario. This comparison allows us to validate our parametrisation and calibrate
the various detector-related parameters we introduced. For this validation, we
set fan = 0, since the positron annihilation production channel has not been
included in previous iDM studies [80, 479].

As a first step, we estimate the parameters ay,, based on available information
from NA64 technical reports [553] and prior analyses [704]; these estimates are
listed in the third column of table C.1. For the iDM case (i.e., 6, = 0), our ana-
lytical predictions agree with those from Ref. [479] within 14%, with an average
deviation of approximately 6%, as shown in fig. C.2.

To further improve this agreement, we perform a fit by varying the ay, pa-
rameters around their estimated values. The best-fit results, shown in the fourth
column of table C.1, yield a match to fig. 6 of Ref. [479] with a maximal discrep-
ancy of less than 8% and an average deviation below 2%. Interestingly, the fit
reveals that (), < 1, indicating that x* particles originating from low-energy
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Figure C.2: Comparison of exclusion limits on iDM from the NA64 experi-
ment with 2.84 x 101! EoT, as obtained in this work (dotted and solid lines) and
in Ref. [479] (dashed lines). The dotted curves are based on estimates of the
veto function parameters using experimental data, while the solid curves result
from fitting these parameters to closely reproduce the bounds from Ref. [479].
Dark photons produced via secondary positron annihilation are not included
in the comparison, as they were neglected in the analysis of Ref. [479].

bremsstrahlung dark photons (E4/ € (50,75) GeV) contribute negligibly to the
experimental constraints. We therefore adopt these fitted parameters for our
final predictions of bremsstrahlung-induced signals, which dominate over nearly
all of the parameter space probed at NA64.

In contrast, no prior studies have analyzed dark photon production from
positron annihilation in the context of iDM or niDM [705]. Hence, we can-
not benchmark our estimates of a,, against the literature as we did for the
bremsstrahlung channel. Nonetheless, we can extract useful information from
fig. 1 of Ref. [705] to estimate the average energy of dark photons produced via
positron annihilation that are capable of generating missing energy signals.> We
model the average dark photon energy as

50 GeV, my < 225 MeV

(C.6)
430m 4 — 47 GeV, my > 225 MeV.

B2 (ma) = {

Finally, we combine both production channels—bremsstrahlung and positron
annihilation—to recast NA64 limits on the niDM parameter space using the most
recent data release from the collaboration [344].

3Since E&° tends to be small in the relevant parameter region, we approximate F.0% = E2v¢,
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Recasting searches at
electron—positron colliders

Electron—positron colliders such as PEP-II (BaBar) and SuperKEKB (Belle II)
operate at fixed center-of-mass energies /s, which provide well-defined event
kinematics and a much cleaner background environment compared to hadronic
machines. Moreover, because (tree-level) cross sections for electron—positron
annihilation can be computed rather straightforwardly, we developed our own
dedicated analysis tools in order to maintain full control and understanding of
the results.

In this appendix, we describe the two methods employed in this thesis to
estimate constraints and sensitivities of searches at this class of colliders. First,
we present a fully numerical approach based on Monte Carlo simulations, which
we implemented independently. Subsequently, we introduce a semi-analytical
approximation, designed to keep closer contact with physical intuition while also
providing a reliable cross-check of the simulation results.

D.1 Simulating the collisions

Event generation is performed in the center-of-mass (c.m.) frame by sampling
dark photon angles and their corresponding four-momenta according to energy—
momentum conservation, based on the analytically computed annihilation cross
section o(ete” — yA’)—or, more generally, using the relevant cross section
for any directly produced particle in the collision. The four-momenta are then
boosted to the laboratory frame.

Dark photon decays are subsequently simulated in the A’ rest frame, where
two-body decays are isotropic. Different dark matter (DM) states are sampled
according to the corresponding branching ratios, with kinematics fixed by con-
servation laws.! The final-state momenta are boosted back to the laboratory

+

!Strictly speaking, the process eTe™ — yxx* should not be factorized into production and

D-1
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Figure D.1: Comparison of BaBar exclusion limits and Belle II projected
sensitivities on iDM from mono-photon searches [91, 488], as obtained in this
work (solid lines) and in Ref. [3] (dashed lines).

frame using the A’ momenta.

If a x* is produced, we sample its lifetime and channel. The decay vertex
is then obtained by multiplying the lifetime with the particle momentum. The
same procedure is applied to long-lived dark photons or dark Higgs bosons. All
(tree-level) cross sections and branching ratios are computed analytically. For the
vector portal, we neglect three-body kaon modes and higher-multiplicity decays
since they are subdominant in the mass ranges of interest (see chapter 4). For
scalar-mediated higher-multiplicity decays, we approximate them as cascades of
two-body decays. Mediator decays into SM particles are taken from SensCalc [1].
Following Ref. [3], charged pions and kaons are treated as muons in the detector
response.

All these steps are implemented in a Mathematica®-based Monte Carlo event
generator, available at €)/gdvgarcia/niDM/MissingEnergyEEcolliders. Fig-
ure D.1 shows our validation of the simulation against Ref. [3] for missing-energy
searches of inelastic DM (iDM), setting d, = 0. Details of the cuts and beam
conditions used in these analyses are provided in appendix D.3. Validation for
displaced-vertex searches is still ongoing; however, for this case we have devel-
oped and validated an alternative method, which is discussed in the following
section.

decay, for large A’ widths—preset in most cases we studied. However, this effect mainly smears
the photon and x* energies and is negligible within the accuracy goals of this work [3].


https://github.com/gdvgarcia/MissingEnergyEEcolliders
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D.2 A (semi-)analytical approach

During the development of the Monte Carlo event generator, we realized that
in the specific case of two-body decay chains, all relevant distributions can be
expressed in analytical form through successive Lorentz boosts. Furthermore, we
observed that kinematic cuts on the SM-visible decay products have only a minor
impact across most of the parameter space of interest. Consequently, in many
cases the only essential ingredients are the decay position of the (semi-)visible
particle(s), together with the direction of the associated photon (when present),
in order to determine whether the event is observable.

The procedure is straightforward. As an illustrative example, consider the
typical displaced-vertex plus high-energy photon signature in standard iDM [3].
Since the visibly decaying excited state is produced via a two-body dark photon
decay, the x* four-momentum in the A’ rest frame can be written as”

k£A/) = (E*, Dy COS By, Py Sin B, COS Py, Py Sin O, sin gb*) , (D.1)
with
() _ My = my +my () N2 _ .
E; = oM ’ P = \/(E* )" —m2.. (D.2)
Because of the kinematics of two-body decays, the direction of k,EAl) is uniformly

distributed, and hence the angular distributions of 9£Al) and ¢§<Al) are immedi-

ately known.

A similar expression holds for the dark photon four-momentum kng) in the

c.m. frame of the collision, where the A’ energy is

E2 2/
E(OW - Zou My (D.3)
2EcMm
with Fcy the total c.m. collision energy. The azimuthal distribution qSEf,ND
(CM)

is uniform, while the polar angle 6, follows the differential cross section

do/ d954(;M), with total cross section 0 = o(ete™ — A’y). By kinematic rela-
(CM)

tions, this distribution also fixes the polar angle of the SM photon, 65 ", since
g{M) _ (CM) .
y =m—0, . Consequently,
do do
=— . (D.4)
dol™ (G
Boosting kgC,M) with the c.m. velocity Uy gives kg‘?b), and similarly for

kilab)

the photon. The excited state momentum is then obtained by boosting

Q/Strictly speaking, each variable = in the following equations should carry the superscript
zA ); we omit this for compactness.
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k:iA ) with /@gab) These lab-frame momenta directly yield the polar angles nglab)

_(lab)

relevant for the experimental cuts, while the spatial momentum p; "’ combined
with the lifetime 7, determines the excited state vertex position I,.

Since the polar angle is defined relative to @y, the azimuthal angles of
the photon and dark photon are unaffected by the boost. We may therefore
set them to zero without loss of generality, as they are uniformly distributed
and detectors typically cover the full azimuthal range—removing the need for
an additional integration.?> With these simplifications, the detection probability
density (suppressing lab-frame superscripts for compactness) can be written as

d7> 1do
dg\™ aglt) ap) o gp(™™

X % sin 94" (e_Rm“‘/“ZZl - e_Rm‘"*x/”%) (1 - e_X“m/lf> , (D.5)
0

D

G(Gmin S 9* S emax)

where O is the step function (©(C) = 1 if the condition C holds and 0 otherwise).
Here 0,,in(max) denote the detector’s angular acceptance, Riin(max) the minimum
(maximum) transverse displacement [[?*], and Xj, the maximal (minimal) al-
lowed longitudinal displacement [ if p,, is positive (negative).

Since all quantities in eq. (D.5) are either fixed cuts or analytical functions

of the angles GSCM), HiA/) and ¢>(kAl), the total detection probability is obtained
by integration:

05&1\;{) T 2
A') (A)
P = / oy A5 / 6’ / dpi") D, (D.6)
Illlﬂ O 0
where QI(MI:/[/)maX denotes the boosted detector coverage into the c.m. frame of

the collision. In addition, events must satisfy kinematic constraints: since the
photon must carry at least a certain minimal energy E,rynin, the maximal dark
photon mass probed is m\7* = Ecy — Emln

Although the method is in principle fully analytical, in practice the integra-
tions in eq. (D.6) must usually be evaluated numerically. Hence the designation
“(semi-)analytical approach.” In this way, the expected number of detected
events at an electron—positron collider is

N = e PNy x Br(x* — visible) Br(A" — x*x), (D.7)

where N4 = oL is the number of produced dark photons, L is the integrated
luminosity, € is the displaced-vertex detection efficiency,® Br(x* — visible) is

3Here we assume the beams propagate along the detector axis, such that the polar angle
coincides with the detector coverage. This holds exactly for BaBar and is an excellent approx-
imation for Belle II.

4An additional factor accounting for photon detection efficiency can be included in ¢ if
applicable.
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Figure D.2: Validation of the (semi-)analytical approach (dashed) against
previous results in the literature (solid) [3, 79]. Estimates are for Belle II
sensitivities, though each reference assumes a different integrated luminosity:
20 fb~! for Ref. [3] and 100 fb=! for Ref. [79]. Parameters in Ref. [3]: mar =
3my, Ay, = 0.4; in Ref. [79]: mar = 4my, mpy = 1 GeV, A, = 1, O, = 107°.
The labels “displaced+~” and “displaced” denote, respectively, searches for a
displaced vertex accompanied by a high-energy photon, and searches for two
vertices with at least one displaced. In the right panel, the sharp kinematic
cut in displaced+~ searches, Ecy > mar + Efyni“, has been smoothed. The
dotted curve shows an improved analytical treatment, as discussed in the text.

the branching ratio of the excited state into SM-detectable final states, and
Br(A" — x*x) the dark photon branching ratio into x*x. In standard pseudo-
Dirac iDM scenarios with € < 1 and o/ > «, one has Br(A4" — x*x) ~ 1 (for no
parity breaking, ¢, = 0), and Br(x* — visible) ~ 1 when considering only the
vector portal and splittings m,~ —m, < 3 GeV.

This method is exact in regions where cuts on the visible particles are negli-
gible, which covers a large portion of parameter space. Typically, the visible SM
particles from decays have sufficient energy to pass detector thresholds and suffi-
ciently large opening angles, especially for sizeable mass splittings. At low masses
(< 100 MeV), however, the large boost reduces the opening angle between decay
products, making cuts more relevant. At high masses, the photon energy cut
E;“i“ becomes important, especially near the kinematic endpoint m'?*, where
the dark photon absorbs nearly all collision energy. To account for this, we in-
troduce a smooth suppression factor S(mys) near threshold, such that the new
prediction for the number of detected events is N’ = S(m 4/ )N. S(ma) is imple-
mented via a sigmoidal interpolation function, interpolating between the regime
mar < my* (no suppression) and m 4 = m}** (full suppression). The interpo-
lation parameters are tuned using existing results from the literature. We neglect
discrepancies at very low mass since our focus lies on m = 100 MeV, while the
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Table D.1: Veto criteria used in the BaBar mono-photon analysis [3]. The
variables 8,1, =, and R, describe the vertex of the visibly decaying particle
(typically x*) in the laboratory frame: 6,1, is the polar angle with respect
to the +x direction, x the longitudinal position of the decay, and R, is the

transverse distance from the x axis in the plane perpendicular to it. Ej

0’(yCM)

of-mass frame.

(CM) and

denote, respectively, the photon energy and polar angle in the center-

Particle Type | Calorimeter / Drift Chamber Muon System
(i) either E(e™) or E(e™) > 150 MeV | (i) E(e™) + E(e”) > 300 MeV
Electrons (ii) 17° < Oap < 142° (ii) 20° < Grap < 150°
(iii) =113 cm < z < 185 cm (iif) —223 cm < z < 297 cm
(iv) Ry. < 102 cm (iv) Ryz < 243 cm
(i) either p(u~) or p(u™) > 150 MeV () p(u™) + p(p~) > 300 MeV
Muons .
(ii)—(iv) same as electrons (ii)—(iv) same as electrons
Hadrons Treat as muons Treat as muons
{CM) ~
Photons By > ?Cﬁ)e v
32.5° <60, < 99° -

sub-100 MeV region is more appropriately probed by beam-dump experiments.

The semi-analytical approach may be further refined by accounting for the
position-dependence of detector efficiencies and by excluding regions where elec-
tron final states are removed due to irreducible backgrounds (see table D.4; for
details, see Ref. [3]). In practice, such refinements only marginally improve agree-
ment with numerical simulations, while substantially increasing the computation
time. Since our baseline implementation already reproduces the literature at the
level of accuracy required (relative errors below ~ 70% for intermediate masses
away from thresholds), we adopt this simpler scheme. Near threshold, the in-
terpolation restores comparable accuracy. The validation against earlier studies,
including the threshold-suppressed and improved versions, is shown in fig. D.2.
The collider setup and selection cuts assumed in these results are detailed in the
remainder.

D.3 Set-up and cuts for electron—positron colliders

In this section, we briefly summarize the electron—positron collider experiments
considered in this work, namely BaBar and Belle II. We outline their basic prop-
erties relevant for our results, together with the selection cuts applied in the
analyses of mono-photon and displaced-vertices searches.

BaBar: The BaBar collaboration searched for mono-y events in a dataset of
53 fb~1 [488] collected at the PEP-II asymmetric e*e™ collider at SLAC. The
machine operated at a c.m. energy /s = 10.58 GeV, corresponding to the
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Table D.2: Veto criteria used in the Belle IT mono-photon analysis [3]. Here

GSYIab) denotes the polar angle between the 4z direction and the photon mo-
mentum in the laboratory frame. All remaining variables are defined as in
table D.1.
Particle Type | Calorimeter / Drift Chamber Muon System
(i) either E(e™) or E(e™) > 150 MeV | (i) E(e™) + E(e™) > 300 MeV
Electrons (ii) 17° < Oy, < 150° (ii) 25° < Orap < 145°
(iif) —112 cm < z < 206 cm (iif) —300 cm < z < 400 cm
(iv) Ry- < 135 cm (iv) Ry- < 300 cm
(i) either p(u~) or p(u™) > 150 MeV () p(p™) + p(p~) > 300 MeV
Muons P N g
(ii)—(iv) same as electrons (ii)—(iv) same as electrons
Hadrons Treat as muons Treat as muons
(CM)
Photons gzyv/higi i 2;}4) < elrci;vx/high B

Y (45) resonance.” The positron beam energy was 3.1 GeV and the electron
beam 9.0 GeV, colliding head-on. This configuration implies a boost of the c.m.
system along the detector’s magnetic field axis of 8, ~ 0.49 [707].

Belle II. The potential of Belle I to probe mono-photon signatures, as well
as displaced vertices in association with a high-energy photon, was analyzed in
Ref. [91]. Their projections were made for an integrated luminosity of 20 fb~! at
the SuperKEKB asymmetric ete™ collider (KEK), operating at a c.m. energy
corresponding to my4s). The beams consist of 4 GeV positrons and 7 GeV
electrons colliding with a crossing angle of 83 mrad. The bisector of this angle
aligns with the detector’s magnetic field axis, resulting in a c.m. boost of 5 ~
(0.27, 0.04, 0) [91]. Ref. [79] further studied displaced-vertex—+ signatures, as
well as di-vertex events with at least one displaced vertex, arising from dark
Higgs—strahlung processes et e~ — A™* — A’h/. These analyses considered larger
luminosities of 100 fb~! (already below the data collected by Belle II [82]) and
50 ab—!, which corresponds to the dataset expected by the end of the experiment
around 2030.

D.3.1 Missing-energy cuts

A particularly sensitive channel for invisibly decaying dark photons is the mono-

photon process

ete” = vA (= xx),

"Most BaBar data were collected at the Y (4S) [706], though the analysis in Ref. [488] used
mainly data from the T(3S) resonance, with non-negligible contributions from the Y(2S) and
off-resonance runs. For the level of accuracy required here, the approximation /s = 10.58 GeV
is sufficient.



RECASTING SEARCHES AT ELECTRON—POSITRON COLLIDERS D-8

Table D.3: Selection cuts used in the Belle 1T displaced-vertices analysis [3,
79]. Ea(ylab) and 9£,lab) denote the photon energy and polar angle in the labora-
tory frame, respectively. The remaining variables are defined as in table D.1.
Photon cuts apply only to displaced+ searches, while the second-vertex cuts

apply exclusively to di-decay searches.

Cut on Criteria
(i) 0.2 cm < Ry, <60 cm
1st Decay Vertex | (ii) —55 cm < z < 140 cm
(iif) 17° < O, < 150°
. lab
Photon (i) ES’ ) >(?8f) GeV
(i) 17° < 0% < 150°
(i) Ry- < 60 cm
2nd Decay Vertex | (ii)—(iii) same as first decay vertex

which searches for an energetic photon along an energy unbalance, vetoing any
additional visible particles. This search was performed by BaBar [488], currently
setting the most stringent bounds on invisible dark photons in the mass range

400 MeV—8 GeV [343, 344]. Belle II is expected to significantly extend these
sensitivities [91].

In the context of niDM, these constraints are generally weaker, since dark
photons can decay to excited states that in turn decay visibly inside the detector,
producing vetoed events.

To reproduce the BaBar single-photon search, we follow the cuts of Ref. [3],
summarized in table D.1, which approximate the more sophisticated multivariate
BaBar analysis. Similarly, the Belle II cuts from Ref. [3] are adopted, shown in
table D.2, as that study explicitly targeted Belle II’s mono-+v sensitivity to iDM.
In table D.2, the minimum and maximum polar angles for the detected SM
photon are defined as

(CM)2 (CM)
oY = 5.399° (;eVQ — 58.82° < +195.71°, (D.8)

(CM)2 (CM)
g% = —7.982° CZQVQ + 87.77° éeV —120.6°, (D.9)

for my < 6 GeV, and
b — 3.3133° o 33.58° £ +108.79° (D.10)
min ‘ GeVQ : GeV . I .

' (CM)2 (CM)

ghish — _ 5 9133° CZGVQ +54.119° éeV +13.781°, (D.11)

for mas > 6 GeV. Here, ES,CM) denotes the photon energy in the c.m. frame.
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Table D.4: Detector regions and corresponding efficiencies in the displaced-
vertex analysis. The variable R,. denotes the transverse displacement of the
decay vertex from the x axis.

Particle Type Inner Region (100% eff.) | Outer Region (30% eff.)
Electrons 0.2cm < Ry. <09 cm 17.0 cm < Ry> < 60.0 cm
Muons/Pions/Kaons 0.2 cm < Ry, <17.0 cm 17.0 cm < Ry. < 60.0 cm

D.3.2 Displaced-vertex cuts

Searches for displaced vertices from long-lived particles are particularly attrac-
tive: they are largely free from SM backgrounds, probe complementary regions
of parameter space, and can yield valuable information about the dark sector
beyond simple exclusion bounds. They are also especially sensitive to scenarios
where standard missing-energy searches are suppressed by (semi-)visible dark
sector decays. Recently, the Belle II collaboration has performed such searches
in the context of pseudo-Dirac iDM with both portals active, setting stringent
bounds on the portal couplings to the SM [82].

For our displaced-vertex analysis, we adopt the cuts from Ref. [3], together
with those of Ref. [79] for di-decay signatures. These references were designed to
study Belle II's sensitivity to iDM in precisely the channels of interest here. The
cuts are listed in table D.3, while table D.4 summarizes the additional position-
dependent efficiencies used in our improved analysis.



APPENDIX E

Solving Boltzmann Equations

In this appendix, we provide additional details on the dark matter (DM) freeze-
out computation of chapter 5.

We begin with the standard integrated Boltzmann equations for each DM
component of not-so-inelastic DM (see chapters 2 and 3). Assuming that Stan-
dard Model (SM) particles remain in thermal equilibrium—which is typically
valid at the high temperatures relevant to freeze-out—we can write [420]:

f. +3Hn. = (ov).. (%% — n?) + (ov).. (NNt — n.n,)

eq

+ 200 ( - (» )) # (oo + 1) (mo=n ) o (B)

Ny + 3Hn, = (00) s (nﬁqQ — nf) + (ov)_s (NN — n_ny)

— 2(0V) 1y <n3 - (n ZDZ) — ({00)yxnI+T2) <n - n”Z) . (B2)

n:

where: n. and n, are the number densities of the light and excited DM states,
x and x*, respectively; nx is the number density of SM particles or of the
pseudoscalar a; H is the Hubble expansion rate; (ov)_, (0v).s, (00) refer to
the thermally averaged cross sections for DM annihilation into SM final states
or mediators (xxy — XY, xx* — XY and x*x* — XY, respectively), while
(0v)yy describes excited states annihilation into ground states x*x* < xx and
(0v)y excited state conversion into ground state via scattering off SM particles
or mediators x*X — xX; I'y is the decay rate of the excited state'

Assuming the DM particles are non-relativistic and in kinetic equilibrium
with the SM thermal bath, we can define the ratio:

¢ = % _ (1 + Am)3/26_Amx, with = = %’ (E3)

IFor completeness, one could also include the processes xx — xx* and x*x* — x*x, which
we have omitted for compactness. However, including them does not affect our results, as their
contributions also cancel out when computing the Boltzmann equation for n = n. + n..

E-1



SOLVING BOLTZMANN EQUATIONS E-2

where A, = (m,+ — my)/m, is the normalized mass splitting.

Summing Egs. (E.1) and (E.2), we obtain an effective single Boltzmann equa-
tion for the total DM abundance n = n. + ny:

n+3Hn = (o0) e (neq2 - n2) , (E.4)

with the effective annihilation cross section given by:

(OV) e = 5 [(o0)- + 26(ov). + E2(00)ss] (E.5)

_
(1+¢)
This reduces the problem to that of a single DM species, making the freeze-out
dynamics more tractable.

Since in chapter 4 we consider the regime A, < 1, we approximate m,« ~
m, when computing thermally averaged cross sections.

To improve computational efficiency, we velocity-expand the annihilation
cross sections up to d-wave (i.e., terms up to (’)(vi)), using the formalism of
Ref. [708].

We solve the effective Boltzmann equation (E.4) numerically using standard
Mathematica®’s differential equation solvers. For comparison and validation,
we also employ the analytic freeze-out approximation described in Ref. [135],
retaining terms proportional to 1/Ay, as well as velocity terms up to O(v}).

Both methods yield results in excellent agreement with benchmarks in the
literature for classical WIMP models [330] and for the standard pseudo-Dirac
inelastic DM scenario mediated by a dark photon [3]—see fig. E.1.
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Figure E.1: Validation of our Boltzmann solver for both Majorana DM with
a Z' mediator (top) and pseudo-Dirac inelastic DM with a dark photon A’
mediator (bottom), compared against the results of Ref. [330] and Ref. [3],
respectively. Both references use MicrOmegas [375] to compute the DM relic
abundance. The left panels show results obtained using the analytical freeze-
out approximation, while the right panels display the full numerical solution.
Dashed orange lines indicate the estimated 90% uncertainty band around our

thermal target line.



APPENDIX F

Extra: News from parity in the
exothermic limit

In this appendix, we briefly discuss the important role that parity can play in
the limit of small mass splittings, 0 = m« —m, < 2m,, where the excited state
x* becomes effectively meta-stable, as it can no longer decay into charged or
heavy particles. In this regime, x* constitutes a sub-component of the total dark
matter (DM) population and can undergo exothermic downscattering in direct
detection experiments via the process x*e~™ — ye™, releasing its mass excess d
along with part of its kinetic energy. This places the scenario within the broader
class of exothermic DM models [471].

Such exothermic signals can lead to strong direct detection constraints even
for sub-GeV DM masses [73]. As a result, the relative abundance of excited

states, defined as
Ty Ny
fs« = = , (F.1)

n. + Ny npMm

plays a crucial role in assessing the viability of a given DM model. Here, n;
denotes the number density of the corresponding state. The value of f, also
impacts constraints from indirect detection, including both searches for DM an-
nihilations and DM decays. In our case, decays proceed predominantly via loops
into photons, given that decays into neutrinos are highly suppressed by large
powers of the ratio ma//mz [75].

We focus here on the vector portal scenario, as studied in chapter 4, now consid-
ering small mass splittings. Notably, even though parity breaking leads to sup-
pressed elastic couplings—proportional to the small splitting A,,, = §/m, < 1—
it can significantly affect f, due to the exponential Boltzmann suppression of
heavier states. For instance, in parity-breaking scenarios, the elastic coupling
scales as

ol = cos?(20) o, with cos(20) < A, , (F.2)

leading to a strong hierarchy, e.g., 6 = 100 keV and m, = 10 MeV yields
ool g~ 107°. As we show below, the presence of diagonal interactions,

F-1
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though tiny, can drastically reduce fi.

Using the full Boltzmann equations from appendix E—including in particular the
X" x — xx process, which is only active in the presence of parity violation—we
numerically compute the evolution of f, until state-changing (x* <> x) interac-
tions freeze out. We neglect decays of x* during this phase and include them
later as a multiplicative correction:

fo= ffo decays | e—t/T* . (F3)

In the numerical evolution, we include the effects of kinetic decoupling, which
occurs when downscattering on electrons (x*e~ <> xe™) becomes inefficient in
exchanging momentum between the dark and visible sectors, following appendix
A of Ref. [419]. Additionally, we account for the reheating (or delayed cooling)
of the dark sector caused by the conversion of mass-splitting energy into kinetic
energy as x* transitions to xTo our knowledge, this effect is considered here for
the first time in the context of inelastic DM.

Figure F.1 illustrates how parity breaking can significantly reduce the abundance
of excited states f,. This suppression can enable large regions of parameter
space to evade stringent constraints from both direct and indirect detection,
which typically rule out exothermic sub-GeV scenarios. In particular, our model
can bypass much of the parameter space that would otherwise be excluded by
decaying DM searches. A comprehensive treatment of all relevant constraints
is currently in progress. Figure F.1 suggests that parity violation in the dark
sector can resurrect previously excluded models, rendering them viable thermal
DM candidates—a conclusion that we have already established for scenarios with
larger mass splittings.

As an illustration, in fig. F.1, we have included bounds from: NA64 missing
energy searches [344]; Big Bang Nucleosynthesis (BBN) constraints on light new
particles in equilibrium with the SM [388], which exclude m, < 7 MeV; and
decaying DM constraints, based on the loop-induced decay [75]

N 17a%a/ €267 (Lg
T 27.36.533mA,  md’

(X" = x+37) (F.4)
with an approximate conservative limit for X-ray and gamma-ray searches of [6]

Tx my 27
T T g% g, F5
o) 3 (E5)

where tcyvp is the time of recombination. This inequality ensures that residual
excited-state decays evade all late-time searches for decaying DM.

A detailed treatment of these constraints — including updated limits from 21
cm line [709, 710] and CMB anisotropies [711, 712] on decaying and annihilating
DM, or low-threshold direct detection [73]—will be presented in a forthcoming
work.
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Figure F.1: Relative abundance of excited states f. = n./npm at the time of
excited state freeze-out (solid) and today (dashed), in the (m,,d) plane (top)
for fixed dark coupling o’ = 0.5, and in the (m,,a’) plane (bottom) for fixed
6 = 500 keV. The kinetic mixing e is chosen such that the total relic abundance
(from both x and x*) matches the observed DM density. Left panels show the
case of parity-conserving inelastic DM (d,, = 0), while right panels correspond
to a large parity-violating scenario (6, > 1). Gray-shaded regions and areas
to the left of the dashed black curves indicate regions excluded by current
bounds (see main text).
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